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Abstract: This article focuses on the impact of the deposition temperature (in the range from 60
to 80 ◦C) in ZrO2 films obtained by the electrochemical deposition process on SnO2-covered glass
substrates. The solution in which the deposition takes place is aqueous, containing ZrOCl2 with a
concentration of 3 × 10−5 M and KCl with a concentration of 0.1 M. By implementing X-ray diffraction
(XRD), optical profilometry, scanning electron microscopy (SEM), and UV-VIS-NIR spectroscopy,
the temperature dependence of ZrO2 films properties was revealed. The X-ray Diffraction XRD
spectra showed six different diffraction maxima ((−111)M, (101)T, (111)M, (112)M, (202)M, and
(103)M) associated with the electrochemical ZrO2 layers, and the polycrystalline structure of the films
was confirmed at all deposition temperatures. The determination of the average roughness did not
indicate significant temperature dependence in the deposited layers. SEM micrographs showed that
the layers were composed of grains, most of them of a regular shape, although their size increased
slightly with an increased deposition temperature. The coarsest-grained structure was observed for
the layers deposited at 80 ◦C. It was demonstrated that the deposition temperature weakly impacts
the reflectance and transmittance spectra of the ZrO2 layers. Such layers with low values of specular
and high values of diffuse transition, and reflection in the spectral range from 380 to 800 nm, can be
applied to various optoelectronic devices such as thin-film solar cells.

Keywords: electrochemical deposition; surface morphology; ZrO2 films; optical measurement

1. Introduction

Metal oxide nanostructured materials are traditional but increasingly relevant subject
of many scientific and technological researches. Recently, zirconium dioxide (ZrO2) nano-
materials have attracted considerable scientific interest due to their inherent combination
of properties such as high mechanical and thermal resistances, chemical inertness, high
corrosion resistance, high refractive index, wide range of optical transparency (UV–Vis–IR
region), and good dielectric constant [1–7]. Also known as “zirconia,” zirconium dioxide
is a wide-bandgap n-type metal oxide semiconductor with high ionic conductivity [8–10].
ZrO2 is a ceramic material. At atmospheric pressure, it occurs in three phases depending
on the formation temperature: monoclinic (below 1170 ◦C), tetragonal (between 1170 ◦C
and 2370 ◦C), and cubic (above 2370 ◦C) [11].

Because of its unique combination of electronic and mechanical properties, ZrO2
proves to be a promising material for use in many applications including gas sensors [12,13],
solar cells [14], dental implant materials [15], fuel cells [16,17], etc.

A considerable number of research articles report ZrO2 structures obtained by dif-
ferent methods, such as the following: sol–gel method [18], magnetron sputtering [19,20],
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chemical vapor deposition [21], electron beam physical vapor deposition (EBPVD) [22],
laser ablation [23], hydrothermal method [24], and atomic layer deposition [25]. A key
element in the design of zirconia nanostructures is the choice of technique and approach for
their elaboration, which ensures the presence of needed properties and qualities, and pre-
determines specific applications. Therefore, in this research study, the emphasis was placed
on the electrochemical technique and the influence of the deposition temperature (in the
range from 50 to 80 ◦C) on properties of ZrO2 thin films deposited on SnO2-covered glass
substrates. The electrochemical method can be applied to produce large areas with con-
trolled and diverse morphology and size nanostructures. This method is quite inexpensive,
and it does not require the use of complicated equipment.

In the presented manuscript, we report the results for structural, morphological, and
optical properties of the nanostructured ZrO2 films under investigation, amplifying the
information already existing in the literature for similar layers produced by electrochemical
deposition technique [26,27].

2. Materials and Methods

This section describes the method of deposition and the conditions under which it
was carried out, as well as the specific equipment that was used to obtain the results of the
research. The deposition of the zirconia layers was electrochemical and was carried out by
means of three electrode cells located in a thermostatic bath (Figure 1). The deposition took
place in an aqueous solution. Dissolved in this solution were ZrOCl2, supplied by Alfa
Aesar (98%, with concentration of 5 mM) and KCl supplied by Valerus Ltd. (99.5%, with
concentration of 100 mM). Deposition was realized at different electrolyte temperatures in
the range from 60 to 80 ◦C, and the potential between saturated calomel electrode (SCE)
and substrate (cathode) was kept constant at -700mV. The sample in the solution is in
thermodynamic equilibrium. The deposition time of all zirconia layers studied was 20 min.

Figure 1. Schematic representation of the electrodes located in the electrochemical system.

A Philips (Amsterdam, The Netherlands) 1710D8 Advance diffractometer with CuKα

radiation (instrumental broadening is 0.04◦ and λ = 1.54178 Å) was employed to determine
X-ray diffraction (XRD, Philips, Amsterdam, The Netherlands) patterns in ZrO2 layers. A
Philips 515 scanning electron microscope (SEM, Philips, Amsterdam, The Netherlands) was
used to observe the surface morphology of the deposited layers. The Zeta 20 3D optical
profilometer (KLA, Milpitas, CA, USA) was used to determine the surface topography and
average roughness (using the Zeta 3D_engr_1_8_5 software, KLA, Milpitas, CA, USA);
the vertical resolution of the instrument was 1 nm. The measurements were performed at
several different points on the surface of the ZrO2 layers, each with an area of 6887 µm2.
The conductivity of the electrolyte was measured by BANTE 510 (Bante Instruments
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Inc., Sugar Land, TX, USA). The spectra of transmittance and reflectance ((specular and
diffuse component) and haze ratio) were obtained by a UV-VIS-NIR Shimadzu UV 3600
spectrophotometer (Shimadzu Scientific Instruments, Columbia, MD, USA).

3. Results and Discussion

The structure of the electrochemical layers of ZrO2 deposited at different temperatures
was determined by XRD analysis. The diffraction maxima are shown in Figure 2. The
diffraction pattern of the substrate (SnO2-covered glass) is shown with the black line for
comparison. In the graph, we can distinguish six diffraction maxima related to zirconium
dioxide; five of them are due to the monoclinic phase and one (which is the most intense)
is due to the tetragonal phase. The diffraction maxima due to the SnO2-covered glass
substrate are marked with an asterisk (JCPDS No. 14–1445). The five maxima due to
the monoclinic phase ((111), (112), (202), (013), and (−111)) are characteristic for ZrO2
and are thoroughly described in the literature (JCPDS No. 37–1484) [28]. The diffraction
maximum corresponding to the tetragonal direction (101) possesses the highest intensity
(JCPDS No. 81–1544) [29]. This is relatively unusual for ZrO2, because its crystallographic
structure is monoclinic at deposition temperatures below 1170 ◦C. The explanation for
this intense maximum may be related to epitaxial growth from the magnetron-sputtered
SnO2/glass substrate possessing tetragonal structure [30].

Figure 2. XRD patterns of the electrochemical ZrO2 layers deposited on SnO2 substrate at different
temperatures. The diffraction maxima due to the SnO2-covered glass substrate are marked with an
asterisk (*).

Table 1 shows the positions of the diffraction maxima (2θ) and the values of the full
width at half maximum (FWHM). From these diffraction maxima, the average grain size
(D) was calculated using Scherrer’s Equation (1) [31] for each crystallographic direction
associated with a maximum:

D = (57.3 × λK)/(β cos θ), (1)

where λ − (1.54178 Å) is the wavelength of CuK1 radiation, θ is the Bragg angle, β is
calculated from selected diffraction peak FWHM, and K is the particle shape factor (in
most cases for particles with a predominantly regular shape it is assumed to be 0.9). There
was no recognizable relationship between the calculation of the average grain size and the
deposition temperature of the zirconia layers. We can note a slight decrease in the average
grain size with the increase in the deposition temperature in the crystallographic directions
with the greatest intensity of the diffraction maxima (101)T and (111)M. The missing results
denoted with dash sign “-“ in Table 1 were calculated with a large error due to the low
intensity in the maxima in these directions, and for this reason, they were not shown.

3
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Table 1. The position of the peak in the XRD patterns, 2θ, full width at half maximum (FWHM), β of
2θ, and the average grain sizes, D.

ZrO2 Deposited on SnO2 Substrate

(101)T (111)M (112)M

2Θ FWHM D, (nm) 2Θ FWHM D, (nm) 2Θ FWHM D, (nm)

60 ◦C 30.71 0.14 59 32.1 0.156 53 43.95 0.127 67
65 ◦C 30.68 0.151 54 32.08 0.162 51 43.95 0.230 37
70 ◦C 30.69 0.157 53 32.1 0.175 47 43.95 0.163 53
75 ◦C 30.68 0.160 52 32.07 0.165 50 43.93 0.146 59
80 ◦C 30.68 0.160 52 32.08 0.164 50 43.92 0.162 53

(202) M (013) M (−111)M

2Θ FWHM D, (nm) 2Θ FWHM D, (nm) 2Θ FWHM D, (nm)

60 ◦C 44.99 0.190 45 55.41 0.116 77 - - -
65 ◦C 44.97 0.187 46 - - - 28.35 0.120 68
70 ◦C 44.99 0.254 34 - - - 28.67 0.162 51
75 ◦C 44.97 0.217 40 - - - - - -
80 ◦C 44.96 0.197 44 - - - 28.40 0.118 70

Figure 3 shows the 3D optical profilometry in the electrochemical layers of ZrO2
deposited at different temperatures. The RMS (root mean square) roughness values de-
termined from the measurements are shown in Table 2. The RMS roughness in the SnO2
substrate (magnetron sputtered on glass) is also presented for comparison. The calculations
were made on the basis of data taken from three different sections (Sq1, Sq2, and Sq3) of the
surface of the samples, with each of them having an area of (97 µm × 71 µm = 0.69 mm2).
The results of optical profilometry did not show a noticeable relationship between the RMS
roughness and the deposition temperature in the electrochemically deposited layers of
ZrO2. Here, the differences can be related to the different inhomogeneities in the layers,
with the layer deposited at 65 ◦C (Figure 3c) possessing the greatest inhomogeneity. This
inhomogeneity is not related to the substrate, as its RMS roughness is relatively constant
and is at least twice lower than that in the deposited layers. The probable reason for the
differences in the inhomogeneities at different temperatures is the different mobility of
the ions in the solution, and the way they are attached to the substrate at each individual
deposition temperature. Evidence of this is the electrolyte solution’s changing conductivity
with temperature; the data from the measurements in this parameter are shown in Table 3.
Measurements show that as the electrolyte’s temperature increases, the conductivity (σ)
increases and resistivity (ρ) decreases.

Table 2. Average roughness in the ZrO2 layers deposited at different temperatures on SnO2 substrate.

SnO2 Substrate Electrochemical ZrO2

60 ◦C 65 ◦C 70 ◦C 75 ◦C 80 ◦C

Sq1 (nm) 39 84 111 79 97 95
Sq2 (nm) 34.5 82 119 76 95 87
Sq3 (nm) 42.5 82 94 84 87 86

AVG (nm) 39 ± 2.7 83 ± 0.6 108 ± 8.2 79 ± 2.6 93 ± 3.4 89 ± 3

4
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Figure 3. 3D optical profilometry images of SnO2 substrate and electrochemically deposited ZrO2

layers obtained at different temperatures for 20 min: SnO2 substrate—(a); 60 ◦C—(b); 65 ◦C—(c);
70 ◦C—(d); 75 ◦C—(e); 80 ◦C—(f).

Table 3. Conductivity (σ) and resistivity (ρ) in electrochemical solutions measured at different
temperatures.

Electrochemical Solution

Temperature 60 ◦C 65 ◦C 70 ◦C 75 ◦C 80 ◦C

σ–mS/cm 3.89 3.97 4.07 4.25 4.44
ρ–Ω/cm 257 252 246 235 225

The average thickness in the ZrO2 layers deposited at different temperatures was
measured with a 3D optical profilometer, and the results were: 60 ◦C—445 nm, 65 ◦C—
517 nm, 70 ◦C—580 nm, 75 ◦C—595 nm, and 80 ◦C—480 nm.

Figure 4 shows the SEM micrographs of the magnetron-sputtered SnO2 substrate
on glass and the electrochemical layers of ZrO2 deposited at different temperatures. The
micrographs show that the zirconia layers have a predominantly granular structure with
grain sizes of about 0.3–0.5 µm for the layers deposited at 60 ◦C (Figure 4b) and 1–2 µm
for the layers deposited at 80 ◦C (Figure 4f). Here, in contrast to RMS’s roughness, we can
distinguish the dependence between the size of the grains located on the surface of the
layers and the deposition temperature. With an increase in the deposition temperature,
there was an evident increase in the size of the grains located on the surface of the elec-
trochemical layers. The apparent shape of the grains of which the layers are composed is
relatively regular. In Figure 4d, an onset of grain coalescence leading to the formation of
larger crystallites is observed for the layer deposited at 70 ◦C. This layer appears to have
the best morphology for the range of the deposition temperatures studied, and this can
also be confirmed by the lowest-measured RMS roughness at this deposition temperature.
This improved structure may be due to more favorable conditions, such as ion mobility
and adhesion to the substrate, contributing to the formation of this type of structure.

5
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Figure 4. SEM micrograph of SnO2 substrate and ZrO2 layers electrochemically deposited at differ-
ent temperatures for 20 min: SnO2 substrate—(a); 60 ◦C—(b); 65 ◦C—(c); 70 ◦C—(d); 75 ◦C—(e);
80 ◦C—(f).

The transmission, diffuse transmission, and haze ratio spectra of zirconia layers
deposited at different temperatures are shown in Figure 5. For comparison, the spectra
of the SnO2 substrate are also shown in Figures 5 and 6. In the transmission spectra we
observe a decrease in the values (related to the specular component of it) (Figure 5a) with
increasing deposition temperature up to 75 ◦C. Further increases in temperature up to 80 ◦C
show a slight increase in the values. In the diffuse transmission spectra (Figure 5b), an
increase in the values is observed with increasing deposition temperature, in which case the
layer deposited at the highest temperature (80 ◦C) has the highest values. The most likely
explanation for the higher values in specular transmission for the layer deposited at 80 ◦C,
compared to those deposited at 70 ◦C and 75 ◦C, is due to its lesser thickness, which comes
from the different deposition rates depending on the electrolyte temperature. At higher
deposition temperatures (from 80 ◦C), we obtained the formation of larger grains than
those of the layers deposited at 70 and 75 ◦C (Figure 4) but located with a lower density on
the surface; the lower density leads to higher values in the specular transmission of this
layer. In the case of diffuse transmission, the grain size is also important. We observed
the highest values in the spectra for the layer deposited at 80 ◦C because this layer has the
largest grains, which leads to greater scattering. The values calculated for the haze ratio
(Figure 5c) show the highest values in the visible region of the layers deposited at 75 ◦C,
followed by those at 70 ◦C. This is because these layers have the lowest values of specular
transmission, and the haze ratio represents the percentage ratio of the diffuse component
related to the full transmission.

6
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Figure 5. Transmittance (a), diffuse transmittance (b), and haze ratio (c) in ZrO2 layers electrochemi-
cally deposited at different temperatures.

Figure 6. Reflectance (a), diffuse reflectance (b), and haze ratio (c) in ZrO2 layers electrochemically
deposited at different temperatures.

Figure 6 shows the optical spectra of reflection, diffuse reflection, and haze ratio of
electrochemical ZrO2 layers deposited at different temperatures. The spectra corresponding
to the specular component of the reflection are shown in Figure 6a. Here, in general, the
layers have very low values (less than 5%) in the visible range, and these values decrease
with increasing deposition temperature to reach less than 1% for the layers deposited
at 75 and 80 ◦C. Here, we observe strongly pronounced interference maxima that are
a result of the SnO2 substrate (magnetron sputtered on glass). This effect is observed
when the layers are not thick and homogeneous enough and the substrate (which must
have a flat parallel surface) is transparent to some extent and reflected through the layer.
In the spectra of diffuse reflection (Figure 5b), the values are slightly higher than those
of mirror reflection and reach about 10%–11% for the layers deposited at 70 and 75 ◦C.
Unlike diffuse transmission, the layer deposited at 80 ◦C does not have the highest values,
because in the reflection, apart from the size and shape of the grains, their surface density
is also of great importance. For this reason, layers with more densely located grains on
the substrate surface (such as layers deposited at 70 and 75 ◦C) have higher values in
diffuse reflection. In diffuse reflection spectra, we do not observe interference maxima,
because the SnO2 substrate has negligibly small scattering values below 1%, which does
not affect the electrochemical layers of ZrO2. The values calculated for the haze ratio
(Figure 6c) show high values in the visible range; as for the layers with a denser surface
grain structure (those deposited at 70 and 75 ◦C), they reached 90%–95%. The “haze ratio”
relationship is the percentage ratio of the components of diffuse transmission or reflection
to the total transmission or reflection. The dependence of the optical spectra behavior
on surface morphology is reported for ZrO2 films obtained with different deposition
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methods, reflecting the peculiarities of the selected deposition method, the experimental
conditions, and the specific structural and dielectric properties of the films arising from
them. In [32], ZrO2 thin films were obtained by magnetron sputtering onto optical grade
quartz substrates. The crystallite size of the layers was in the range from 5 to 25 nm and
was shown to significantly affect the optical characteristics of the thin films. The increasing
crystallite size is associated with a random distribution of the grains, which makes the
film surface rough, and as a result, an increase in light-scattering losses was observed.
In [20], the average crystallite size of zirconium oxide films prepared by the magnetron-
sputtering process at different argon partial pressures increases from 19 nm to 25 nm with
increasing pressure. The minimum transmission values above 63% were observed for all
films deposited at different pressures, and the values increased slightly with increasing
argon partial pressure. This is explained by the thickness decreasing from 433 nm to 385 nm.
In [33], homogenous and transparent nanocrystalline zirconia layers deposited on quartz
substrates were produced by thermal oxidation using DC magnetron-sputtering techniques.
It is shown that by increasing the annealing time from 60 to 240 min, the grains combine
and form larger grains, in this manner changing the surface morphology from a pyramidal
to cluster-type surface. By increasing the annealing time, the transparency of the zirconia
films also increased. ZrO2 films were also deposited by filtered cathodic vacuum arc [34].
The film structure is amorphous at room temperature and develops to polycrystalline upon
heating the substrates to temperatures of 150 ◦C and above. Increasing the temperature
leads to an increase in the surface’s roughness. It was shown that changes in the film
microstructure result in variations in their optical properties. For ZrO2 thin films deposited
through plasma-enhanced atomic layer deposition [17], it was shown that the transmittance
increased monotonically with increasing wavelength. The lowest transmittance of 76.6%
was measured at 300 nm, and the highest transmittance of 95.5% was measured at 800 nm
(~30 nm; substrate: borosilicate glass; deposition temperature: 150 ◦C). ZrO2 films [5]
spin-coated with a simple water-based solution and cured with UV-A radiation = 330 nm
for different times (40, 80, and 120 min) were compared with thermally annealed film (at
350 ◦C). The UV-A radiation-exposed films, in comparison to thermal treatment, exhibited
a decrease in optical transmittances. The optical spectroscopy results demonstrated that
increased doses of UV-A radiation improved the quality of films, in comparison with
heat-treated films. In comparison with most of the above cited papers [5,17,32–34], we
observed a greater size of grains and greater value in film roughness, leading to greater
values in diffuse and haze ratio spectra. In any case, all these features depend on the
applied deposition method, as well as the variety and specificity of working conditions.

4. Conclusions

The innovation approach we used to produce zirconia thin films by an environmen-
tally compatible and quite inexpensive electrochemical deposition enriches and amplifies
the existing data for essential properties of ZrO2 layers grown by other deposition methods.
We described our results on the impact of deposition temperature on the structural, morpho-
logical, and optical properties of nanostructured ZrO2 films. The XRD patterns showed six
(one in the tetragonal phase and five in the monoclinic phase) different diffraction maxima
related to zirconium oxide, with no relationship between the deposition temperature and
the average grain size. The calculations obtained from the optical profilometry did not
show a relationship between RMS roughness and the deposition temperature in the electro-
chemical layers of ZrO2, as the differences can be related to the different inhomogeneities
in the layers. SEM micrographs revealed that the layers were composed mainly of granular
structures, and the constituent formations had relatively regular spherical shapes. The size
of these formations increased with increasing deposition temperature, and at 80 ◦C, they
were about 1–2 µm. We also observed dependence in the optical spectra, as the values of the
specular components of transmission and reflection decreased with increasing deposition
temperature, and the values of the diffuse components and the haze ratio increased. It was
demonstrated that the electrochemical method, in a relatively narrow and easily achievable
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temperature interval, allows the growth of diverse morphology and size nanostructures.
Such layers of zirconia (with a wide energy band gap) with low values in specular and high
values in diffuse transition and reflection in the visible and NIR range can be applied in
some optoelectronic devices, such as background scatter layers in thin-film solar cells.
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Abstract: Chemical vapor deposition (CVD) is a process that a solid is formed on a substrate by
the chemical reaction in the vapor phase. Employing this technology, a wide range of materials,
including ceramic nanocomposite coatings, dielectrics, and single crystalline silicon materials, can
be coated on a variety of substrates. Among the factors influencing the design of a CVD system are
the dimensions or geometry of the substrate, substrate temperature, chemical composition of the
substrate, type of the deposition process, the temperature within the chamber, purity of the target
material, and the economics of the production. Three major phenomena of surface reaction (kinetic),
diffusion or mass transfer reaction, and desorption reaction are involved during the CVD process.
Thermodynamically, CVD technology requires high temperatures and low pressures in most systems.
Under such conditions, the Gibbs free energy of the chemical system quickly reaches its lowest value,
resulting in the production of solids. The kinetic control of the CVD technology should always be
used at low temperatures, and the diffusion control should be done at high temperatures. The coating
in the CVD technology is deposited in the temperature range of 900–1400 ◦C. Overall, it is shown
here that by controlling the temperature of the chamber and the purity of the precursors, together
with the control of the flow rate of the precursors into the chamber, it is possible to partially control
the deposition rate and the microstructure of the ceramic coatings during the CVD process.

Keywords: chemical vapor deposition (CVD); ceramic composite coatings; layer conditions; deposition
mechanism; reaction kinetics

1. Introduction

The chemical vapor deposition (CVD) technique was originally developed, as a new
manufacturing process, and to effectively fabricate a range of engineering products such
as nanocomposite ceramic coatings, critical components in numerous industrial sectors
including semiconductor, ceramic, mining, etc. [1,2]. Nowadays, the CVD technique has
gone far beyond its original scope, particularly in the semiconductor and microelectronics
industries, due to extensive research in various fields. The reasons for the uniqueness of
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the CVD technique include the ability to produce highly versatile layers, the possibility to
apply nanocomposite ceramic coatings on metals, the ease of semiconductors fabrication,
and the opportunity to fabricate layers with organic and inorganic compounds. The layers
created by the CVD technique are usually in the form of crystalline or amorphous with
versatile properties, which can be acquired by controlling the production parameters [2,3].
In fact, the CVD technique is part of ceramic coating deposition techniques that have been
advancing relatively fast in recent years. Generally, in the CVD process, a solid layer is
produced on the substrate by a chemical reaction in the vapor phase. Historically, soot
formation due to the incomplete oxidation and burning of firewood is perhaps the oldest
example with close proximity to the CVD technique [4,5].

Among the different layer deposition methods for ceramic nanocomposite coatings,
the CVD technique is the most important one in industrial production due to its relatively
low cost of fabrication and also due to its high production efficiency. The CVD technique is
a process that involves the decomposition or chemical reaction of gaseous reactants under
heat, light, and plasma. Such a decomposition is used to form a stable solid layer. The CVD
can produce highly purified stand-alone materials or coatings whose characteristics can be
controlled down to atomic or nanometer scale [6–8]. In addition to that, this process can
produce monolayer materials, multilayer materials, composite materials, nanostructure
pieces, and coatings with a specific grain size structure that contains excellent dimensional
stability [8,9].

The applications of CVD technology have significantly expanded over the past few
years. Relying on the deposition aspects of the process, CVD technology has found many
applications in materials science and engineering. Varying application of the CVD technol-
ogy from extraction to precipitation has made technology a very compelling and important
coating technique. For example, the CVD technology is extensively used to produce thin
film semiconductor and nanocomposite ceramic coatings with much improved surface
properties such as abrasion protection, corrosion/oxidation resistance, chemical reactions,
thermal stress, and neutron absorption. In historical terms, the early 1970s was the period
when CVD technology achieved a great triumph in manufacturing electronic semiconduc-
tors, and protective coatings for electronic circuits. These successes have resulted in the
rapid expansion of CVD technology to other areas such as manufacturing processes of
ceramic coatings. Of particular arena of the expansion of the technology was in advanced
ceramics for manufacturing of high temperatures tools such as high temperature ceramic
coatings, turbine blade coatings, fiber-reinforced composites, and solar cells, to name a
few [2,6]. Nowadays, CVD technology is highly useful and is getting greater importance,
in manufacturing strategic components in the fields of aerospace, military, aviation, nuclear,
and general materials engineering.

CVD technology is often used to produce coatings, powders, fibers, and unified
components. It is possible to produce most metals, some non-metals such as carbon and
silicon as well as many components including carbides, nitrides, oxides, and intermetallic
phases, etc. Technology is one of the essential factors in producing semiconductors and
other electronic components, tool coating, bearings, parts resistance to wear and corrosion,
and optical instruments [9,10]. Using this process, a variety of nanostructures such as
quantum dots, ceramic nanostructures, carbides, carbon nano-pipes, and even diamonds
are producible, which is one of the main advantages of the process. Due to the high speed
of the process, it is quite possible to prepare different industrial nanostructures using
the process in a way that even single-wall nanopipes are industrially produced by this
method. Diverse pre-materials can be used during the process which is because of high
the temperature of the reaction. Another advantage of this process is the absence of many
extra side materials. The extra materials are mostly gaseous and can be separated from the
main materials [8–12].

Varieties of coatings or heat treatment procedures are used to compensate for the
shortcomings in metals and alloys (i.e., low corrosion resistance, and poor wear perfor-
mance) [10–18]. Often, the manufacturing process is modified through the tweaking of the
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production process to achieve the desired properties [19–25]. The specifications of a large
number of articles related to ceramic coatings prepared by the CVD process are reported
in Table 1.

Table 1. Example publications demonstrating the range of ceramic coatings prepared by the
CVD technology.

No. Reference Specifications

1
High-Temperature Oxidation Behavior of CVD-SiC Ceramic Coating in Wet Oxygen and

Structural Evolution of Oxidation Product: Experiment and First-Principle
Calculations [26].

2 Effect of PyC-SiC Double-Layer Interface on Ablation Behaviour of Impacted
CVD-SiCnws/HfC Coating [27].

3 Influence of Crystallite Morphology on the Ablative Behaviors of CVD-TaC Coatings
Prepared on C/C Composites Beyond 2100 ◦C [28].

4 Effect of Microstructure on the Ablation Behavior and Mechanical Properties of CVD-HfC
Coating [29].

5 Complex Geometry Macroporous SiC Ceramics Obtained by 3D-printing, Polymer
Impregnation and Pyrolysis (PIP) and Chemical Vapor Deposition (CVD) [30].

6 Low-Temperature SiO2Film Coatings onto Cu Particles Using the Polygonal
Barrel-plasma Chemical Vapor Deposition Method [31].

7 Fabrication of Robust Ceramic Based Super hydrophobic Coating on Aluminum Substrate
via Plasma Electrolytic Oxidation and Chemical Vapor Deposition Methods [32].

8 Improvement of Ablation Resistance of CVD-HfC/SiC Coating on Hemisphere Shaped
C/C Composites by Introducing Diffusion Interface [33].

9 Hard Turning Performance Evaluation Using CVD and PVD Coated Carbide Tools: A
Comparative Study [34].

10 Growth Mechanism and Ablation Behavior of CVD-HfC Coating on the Surface of C/C
Composites and CVD-SiC Coating [35].

11 Preparation and Ablation Resistance of ZrC Nanowires-Reinforced CVD-ZrC Coating on
Sharp Leading Edge C/C Composites [36].

12 Fabrication of Porous SiC Nanostructured Coatings on C/C Composite by Laser Chemical
Vapor Deposition for Improving the Thermal Shock Resistance [37].

13 CVD Synthesis of Nanometer SiC Coating on Diamond Particles [38].

14 Microstructure Evolution and Growth Mechanism of Si-MoSi2Composite Coatings on
TZM (Mo-0.5Ti-0.1Zr-0.02 C) Alloy [39]

15 Optimisation of Spray-Mist-Assisted Laser Machining of Micro-Structures on CVD
Diamond Coating Surfaces [40].

Given the importance of CVD technology and its rapid expansion in many sectors, this
study was conducted to review the CVD deposition mechanism of ceramic nanocomposite
coatings on metal substrates.

2. Principles of the CVD Process

In most common devices, the CVD technique involves the flow of gases or precursor
gases into a chamber. There are one or more hot substrates in the chamber, where the
coating is going to be deposited. In this process, chemical reactions occur on or near the
hot substrate. The result is a deposition in the form of a crystalline or amorphous thin
film or a combination of both products on the substrate [41,42]. One of the disadvantages
of this process is the production of chemicals. Waste materials and byproducts come-
out of the chamber along with the unreacted precursor gases [40,43]. The deposition is
typically carried out in the temperature range of 900–1400 ◦C. Unlike the physical vapor
deposition (PVD) process, which involves processes such as evaporation, dispersion, and
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sublimation, the CVD process involves chemical reactions in the precursor (or between the
precursors) [41–45].

The CVD technique is a process in which a solid is produced by a chemical reaction
in the vapor phase. This reaction is performed on the substrate, which is either cold or
often preheated. The solid that is produced in this process can be a coating, a powder, or
a single crystal material. Materials with different properties can be produced by varying
the parameters of the CVD process such as substrate type, substrate temperature, the
chemical composition of the mixtures of the reactant gases, and the total pressure of the gas
that flows, etc. [46,47]. The materials produced are very pure. It is mainly in the form of
nanostructures and is widely used in the manufacturing of semiconductor pieces. A wide
range of products including ceramic nanocomposite coatings, dielectrics, single-crystalline
silicone, polymeric materials, and metals can be coated to the substrate by such a layering
process [46–50]. One of the oldest applications of the CVD process is the manufacturing of
different pigments in the industry. Usually, TiO2, SiO2, Al2O3, Si3N4, and even carbon black
powders can be made in nano or micron sizes by the CVD process. Due to the nature of the
CVD process, in some circumstances, this method is used to precipitate some pure metals
on the substrate. Similar to the PVD process, several parameters influence the quality
of layer(s) that is produced in the CVD process. Of the most important parameters are
substrate temperature, reactant concentration, gas pressure, and gas flow rate [49–51].

The most important part of the CVD process is the chemical reactions occurring in the
chamber and between the reactant gases as well. As a result of such reactions, the desired
solid is deposited in a crystalline or amorphous form on the substrate. Depending on the
amount of pressure, the chemical reactions during the CVD process may be in the CVD
atmospheric pressure, known as APCVD, or at a low pressure CVD known as LPCVD,
in the approximate range of 0.1 to 25 torr. Nonetheless, the process might be performed
in the high pressure CVD (HPCVD). Moreover, one or more gases are pressurized at low
pressures in the CVD method. They are then compressed and mixed at or near the substrate
surface under controlled conditions, where the reaction occurs between the gases [52,53].
However, due to the nature of the gases, and the possibility of the production of highly
toxic or degradable products during the deposition process, attention must be paid to the
selection of the reactive gases [54–57]. In general, the following are most of the common
reactions that occur, during the CVD process, for the deposition of nanostructured coatings
or thin films [57–60]:

(a) Decomposition of reactive gases.
(b) Gas combination.
(c) Gas hydrolysis.
(d) Gas oxidation.
(e) Reduction of some gases.

Usually, the formation of solid particles in the gaseous phase should be avoided. This
is due to the formation of nonuniform layer thickness in addition to the raw materials
wasting. Unwanted particles are also formed in the solid film. However, the formation
of solid particles in the gas phase can be used under certain laboratory conditions. For
example, gas-phase germination, and particle growth control are the most important aspects
of the growth processes for the manufacturing of nanocomposite coatings, nanoparticles,
or nano-powders. The particle size range is controlled by the number of nuclei formed
in the reactor as well as the rate of particle contraction. Figure 1 shows an example of a
typical CVD system in which reactive gases, commonly referred to as precursor gases, enter
the chamber at an appropriate temperature. As the gases pass through the reactor, they
come in contact with the hot substrate. They then react with the substrate and a solid layer
of ceramic coating characteristic (for example, Al2O3, Cr2O3, or SiC) is deposited on the
substrate. It should be noted that a neutral gas, such as argon, is commonly used in the
CVD process as a diluent [59,60]. As mentioned earlier, the deposition temperature and
pressure are usually the two limiting factors in this process.
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Figure 1. An example of a CVD system for the deposition of ceramic nanocomposite coatings.

3. Deposition Mechanism in the CVD Process

It is generally recognized that three major phenomena (surface reaction (kinetic),
diffusion or mass transfer reaction, and desorption reaction) are involved during the CVD
process [58–61]. Figure 2 shows a schematic of the main steps happening during the CVD
process. The first step is to transfer the reactants (precursor gases) to the area that is
supposed to be deposited. This is carried out by the convective current applied in the
process. The second and fifth steps are dependent on each other through the stoichiometric
relationships of the reactants due to the influence of the infiltration rate of the reactants. The
third and fourth steps are very complex. They may involve surface reactions, simultaneous
adsorption and desorption (chemical adsorption and physical desorption), and nucleation
processes on the substrate. Commonly, the slowest step determines the overall speed of the
chemical reactions. The rate of decomposition of the raw materials on the substrate increases
if the substrate temperature in the chamber is much higher than the reactant decomposition
temperature. Under such a circumstance, the growth rate of the deposited coatings/layers
is controlled by the rate of transfer of the mass of the reactants on the substrate [57–64].
However, if the substrate temperature in the chamber is much higher than the reaction
temperature of the gases, the rate of reactions that occur is limited by the temperature
dependent heterogeneous nucleation rate, and the effect of desorption/kinetics. Therefore,
the initial reaction rate in the chamber is controlled by the kinetics of the reaction [63–67]. In
this case, if the amount of the raw materials is appropriate, the growth rate is independent
of the temperature of the chamber and is only exponentially dependent on the temperature
of the raw materials. Therefore, it can be stated that in the CVD process, the temperature
is the rate controller at lower temperatures, and diffusion is the rate controller at higher
temperatures [66–69].

Generally, the CVD techniques are performed at very high temperatures and at low
pressures (to achieve high deposition rates). Therefore, the reaction rate is not somehow
temperature-dependent in this process. However, the reaction rate in the chamber is highly
dependent on the flow rate of the raw materials or the interface between the gases produced
and the substrate. At very high temperatures, where the amount of supersaturation is high
and the reactant gases are very hot, the nucleation rate is homogeneous in the CVD process,
thereby precipitating solid particles on the hot substrate. With the progression of the
deposition time and the consumption of some of the precursors, the raw material decreases,
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and subsequently the rates of the nucleation and growth on the substrate decrease as
such. Therefore, it can be stated that the amount of raw material injected into the chamber
controls the reaction rate. On the other hand, the rate of chemical reactions usually increases
with increasing the pressure of the system. Overall, nucleation in the gaseous stage is
homogeneous, whereas it is heterogeneous on the substrate surface [69–74].

Generally, the basic steps in the CVD process can be classified as follows [71–75]:

(a) Heat transfer and diffusion of the reactants from the gas reservoir to the reaction zone.
(b) Occurrence of chemical reactions in the gas phase to produce reactive samples

and byproducts.
(c) Transfer of primary reactants and their products onto the metallic or nonmetallic substrate.
(d) Chemical adsorption and the diffusion of these products on the metallic or nonmetal-

lic substrate.
(e) Inhomogeneous reactions by the surface resulting in the formation of ceramic nanocom-

posite coatings on the metallic or nonmetallic substrate.
(f) Heat transfer and outflow of the by-products outside the reaction chamber (deposition

layer zone).
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The nucleation stage of the CVD process involves the formation of critical-sized
clusters (or nuclei with the critical size) that subsequently grow to become stable crystals.
Figure 3 shows the three main models that are considered, for the growth process. The
dimension or geometry of the substrate, substrate temperature, chemical composition of
the substrate, type of the deposition process, the temperature of the chamber, the purity
of the target material, and the economic factors of production influence the design of the
CVD system [75–77]. Therefore, it can be said with high certainty that any changes in
the manufacturing condition to produce critical engineering components can alter the
microstructural, mechanical, and corrosion properties of these components [78–86]. In fact,
the liquid or solid precursor is heated to achieve a gaseous phase in the CVD process. The
generated gas is then purged in the CVD reactor at a suitable speed. When the specific
thickness of the film or the nanocomposite coating or the combination of several layers
varies, the rate of gas evaporation should be controlled. Nowadays, a digital flow controller
or pressure-flow controller is usually used in advanced CVD systems to achieve gas
evaporation rate control. In a sense, liquid precursors are usually easier to use compared to
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solid precursors. This is due to the fact that the heat transfer and surface area available to
the solid precursors are lower than the liquid precursors [85–89].
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4. Kinetics of Reactions and Coating Production in the CVD Process

Thermodynamically, in most systems, the CVD process requires high temperatures and
low pressures. Under such conditions, the Gibbs free energy of the chemical system quickly
reaches its lowest value, resulting in the stability and production of solid products [90,91].
The first step in understanding this process is the application of the concepts of thermody-
namics together with the concepts of gas transport, reaction kinetics, nucleation, and growth
of the particles that were precipitated. This information can be very valuable in choosing
a suitable system for the reaction. The CVD process usually consists of the following five
steps [92–94]:

1—Entrance of the reactant gases into the reactor.
2—Diffusion of the gases through a boundary layer with the help of convective flow.
3—Connection of the gases with the substrate at the gas–substrate interface.
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4—Precipitation operations on the substrate.
5—The diffusion of the products that were produced through the boundary layer on

the substrate.
The concept of boundary layer resistance against infiltration was first proposed by

Noise and Whitney. It was developed by Nernst in subsequent years. The thickness of
the boundary layer does not change significantly with the deposition time. However, it
was shown in experimental systems that in high-pressure systems, the thickness of this
boundary layer is altered due to its suitable penetration speed. Generally, if the mass
transfer rate is much greater than the kinetic rate constant of the products, and the pressure
of the system at the boundary layer as well, the reaction is said to be controlled by the
kinetics. However, if the opposite is the case, the reaction is controlled by diffusion. If there
are no thermodynamic constraints, the kinetic control of the CVD process should always
be used at low temperatures, and at diffusion control at high temperatures. On the other
hand, the reaction rate constant is exponentially related to temperature [94–97]. Figure 4
shows the importance of the relationship between the kinetic factor (growth rate) and the
diffusion during the layering process of the CVD process.
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Typically, at relatively low temperatures in the CVD process, the rate of reaction
is limited by the strong dependence of the heterogeneous nucleation reaction rate on
temperature as well as the desorption and kinetics effects. Thus, the initiation and rate
of the initial reaction are controlled by kinetics. In this situation of the CVD process, the
growth rate is not sensitive to the raw material flow rate except for the low flow of the raw
material. However, the growth rate has an exponential relationship with temperature. At
higher temperatures where the reaction rate is high, the diffusion of the raw materials and
the gaseous products to the boundary layer is the determining factor of the reaction rate. As
a result, the initial speed of the reaction is controlled by diffusion. In fact, in such a scenario,
the reaction rate is not temperature-dependent. However, it is highly dependent on the
flow rate of the raw materials or the boundary layer. At very high temperatures where
the supersaturation is high and the reactant gases are very hot, the nucleation reaction is
homogeneous. Therefore, the solid particles precipitate on the substrate. Consequently,
due to the reduction of the raw materials (by precipitation of the solid particles on the
substrate), the growth rate decreases on the substrate in a way that the growth temperature
increases [97–100].

Moreover, similar changes occur in the mechanism of temperature-constant and
pressure-variable systems. Under abnormal conditions, proper mass transfer is inde-
pendent of the pressure of the system. However, the rate of chemical reaction usually
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increases with increasing the pressure of the system. Therefore, the reaction phase can be
limited when the pressure of the system is low. While the diffusion stage can be controlled
at high pressures. At temperatures that are suitable for the thermal degradation of the
materials, the homogenous nucleation of solid particles in the gas phase is more convenient
at low pressures in hot wall reactors compared to high pressures. This is due to the short
free scanning length of the reaction radicals at high pressures. Generally, nucleation is
homogeneous in the gas phase. While nucleation is heterogeneous on the substrate. It
seems that the nucleation process involves the formation of critical-sized clusters where
stable crystals form in the latter stage [98–102]. In this process, three main models are
considered for the growth process, which is shown in Figure 3.

It is important to note that one can achieve layer-by-layer growth (Frank–van der
Merwe growth model) under some special conditions. If the correlation between the
lattice parameter of the structure and the film grid parameter is too high in a way that the
mismatch is too low, three-dimensional clusters are formed in the Volmer–Weber growth
model. As the mismatch between the lattice of the substrate and the film grid increases, the
3D clusters have a suitable energy level so long as the relative potential energy is greater
than zero. As a result, intermediate films named Stranski–Krastanov are formed. Initially, a
few single-layers are created and then clusters are then formed. When the energy between
the film–substrate interface decreases, the film is separated from the substrate and the
clusters are formed on the surface of the first precipitated single-layer [86–90]. As stated
previously, the dimensions, shape, composition of the substrate, the type of the precipitation
process, thermodynamics of the deposited materials, and economic factors are influential on
the CVD process. The liquid or solid precursor enters the gas through a boiling evaporator.
Then, the gas that is produced is sent into the reactor. The evaporation rate should be
controlled when a particular thickness of a film or layer or multiple compositions with a
specific molar ratio is desired. In advanced CVD systems, current controllers or pressure–
current controllers are commonly used. And liquid precursors are easier to use compared
with solid precursors since heat transfer and the available surface area of the liquid are
higher than that of the solids [103–106].

In contrast to thermodynamic consideration that talks about the possibility of a re-
action, kinetics talks about the chemical conversion over the unit of chemical reaction
time [107,108]. The overall reaction is subdivided into several reactions, where the speed
of the CVD process is determined by the rate of the slowest reaction. Therefore, the rate
of this slowest reaction affects the deposition rate as well. When empirically determining
the deposition rate, an ideal index diagram of the CVD process is obtained. Such an ideal
diagram is shown in Figure 4. It can be observed that this diagram has three index zones.
At low temperatures, the deposition process is determined by the reaction performed on
the surface and follows the Arrhenius equation. This reaction-controlled region (Zone 1)
is suitable for creating uniform coatings on complex geometries. At higher temperatures,
the reaction speed is so high that the deposition process is carried out by particle trans-
port (Zone 2). However, at even higher temperatures, powder formation usually occurs
(Zone 3). For economic reasons, most of the CVD reactors in operation are restricted to
Zone 2 [109–113]. When a uniform composite coating layer on a substrate with a complex
geometry is the first major consideration, CVD processes generally work in region 1 of the
diagram in Figure 4.

The mass transfer of gases to the substrate in zone 2 determines the layering velocity
in the CVD process. A CVD process is accomplished by a complex and dynamic fluid flow
pattern. For example, gas mixtures flow through pipes, valves, and chambers, while at the
same time they are exposed to high temperatures. This temperature is different than the
pre-mixing temperature. Then, the gas mixture (nanocomposite coating) reacts with the
metal substrate. This reaction is a heterogeneous one due to the phase transformation from
gaseous to solid state during the CVD process. Figure 5 shows the steps that take place for
the deposition of ceramic nanocomposite coatings during the CVD process. They can be
summarized as follows [109–111]:
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Pre-Interaction: Convection transfer of reactive materials to the metal or nonmetallic
substrate by the formation of diffusive flow.

Step 1: Penetration of the precursor and gaseous products (desired coating) through
the boundary layer to the metallic or nonmetallic substrate.

Step 2: Absorption of the reactants or gaseous products (coatings) on the metallic or
nonmetallic substrate.

Step 3: Homogeneous and equilibrium bottom-up reactions in the gas phase with the
main components of the gas phase.

Step 4: Surface diffusion and surface reactions at the interface of the substrate.
Step 5: Separation and removal of non-consumable byproducts from the substrate

interface (reaction site).
Step 6: Diffusive transport of gaseous products separated from the surface by the

boundary layer at the interface.
Step 7: Convective transfer of subproducts through the boundary layer by diffusive

flow force.
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The precondition for the synthesis of ceramic coatings by the CVD process is the
presence of volatile compounds that include the compounds needed to precipitate these
ceramic coatings. Although gas precursors can be used directly, the liquid and solid
precursors must evaporate first before entering the reactor. Usually, liquids are heated
in a cylinder, and solids are heated in a tubular evaporator and then evaporated at high
temperatures. They are then atomized or become an aerosol. Chlorides, fluorides, and
bromides are present in CVD technology, where they contain various metals in the liquid or
gas state. These materials are volatile, and they are suitable alternatives for the deposition
of different materials on various substrates [112–118].

Most of the classical processes are based on the law of chemical synthesis. However,
this depends on which halogenated, compounds in the form of reductioning or oxidizing
gas, move towards the substrate and precipitate on it. In particular, most of the halogenated
compounds are reactive at temperatures above 750–900 ◦C. This point should be taken
into account in the production of ceramic coating via CVD technology. Typically, chemical
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synthesis involves chemical reactions such as hydrogen reduction, reductioning, metal
reduction, oxidation, hydrolysis, carbidization (for ceramic coatings), and nitrogenization.
The most important advantage of using CVD technology in the coating industry is the
selective deposition of different coating layers. In fact, using the CVD technology, thin
films or coatings can be selectively deposited on various substrates. Layer selection is
based on differences in chemical reactions occurring between the surface of a material and
the reactants. This method can produce various nanostructures or nanoparticles such as
ceramic nanostructures, carbides, carbon nanotubes, and even diamonds [114–118]. This is
one of the strengths of CVD technology in the coatings industry. Due to the high synthesis
speed of the process, it can be manufactured using different nanostructures. Additionally,
due to the high reaction temperature of the CVD chamber, a variety of precursors can be
employed. Another advantage of this method is the absence of large amounts of byproducts.
Byproducts are generally gaseous and can easily be separated from the products in the
compartment. Therefore, if pure raw materials or precursors are used in the process, pure
products are also obtained. This is performed in such a way that the byproducts are
negligible and easily removed from the environment. As a result, the primary product
generated from the reaction of the precursor with the substrate is easily separated from the
byproducts and the raw materials. If the goal is to produce oxide materials, the reaction
can take place in the natural atmosphere, thus making the device simpler and cheaper.
In sum, the composition of the desired products can be controlled by changing the type
of substrate, the reaction, structure, shape, and [114–118]. Alteration of metallurgical
conditions (environment, properties, and production process), often by the application
of high-performance oxide coating layers, can solve problems such as corrosion, wear,
conductivity, friction, etc. of the manufactured pieces [119–122].

5. Summary

The CVD technology is a process in which volatile compounds of different materials
are used to deposit a nonvolatile solid on an appropriate substrate. This short review
explains the industrial usage, various steps of the process, and the important factors
influencing the products. Nowadays, CVD technology is widely used for the production
of thin films and ceramic coatings. The CVD processes are commonly performed at high
temperatures and low pressures. The three main steps of the technology are surface reaction
(kinetic), diffusion (mass transfer), and desorption. The CVD process is divided into several
steps according to the type of heat source, temperature, and pressure of the chamber. Each
of these methods has advantages and disadvantages based on cost, uniformity of the
coating, ability to create ceramic nanocomposite coatings, and characteristic control of the
thin film that is produced. Moreover, important factors in terms of the properties of the
coating deposited by CVD technology are the dimensions or geometry of the substrate,
the shape of the substrate, the substrate temperature, the chemical composition of the
substrate, the type of deposition process, the temperature inside the chamber, the purity
of the target material, and the economic factors of the production. Finally, based on the
review of this study, it is predicted that nanolayer ceramic and advanced ceramic coating
industries would be the new venues for the applications of CVD technology to produce
coatings usable at very high temperatures, particularly for hot corrosion purposes.
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Controlled Electroplating of Noble Metals on III-V
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Abstract: Porous templates are widely used for the preparation of various metallic nanostructures.
Semiconductor templates have the advantage of controlled electrical conductivity. Site-selective
deposition of noble metal formations, such as Pt and Au nanodots and nanotubes, was demonstrated
in this paper for porous InP templates prepared by the anodization of InP wafers. Metal deposition
was performed by pulsed electroplating. The produced hybrid nanomaterials were characterized
by scanning electron microscopy (SEM) and energy dispersive X-ray analysis (EDX). It was shown
that uniform deposition of the metal along the pore length could be obtained with optimized pulse
parameters. The obtained results are discussed in terms of the optimum conditions for effective
electrolyte refreshing and avoiding its depletion in pores during the electroplating process. It was
demonstrated that the proposed technology could also be applied for the preparation of metal
nanostructures on porous oxide templates, when it is combined with thermal treatment for the
oxidation of the porous semiconductor skeleton.

Keywords: pulsed electrodeposition; nanotubes; nanodots; porous template; varicap device;
site-selective deposition

1. Introduction

Over recent decades, the synthesis of functional nanomaterials has been a topic of
interest due to their wide area of potential application in electronics, optoelectronics,
photonics, magnetic devices, thermal energy storage, thermal transport, electrochromic
windows, photovoltaic cells, biotechnology and life sciences, metallic building blocks in the
form of nanowires, nanotubes and arrangements of nanoparticles, among others [1–7]. One
of the main methods for the preparation of such structures is template synthesis, template
electrodeposition being one of the most general approaches for the control of size, shape
and structural properties of metallic nanostructures [8–10].

Apart from growing polycrystalline nanowires and nanotubes, single crystal metallic
nanostructures can be achieved by controlling the electroplating parameters [8], electrode-
position being a cost-effective technique. Concerning the templates, etched ion track
membranes based either on inorganic materials or on organic polymers [11,12], and porous
alumina templates produced by anodization of aluminum foils [9,10,13–15], are the most
widely used methods for nanofabrication purposes. Porous alumina templates are of special
interest, because they can be produced with periodic arrangement of pores, thus, allowing
the fabrication of periodically ordered metallic nanostructures, which enhances their use in
device applications. High electrical resistivity is an essential drawback of porous alumina
templates, which require additional functionalization of the inner surface of pores before
electroplating metals, in order to produce metallic nanotubes. This drawback is overcome
in semiconductor porous templates, due to the possibilities of controlling their conduc-
tivity. Porous templates have been demonstrated on Si, GaAs, GaP, InP, ZnSe and other
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semiconductors, including those with an ordered arrangement of pores or with pores of
specific shape [16,17]. Nevertheless, uniform deposition of metals inside porous templates
remains a challenge. Pulsed electrodeposition has been proposed instead of direct current
(DC) electroplating to address this issue [17–21].

The comparative study of continuous current and pulsed electrodeposition of met-
als on flat substrates revealed some advantages of pulsed electrodeposition, related to
superior quality due to reduced contamination by impurities and a lower rate of occluded
gases [22,23], as well as smaller grain size at the long pause between pulses due to the
larger number of nucleation sites [22,23]. Pulsed electrodeposition is even more promising
for porous templates, especially those with pore diameters below 100 nm; since uniform
deposition inside pores with continuous current deposition is hardly achievable, a thorough
optimization of current pulse parameters being necessary to reach this goal [17,21].

Apart from the templated growth of various metallic nanostructures, randomly ori-
ented porous metallic formations (for instance, nanoporous gold) can be produced by
localized electrochemical dealloying [24]. While ordered templated growth is more of-
ten applied in electronics, optoelectronics and photonics, dealloying can be applied in
high-strength material, catalysis, energy storage or biosensors. Atomically smooth starting
surfaces prepared by sputter-annealing cycles in ultrahigh vacuum are usually needed to
control the process of dealloying, while the electrochemical preparation of semiconductor
porous templates for metal electrodeposition is less sensitive to the surface state, since the
pore nucleation layer is removed after anodization. Moreover, while dealloying strongly
depends on the crystallographic substrate orientation, the crystallographic orientation of
the semiconductor substrate is important only for the growth of crysto pores, while the
growth of current line-oriented pores is independent of the crystallographic orientation of
the substrate [17].

Recently, an enhancement of the photocatalytic performances of aero-Ga2O3 induced
by functionalization with noble metals, was demonstrated [25]. Due to the fact that gallium
oxide exhibits high electrical resistivity, functionalization with noble metals via electro-
chemical deposition is challenging. In their study, the authors used an approach based
on a template composed of a network of ZnO microtetrapods. The technological process
consisted of four technological steps. In the first step, sputtering of gold was achieved on
commercially available ZnO microtetrapods. In the second stage, a film of GaN was grown
by hydride vapor phase epitaxy (HVPE) on Au-functionalized ZnO microtetrapods. In the
process of HVPE growth of GaN, a simultaneous etching of ZnO occurred, which resulted
in the formation of hollow GaN microtubes with the inner surface decorated by Au. At
the third step, functionalization with Au of the outer surface of the GaN microtubes was
obtained via sputtering. At the end, the GaN/Au microtubes were subjected to thermal
annealing for transformation into aero-Ga2O3/Au. However, it should be noted that uni-
form sputtering in the depth of the template is difficult to achieve. Apart from that, this
technological process is too complex. In this paper, we propose a feasible cost-effective
approach allowing uniform functionalization of an array of Ga2O3 nanowires with Au nan-
odots. The technological process consists of electrochemical deposition of Au nanodots on
a template of GaAs nanowires produced by anodization of bulk GaAs substrates, followed
by oxidation of GaAs nanowires via their thermal annealing.

Pt and Au decorated templates could be promising for the development of micro-
engines or micro-submarines with cargo capabilities and enhanced photocatalytic perfor-
mances [26].

The goal of this paper is to demonstrate controlled electrodeposition of metals into
different parts of porous InP templates by adjusting the parameters of the voltage pulses.

2. Materials and Methods
2.1. Anodization

Crystalline 500-µm thick n-InP(100) and n-GaP(100) substrates with a free electron
concentration of 1.3 × 1018 cm−3 and 2 × 1017 cm−3, respectively, were supplied by CrysTec
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GmbH, Germany. Si-doped (111)B-oriented n-type GaAs wafers with a free electron
concentration of 2 × 1018 cm−3 were acquired from Mateck GmbH, Jülich, Germany. The
samples, with an electrical contact of a silver paste, were pressed against an O-ring in a
Teflon cell, as shown in Figure 1. The electrochemical etching was carried out at room
temperature in 3.5M NaCl and 1M HBr electrolytes at applied potentials (U) of 6 V and
15 V, respectively, in three electrode configurations, with a Pt mesh with the surface area
of 6 cm2 acting as a counter electrode. A saturated Ag/AgCl reference electrode, and the
sample as working electrode, were used. For the purpose of obtaining GaAs nanowires,
the anodization was conducted on Si-doped (111)B-oriented n-type GaAs wafers in 1M
HNO3 electrolyte at an applied potential of 4 V for 20 min. The potentiostat ELIPOR-2
(ET&TE Etch and Technology GmbH, Kiel, Germany) was fully controlled via a PC unit.
The steering of the electrolyte was provided by a Teflon agitator connected to a motor. The
rotation speed of 100 r·min−1 was controlled by the applied potential from an external
multichannel power supply McPower LAB-2305 (ETT Marketing GmbH, Braunschweig,
Germany) to the motor.
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Figure 1. Schematic representation of the set-up for electrochemical etching of semiconductor sub-
strates as well as pulsed electrochemical deposition of metal nanostructures in porous semiconductor
templates. The technological work-flow is presented for InP crystals.

The morphology and chemical composition analyses of the porous semiconductor
templates were investigated using Zeiss (Jena, Germany) Sigma and Tescan (Brno, Czech
Republic) Vega TS 5130 MM scanning electron microscopes (SEM), equipped with an
Oxford Instruments (Oxford, UK) INCA Energy EDX system operated at 20 kV.

2.2. Electroplating

For opening the entrance in pores after porosification, the top nucleation layer of
porous InP samples was removed using isotropic wet etching by immersing of the speci-
mens in HCl:H3PO4 electrolyte with a ratio of 1:1 for 25 s (T = 23 ◦C). The removal of the
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top irregular porous layer in GaP was conducted in a mixture of HCl:HNO3:H2O (1:2:2)
at 60 ◦C for 10 min in a well-ventilated fume-hood. The samples were immersed in the
deposition electrolyte for 3 min prior to electrodeposition with the purpose of allowing the
penetration of the metal ions inside the pores. Pulsed electrochemical deposition of Au and
Pt was obtained in a commercially available gold bath containing 5 g·L−1 Au or 5 g·L−1 Pt
(DODUCO GmbH, Pforzheim, Germany). The electrochemical deposition was performed
at a temperature of 25 ◦C in a common two-electrode plating cell where the porous sample
served as a working electrode, while a platinum wire was used as a counter electrode
(Figure 1). A home-made generator capable of providing rectangular pulses with a pulse
width (ton) from 500 ns up to 10 s, and delay between pulses (toff) up to 10 s, was used
for electroplating. Metal nanodots, nanowires or nanotubes were deposited depending
on the applied pulse width, voltage pulse amplitude (U), and electroplating duration, as
illustrated in Figure 1. After electroplating, the samples were rinsed in distilled water.

3. Results and Discussion

The behavior of the electrochemical dissolution of semiconductor compounds gov-
erned by the breakdown mechanism, as well the type of pores obtained as a result of
anodization, were reported in our review paper [17]. Briefly, the pore formation mecha-
nism can be explained as follows: by applying the positive potential to the semiconductor,
the holes start to drift towards the semiconductor–electrolyte interface (SEI). For n-type
semiconductors, the holes are minority carriers. As a result, the anodic current remains low.
With a further increase in the applied potential, at a certain potential, depending on the
doping and defect density, an increase in current is usually observed in the current–voltage
(I-V) characteristic [21]. This increase is related to the avalanche process in the space
charge region (SCR). Usually, the anodic dissolution starts at surface defects (dislocations)
marked as the root nucleus in Figure 2a. With further increase in the applied voltage,
new electron–hole pairs will be generated as a result of multiple collisions of electrons
tunneling through the SCR with the atoms. Once new electro–hole pairs are generated
due to the breakdown, the etching around the defect will develop through branching of
crystallographically oriented pores. At the next stage of anodization, the branching of pores
stops, and the current line-oriented pores start to grow in perpendicular alignment to the
substrate surface. It should be mentioned that current line-oriented pores cannot intersect
each other, therefore, conditions are provided for the self-ordering of pores [17].

Electroplating of Pt on porous InP samples immediately after the electrochemical
etching resulted in non-uniform deposition of nanotubes due to the top nucleation layer, as
can be seen in Figure 2b. After a certain time, the pores in the nucleation layer were blocked
with the deposited metal, which prevented the flow of the electrolyte into the full depth of
the pores. Usually, the thickness of the nucleation layer in samples with a concentration of
1018 cm−3 was up to 2 µm.

In connection with this, removal of the nucleation layer is an important technological
step to achieve a uniform deposition along the whole depth of the porous layer. Figure 2c
discloses the evolution of the nucleation layer and emergence of opened regions with pores
disclosing self-ordering after isotropic wet etching for 10 s. The complete removal of the
nucleation layer requires about 25 s (see Figure 2d). All further discussed electrochemi-
cal depositions were obtained in samples with opened pores obtained according to the
procedure described in Section 2.2.

Adjusting the pulse width (ton) and, especially, the delay between pulses (toff), is
essential for a controlled deposition of metals in semiconductor porous templates, as shown
in Figure 3. The current pulses are optimized from the point of view of avoiding the
electrolyte depletion inside pores and refreshing of the metal species during the delay
between pulses.

30



Coatings 2022, 12, 1521Coatings 2022, 12, 1521 5 of 12 
 

 

 
Figure 2. (a) Schematic representation of self-ordered porous layer formation; (b) cross-sectional 
SEM image of deposited segmented Pt nanotubes in porous InP template with a top nucleation 
layer (U = −16 V; ton = 100 μs; toff = 1 s); (c) top view SEM images after removal of the top nucleation 
layer by wet chemical etching in HCl:H3PO4 (1:1) during 10 s; (d) the same for etching during 25 s. 

In connection with this, removal of the nucleation layer is an important technological 
step to achieve a uniform deposition along the whole depth of the porous layer. Figure 2c 
discloses the evolution of the nucleation layer and emergence of opened regions with 
pores disclosing self-ordering after isotropic wet etching for 10 s. The complete removal 
of the nucleation layer requires about 25 s (see Figure 2d). All further discussed electro-
chemical depositions were obtained in samples with opened pores obtained according to 
the procedure described in Section 2.2. 

Adjusting the pulse width (ton) and, especially, the delay between pulses (toff), is es-
sential for a controlled deposition of metals in semiconductor porous templates, as shown 
in Figure 3. The current pulses are optimized from the point of view of avoiding the elec-
trolyte depletion inside pores and refreshing of the metal species during the delay be-
tween pulses. 

It was found that the pulse width should be set at a value enabling the deposition of 
only 70%–80% of the metal ions inside the pores during the applied pulse, in order to 
ensure an effective electrolyte refreshing and to avoid its complete depletion. Electrolyte 
depletion occurred if the pulse width was too long. In such a case, the metal ions managed 
to penetrate only a short distance inside the pores, from the template surface, which led 
to pore blocking and deposition on the template surface (Figure 3b). 

Figure 2. (a) Schematic representation of self-ordered porous layer formation; (b) cross-sectional
SEM image of deposited segmented Pt nanotubes in porous InP template with a top nucleation layer
(U = −16 V; ton = 100 µs; toff = 1 s); (c) top view SEM images after removal of the top nucleation layer
by wet chemical etching in HCl:H3PO4 (1:1) during 10 s; (d) the same for etching during 25 s.

It was found that the pulse width should be set at a value enabling the deposition
of only 70%–80% of the metal ions inside the pores during the applied pulse, in order to
ensure an effective electrolyte refreshing and to avoid its complete depletion. Electrolyte
depletion occurred if the pulse width was too long. In such a case, the metal ions managed
to penetrate only a short distance inside the pores, from the template surface, which led to
pore blocking and deposition on the template surface (Figure 3b).

Nevertheless, along with the optimized pulse width and the interval between pulses,
the voltage pulse amplitude plays an important role. According to our previous study,
by means of Raman scattering, the porous ZnSe skeleton showed a decrease in the free
carrier concentration by a factor of two in comparison with the bulk ZnSe crystal, due
to surface depletion effects which are enhanced in porous media with a large surface to-
volume ratio [27,28]. The electrical conductivity of semiconductor nanostructures strongly
depend upon their transversal dimensions, as was demonstrated by pulsed electrochemical
deposition of gold on InP nanowalls, nanowires and nanobelts [29]. Taking into account
these findings and the preferential deposition in more conductive regions, one can conclude
that site-selective deposition of metallic nanostructures is achievable by adjusting the am-
plitude of current pulses. The distribution of current lines at the bottom of the porous/bulk
interface when a low pulse voltage amplitude is applied, is illustrated by blue lines in
Figure 3c (row II). In such a case, the deposition of metallic nanotubes or nanodots takes
place at a specific depth of the porous layer according to the applied pulse voltage value. It
is worth mentioning that long duration deposition in such conditions leads to the filling
of pore from the bottom towards the pore entrance, therefore, resulting in the growth of
metallic nanowires.
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Figure 3. Site-selective pulsed electroplating of metal species in porous InP semiconductor nanotem-
plates at different deposition parameters: (a) continuously applied voltage leading to deposition on
top of the template (toff = 0); (b) deposition on and underneath surface at small delay applied between
the pulses (toff); (c) selective deposition of metal at the bottom of pores by applying a small voltage
pulse amplitude; and (d) uniform deposition along the whole template thickness at optimized pulse
width, delay between pulses and voltage amplitude resulting in the formation of Pt nanotubes. In
row (I), a schematic representation of applied pulses is presented. In row (II), a schematic art-view of
the metal species penetration inside pores, depending on the pulse parameters is presented; the blue
lines illustrate the current lines. In row (III), a schematic representation of the deposited metal in
porous InP template is presented, and row (IV) demonstrates the site-selective deposition by SEM
images in cross-sectional view.

Another important parameter in pulsed electrochemical deposition designated for
obtaining metal nanodots or nanotubes, is the total duration of electroplating (tdep). The so-
called “hopping electrodeposition” mechanism of gold nanodots on porous semiconductor
structures was proposed and demonstrated in a previous work [30]. It was demonstrated
that after nucleation, each dot increases in size up to a critical transverse dimension of
about 20 nm, followed by nucleation of another gold nanodot in the vicinity. The process
continues until the entire surface exposed to the electrolyte is covered by a monolayer of
self-assembled gold nanodots forming walls of metal nanotubes (Figure 4a). In a longer
duration of electroplating, the walls of the metal nanotubes become thicker, as can be
seen in Figure 4b. The optimum parameters of the pulses (Figure 3d) assure the uniform
deposition along the nanotube’s depth.
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Figure 4. SEM images in cross-section, of Pt nanotubes in semiconductor InP envelope after electro-
chemical deposition with electroplating parameters of U = −16 V, ton = 100 µs, toff = 1 s, at different
durations of electroplating: (a) 1 h; and (b) 2.5 h.

The site-selective deposition of Pt in a porous GaP template was applied for the
fabrication of a variable capacitance device with Schottky contact (Figure 5). Uniform
Pt nanotubes were deposited in template pores at a depth of 70 µm as the first step
of the electrodeposition process with optimized pulse parameters (toff = 1 s), according
to Figure 3d, while the up contact of the device was formed at the second step of the
electrodeposition process with pulse parameters leading to electrolyte depletion inside the
pores (toff = 10 ms), according to Figure 3b.
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presentation of the varicap device structure; (c) the sequence of pulses and pause between them
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same technological process.

The electrochemical deposition of the up contact in the same technological process is
an advantage compared with evaporation techniques, since it assures the interconnection
of all Pt nanotubes leading to better performance of the varicap device. A record gradient
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of capacity per square micrometer of the template-based variable capacitance device was
reported [31,32].

Our estimations suggest that increasing the pore depth in the porous GaP template
up to 300 µm would improve the device performance up to four to five times. Preliminary
results indicate that increasing the pause between pulses to 3 s, and decreasing the pulse
width from 300 µs to 100 µs under permanent magnetic steering, is required to reach
this goal.

As mentioned in the introduction section, controlled electrodeposition in porous oxide
templates is challenging because of its high electrical resistivity. One can propose an
alternative approach for the preparation of noble metal deposition inside oxide templates
based on a two-step process: metals are deposited in porous semiconductor templates in
the first step, as discussed above for InP templates; then, after noble metal deposition, the
semiconductor skeleton is oxidized. This approach was demonstrated in the instance of
porous GaAs templates in the form of arrays of nanowires, as shown in Figure 6. Arrays
of GaAs nanowires were produced by anodization of GaAs(111)B wafers in an 1M HNO3
electrolyte at 4 V for 20 min (Figure 6a). Au nanodots were deposited on the GaAs array
by electroplating at pulse voltage value −16 V, ton = 100 µs, toff = 1 s, for 300 s (Figure 6b).
Oxidation of GaAs wires after electroplating was performed by annealing at 800 ◦C for 1 h
in air. Figure 6c,d shows the results of EDX analysis before and after oxidation, respectively.
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Figure 6. (a) GaAs nanowires after anodization of GaAs(111)B crystal in 1M HNO3 at 4 V for 20 min;
(b) Ga2O3/Au nanowires obtained by annealing at 800 ◦C for 1 h of GaAs nanowires with deposited
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(d) the same after thermal annealing.

Figure 7 illustrates arrays of InP nanowires covered by Pt coatings. InP nanowires
were produced by fast electrochemical etching [33] of InP substrates with an electron
concentration of 1.3 × 1018 cm−3 in a 5% HCl electrolyte at an anodization voltage of 15 V
for 3 s (Figure 7a). The approach of “fast electrochemical etching” was used, 2-µm long
InP nanowires being obtained in just 3 s of anodization. Note that anodization at 5–6 V
results in the formation of self-ordered porous InP structure, while ultrathin nanowalls,
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nanobelts or nanowires are produced at a relatively high applied potential, leading to
the electrochemical dissolution of InP crystal around the remained nanostructures [33].
This approach, in combination with pulsed electrochemical deposition of gold nanodots,
was used to assess the conductivity of the fabricated InP nanostructures depending on
their thickness [29]. On the other hand, core–shell InP/Pt structures were fabricated by
electroplating Pt on the prepared InP nanowires at a pulse voltage value −16 V, ton = 300 µs,
toff = 0.5 s, for 1.5 h (Figure 7b). It should be noted that a uniform Pt deposition along the
nanowires took place and interruptions occurred due to cross-sectioning of the sample.
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4. Conclusions

The results of this study demonstrate possibilities for site-selective pulsed electrodepo-
sition of metallic nanostructures in porous templates prepared by electrochemical etching
of semiconductor wafers. Metal deposition occurred in the upper part of pores near the
porous template surface under conditions of high amplitude, long current pulse width,
and short interval between pulses, while the metal was deposited at the bottom of pores at
conditions of low pulse amplitude and long intervals between pulses. Uniform deposition
of the metal along the whole pore length was obtained with pulse parameters optimized
from the point of view of effective electrolyte refreshing and avoiding its depletion in pores.
This technology can be applied for the development of optoelectronic devices, particularly
variable capacitance devices, as well as for plasmonic and photocatalytic applications. The
technology can also be applied for the preparation of metal nanostructures on porous oxide
templates, when it is combined with thermal treatment for the oxidation of the porous
semiconductor skeleton.
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Abstract: A polymerization procedure is presented to increase the molecular weight of hydrocarbons
in household chimney soot without thermal treatment at high temperatures. Pristine soot was
subject to chlorination, with half of it treated with magnesium (Mg-plates) to create random-type
Grignard reagents (R-Mg-Cl) in diethyl ether media. Mixing the Grignard reagent and the rest
of the halogenated soot material created new C-C bonds, thus increasing the molecular weight
of the final product. The obtained stochastically polymerized soot (SPS) was investigated using
Raman spectroscopy, FTIR spectroscopy and XPS and was subjected to electrochemical testing as
an assembled supercapacitor with a KOH electrolyte. Results show significant carbon structure
differences due to the chemical procedures and newly created functional groups in the soot. Such
functional groups could increase the capacity of supercapacitors, creating pseudo-capacitance by
participating in redox reactions. The results also unveiled removing any random contaminations in
the pristine soot and obtaining a more uniform final product containing hydrocarbons with longer
chains, thus increasing the molecular weight.

Keywords: soot; circle economy; waste treatment; super capacitors; organic synthesis

1. Introduction

The exceptional importance of the combustion of carbon-containing compounds as
a source of thermal energy throughout human history and its related progress cannot be
denied [1]. However, this process, essentially a reaction leading to numerous uncontrolled
chemical changes in the starting hydrocarbons, is also associated with the production of
harmful emissions into the atmosphere, including soot aerosols [1–3].

The incomplete combustion of hydrocarbons associated with both anthropogenic
(various combustion systems for energy and heat production, transport, etc.) and natural
sources (forest fires) is responsible for the formation and emission of more than 8 Tg of soot
annually into the atmosphere [2–7]. With a more than 80% contribution, elemental carbon
is the main constituent of soot particles regardless of the source [8–10]. The processes of the
formation of soot, which passes roughly through four stages, i.e., from precursor formation
to aggregate formation, have been the subject of many notable studies, summarized in a
recent review article by Martin J. et al. [9]. The final product in the form of carbonaceous
particulate matter, both as aerosols and as solid deposits (in diesel and gasoline particle
filters, onto chimneys’ internal walls, etc.), leads to serious health and environmental risks
for the population [7,9,11]. The industry has made enormous efforts to reduce the soot
particles released into the atmosphere. But industrial advances can also lead to additional
increases in the amount of solid deposits of soot and the generation of unnecessary waste
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products. At the same time, they could lead to obtaining even more soot as solid deposits,
which indeed results in a huge amount of unnecessary cheap waste product. For instance,
in the context of engine-generated soot emissions, besides advances in particle filters [12]
and modifications in the combustion process like the use of EGR (exhaust gas recirculation),
attempts were made to lower the temperature of the exhaust gases [13,14]. However,
the EGR leads to higher quantities of soot in the crankcase oil [13], and lowering the
temperatures leads to an increased rate of soot deposition [14]. To these amounts of soot
as waste material must be added those obtained during the incomplete combustion of
hydrocarbons in households. The study of the physicochemical properties of soot and the
produced materials from them is of great importance for establishing their true value for
practical applications, since a key point in the conceptual model of a circular economy is
the successful application of waste materials as useful ones [3,5,10,15].

Although soot (as carbon black) has been widely used as a component in inks since
ancient times [16], a recent review focused on the currently known applications of re-
cycled soot [17] suggests the enormous, still-untapped potential of this abundant waste
material. To the soot applications discussed by Uttaravalli et al. [17], some other studies
on soot as a material for anti-bio-adhesion behavior coatings [18], as super hydropho-
bic coatings [19], and also some experimental attempts for soot to be used as superca-
pacitor electrodes [10,20,21] should be added. Functionalized candle soot is used to im-
prove Raman sensing properties for active SERS (surface-enhanced Raman scattering)
substrates [22].

On the other hand, to achieve specific physical properties and specialized applications
for advanced structures and architectures, one could rely on the constant progress in
polymer science [23–25]. Extensive research in the field of carbocationic and free radical
polymerization (FRP) led to the synthesis of new well-defined (co)polymers, with FRP
already being probably the most important commercial process, which allows one to
obtain high molar mass polymers [23–27]. The discovery of Grignard agents could also be
considered one important stage of development in polymer science. The ease of preparation
of these organo-magnesium reagents, discovered at the beginning of the last century
by Victor Grignard, ensures their large-scale success and ensures their wide application
in organic and organometallic synthesis [28]. The reaction to obtain Grignard reagents
(R-Mg-X) in various solvents is generally described as R-X + Mg, where R is a carbon-
containing radical and X is a halogen element [28,29]. These reagents react with numerous
organic functional groups containing polar multiple bonds (ketones, nitriles, sulfones, etc.),
highly strained carbon rings, acidic hydrogens, etc. [29].

In the present study, a polymerization procedure was applied to alter the properties
of what would otherwise be waste products (household chimney soot) in a way in which
they could be further used as material for supercapacitance applications. Since the super-
capacitors are a unique class of energy-storage devices that are mainly produced from
carbon-based materials [30–32], attempts at this scientific direction should be regarded
as needed steps toward the realization of a true circular economy [15]. Probably equally
common and harmful as all other types of soot, also easily accessible and costless, but at
the same time structurally different because of the specific burning conditions, household
chimney soot lags far behind in terms of scientific research compared with all other types
of carbonaceous materials.

Stochastic polymerization appears when complicate materials are involved in poly-
merization processes and different exchanging segments and molecules are interacting [33].
Here, stochastic free radical synthesis, involving a combination of newly created Grignard
reagent and chlorinated soot, leads to the creation of new higher molecular compounds in
pristine soot.

The novel chemical routine is described in detail. Raman spectroscopy, Fourier-
transform infrared spectroscopy (FTIR) spectroscopy and X-ray photoelectron spectroscopy
(XPS) analysis were applied as techniques to characterize the obtained stochastically poly-
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merized soot (SPS). The material was applied as an active electrode coating and was
subjected to electrochemical testing with KOH as an electrolyte.

2. Materials and Methods
2.1. Experimental Section

Swept household chimney soot was used in the experimental procedure, shown as
block scheme no. Figure 1 and described in detail below. Procedure must be performed
carefully because of the starting exothermic reaction and the occurrence of immense amount
of fine, thick foam. To avoid evaporation of chlorinated hydrocarbons, the mixture thus
obtained was dried in a desiccator containing crystal CaCl2 and KOH for a month at RT.
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Figure 1. Block-scheme of the experimental procedures involved in altering household chimney soot
into stochastically polymerized soot (SPS).

After such a prolonged period, it was expected that all the moisture, CO2, and surplus
HCl reacted with the CaCl2 and KOH crystallites.

The experimental procedures on the chlorinated soot (ChS) material continued in a
3-neck 200 mL flask, used as a reactor to obtain Grignard reagent (R-Mg-Cl). One of the
three necks of the reactor was for inserting a glass rod used as a stirrer, the second one
was used as a breather (filled with crystal CaCl2 between cotton tampons) and the central
neck was used for filing the flask. The flask was rinsed with diethyl ether ((C2H5)2O) or
Et2O) prior to experiment and placed in an ice water bath at 0 ◦C. Every glass piece of the
equipment was heated for 2 h at 110 ◦C prior to experiment. Two 15 mL vessels filled with
powdered ChS in each, 100 mL Et2O and 1 g Mg (fine plates) were placed in a Glove Bag
filled with inert gas (Ar). The ChS from one of the vessels was placed in the flask, followed
by the 100 mL Et2O and the Mg plates. The filling neck of the flask was capped and the

40



Coatings 2023, 13, 1354

Glove Bag was removed. This was followed by vigorous stirring of the solution, aiming at
the maximum dissolution of the magnesium plates. A brief heating of the mixture to ~30 ◦C
resulted in slight boiling (due to the low boiling point of the ether in the solution), then the
mixture was quenched in the ice bath. After 12 h, needed for optimal reaction result, the
Glove Bag again covered the installation and purged with Ar. A brief heating (to ~30 ◦C)
was applied to increase the partial pressure in the volume, preventing of inlet of external
gases. A separation funnel with a long glass tube at the bottom end and a syringe at the top
end was used to evict the obtained Grignard reagent upwards via the creation of a vacuum.
The unreacted Mg plates and sediment that remained at the bottom were removed through
the breather neck of the flask, and the flask was rinsed again with ether. The second vessel
with powdered chlorinated soot was then placed in the flask, and 20 mL of ether and the
Grignard reagent were also added. After 24 h, the liquid phase was removed from the
obtained mixture using a pipette, and the precipitated material was collected and dried
at 30 ◦C for 1 h, resulting in the final experimental product: stochastically polymerized
soot (SPS).

2.2. Methods of Investigation

The Raman spectra were taken using HORIBA Jobin Yvon Labram HR 800 spectrom-
eter equipped with a Peltier-cooled CCD detector with He-Ne laser excitation of 633 nm
wavelength and laser power at 0.5 mW. The spectral resolution was 1 cm−1 or better. The
materials were also investigated using Fourier-transform infrared spectroscopy (FTIR)
spectroscopy on Tenzor 27-Bruker apparatus in the range of 4000–550 cm−1. The X-ray
photoelectron spectroscopy (XPS) studies were performed in a VG Escalab MKII electron
spectrometer using monochromatic AlKα radiation with an energy of 1486.6 eV under base
pressure 10−8 Pa and a total instrumental resolution 1 eV. The binding energies (BEs) were
determined utilizing the C 1s line as a reference with an energy of 285.0 eV. The accuracy of
the measured BE was 0.2 eV. The photoelectron lines of constituent elements on the surface
were recorded and corrected by subtracting a Shirley-type background and quantified
using the peak area and Scofield’s photoionization cross-sections. The deconvolution of
spectra was performed with XPSPEAK41 software (version 4.1). The conditions used for
electrochemical testing are presented in Section 3.4.

3. Results and Discussion
3.1. Raman Spectroscopy Investigation

Raman spectroscopy investigation was performed on the pristine soot sample and the
SPS sample to unveil how the chemical treatment influences the pristine carbon structure
in the soot (Figure 2).

Since carbon is the main constituent in the material, it is not surprising that
Raman spectroscopy is a widely used method for the characterization of any type of
soot [3,5,6,8,12,13,34–42].

In the first-order spectral region (1000–2000 cm−1), both spectra in Figure 2 exhibited
the two typical-for-all-carbon-species broad bands, centered at 1364 cm−1 and 1583 cm−1,
corresponding to the D- and G-band, respectively. A detailed description of the significance
of these two peaks for the state of the carbon structure can be found in the seminal work of
Ferrari and Robertson [43].

While the D peak was related to defects in the ordered graphite structure (crystalline
defects, vacancies, etc.), the G peak was regarded as an expression of that same ordered
graphitic structure [40]. Regarding soot samples, the G peak signaled some local order
associated with the presence of sp2 aromatic carbon rings in the predominantly disordered
structure [12,36]. In the spectral region of 2100–2800 cm−1, the pristine soot spectra exhib-
ited a wide “bump” which comprised all overtone modes associated with the first-order
carbon peaks (D and G).
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But, these second-order peaks are rarely reported in the literature when regarding soot
samples [44], so a contribution from some organic carbon (OC) or hydrocarbons could be
regarded in that region. The spectrum of the SPS sample flattened in that region. A second
major difference between the two spectra is the change in places in terms of the intensity of
the G- and D-bands: in the SPS sample, the D-band increased in intensity, while the G-band
decreased compared with the pristine soot spectrum. The drastic decrease in background
fluorescence in the final product spectrum, compared with the pristine soot spectrum
(Figure 2), should also be noted. The steep slope of the experimental curve until reaching
the first peak at 1356 cm−1 (line “a” in Figure 2) is a typical indicator for the presence of
an interfering fluorescence signal (FS), alongside the very shallow plateau between the
D- and the G- band. The FS in a soot spectrum is due to organic compounds like PAHs
(polyaromatic hydrocarbons) and unsaturated hydrocarbons condensed onto the particles,
which are normally produced during combustion [5,37,40,44]. Thus, when comparing the
two spectra, it could be said that the decrease in the intensity of the fluorescent signal,
along with the complete alignment of the SPS spectrum in the region 2100–2800 cm−1,
indicates the removal of any organic compounds and the achievement of a more uniform
final product (SPS).

In order to further analyze the changes that took place during the pristine soots’
chemical treatment, a four-band fit was applied and is presented in Figure 3. Sadezky et al.
were the first to establish a Raman deconvolution routine for carbonaceous materials,
including soot, with a five-band fit involving four Lorentz-shaped curves (labeled as G,
D1, D2 and D4) and one Gaussian-shaped curve (D3) [8]. Since then, the D2 curve has
rarely been used when fitting soot samples [12,38]. The additional curves used for the
spectrum analysis here, besides the G and D1 band, which match the D-band position and
meaning, were the less-intense D3 and D4 bands. The D3 band, lying close to 1500 cm−1,
is associated with the presence of amorphous carbon [8,12,13]. This carbon fraction in the
soot comes from organic molecules, functional groups, fragments, etc. [8,12,13]. The D4
band, lying close to 1180 cm−1, is associated (when in soot) with ionic impurities and/or
polyenes [8,13,42]. The decrease in intensity of the G-band in SPS compared with the
pristine soot means raised disorder in the graphitic structure, which could be connected
with the functionalization procedures conducted. The sp2 carbon atoms from the aromatic
rings available in the pristine sample, most probably by adding chlorine atoms, changed
their hybridization into sp3 and, thus, the G-band shrunk in intensity. Therefore, it can be
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concluded that the newly created functional groups in the soot do exist in the final product
(SPS), which is of big importance for supercapacitance applications. In addition, there is
also a significant increase in the contribution of both the amorphous carbon phase (D3
band) and that of ionic impurities (D4 band) in the SPS spectrum compared with that of the
pristine soot sample (Figure 3). To obtain more information about the origin of these two
additional phases’ increases, a further FTIR investigation was conducted. Nevertheless, the
soot polymerization procedures involved have a major impact on altering the arbon phase
composition of the original waste material.
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3.2. FTIR Spectroscopy Investigation

FTIR spectra recorded on the pristine soot and the stochastically polymerized soot
(SPS) materials are shown in Figure 4.
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A significant change in the spectrum of the pristine soot’s chemical composition is
evident in Figure 4. Taking into consideration that any given absorption band intensity
assigned to a functional group increases/decreases proportionately with the number of
times that a functional group occurs within the molecule [45], the presented data confirm
the results from the Raman spectroscopy.

Starting with the higher wavenumbers, it can be seen that the intensity of the peak
around 3500 cm−1 (stretching vibrations, OH-groups) was significantly lower in the SPS
sample’s spectrum, compared with the pristine one (Figure 4). This means that OH groups
were highly affected due to the chlorination process and the Grignard synthesis. In the
spectral range 2960–2850 cm−1, where the stretching vibrations of C-H alkane bonds are
situated [46], a significant lowering of the intensity in the SPS spectrum was observed.
This was mainly due to the chlorination process, where the chlorine atoms displaced the
hydrogen atoms from the C-H bonds. The overall intensity decrease in the peaks in the SPS
spectrum was, in general, until 1300 cm−1, where the OH bending vibrations of phenol
are situated (Figure 4). The peak at 1704 cm−1, assigned to C=O-conjugated aldehyde or
acid [46], decreased in intensity in the SPS spectrum, but was still significant in appearance.
Under UV light, PAH and aromatic species with carbonyl and carboxyl groups generated
excited species, which then underwent further reaction [7]. At the lower wavenumbers,
the absorbance in the SPS spectrum, compared with the pristine soot spectrum, increased
where the C-O, C-C and C=C bending vibrations of alkyl aryl ether, esters and alkenes
appeared [45]. This means that new bonds were created, thus increasing the molecular
weight of the soot in the SPS sample. A strong intensity peak emerged in the SPS spectrum at
1066 cm−1 related to C-O stretching vibrations [47] (Figure 4). The reason for its appearance
may be due to the addition of H2O2 in the chlorination process. The hydrogen peroxide
oxidized H2, but H2O2 also reacted with carbon atoms and also could form additional C-O
and C=O bonds. The existing C-O and C=O were probably oxidized to CO2, which was the
main phase of the emerging gases during chlorination.

Another peak also appeared at 796 cm−1 in the SPS spectrum, which, according to the
Sigma Aldrich database table [46], is characteristic of C-H or C=C bending vibrations. In
this case, the peak may be due to both types of characteristic bond vibrations. The overall
increase in intensity below 1200 cm−1 in the SPS spectrum, compared with the pristine
soot spectrum, most probably means that the final product has been subject to a reduction
process. If a Grignard synthesis is performed with a significant amount of H2O traces
present, the water molecules destroy the Grignard reagent, thus giving simple C-H bonds
instead of C-C bonds. However, the observed C-H and C-C spectral features in the FTIR
spectra of the SPS sample had higher intensities, which is evidence that the polymerization
was performed correctly, and hydrocarbons with longer chains were created.

3.3. XPS Analysis

The chemical state of the soot, PS and SPS samples were studied using X-ray Photoelec-
tron Spectroscopy (XPS), presented in Figure 5. In the survey scan, clearly distinguished
difference between the three spectra was that Cl was not present in the soot and PS sam-
ples. In addition, Si and Mg appeared in the SPS, which was due to the traces of Mg that
remained after the synthesis, and the only source of Si was the used laboratory glass. There
was N2, of which occurrence is normal in the burning processes, but it disappeared in the
final SPS sample.

The C 1s and Cl 2p deconvoluted photoelectron spectra of the pristine soot (PS) are
shown in Figure 6.

The C 1s and Cl 2p peaks were deconvoluted to obtain information on the sp2 and sp3

carbon bonding fractions and oxygenated functional, as well as to evaluate the possible
carbon-to-chlorine bonding. The C 1s peak for PS can be fitted well by three peaks:
sp2-hybridized carbon at 284.6 eV, sp3-hybridized carbon at 285.2 eV and the C-OH group
at 286.6 eV.
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The C 1s for the SPS presented in Figure 7 was fitted by four components, respectively:
sp2-hybridized carbon at 284.6 eV, sp3-hybridized carbon at 285.2 eV, the C-OH group at
286.6 eV and the C=O group at 288.8 eV. It is worth noting that K and Cl were present in
small amounts in the PS sample; the K 2p and Cl 2p binding energies suggest that they
were linked as KCl. The chemical routine caused some changes in the chemical composition
and bonding in the SPS. The peak at 286.6 eV can be associated with the existence of C-Cl
bonds [48–50], left from the ChS sample as well as C-OH groups, which were already
present on the PS surface in a significant amount. The concentration of oxygen on the
surface of the SPS was lowered by the same amount as the increased concentration of
chlorine atoms.

The Cl 2p XPS spectra (a spin–orbit split into 2p 3/2 (200.7 eV) and 2p 1/2 (202.3 eV)
peaks) for the SPS, shown in Figure 7b, is clear proof of the presence of chlorine atoms on
the surface of the chlorinated sample. Additional conformation for that is the shift of Cl 2p
binding energy from 199.3 eV to 200.7 eV, which is typical for organic compounds.
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The atomic surface concentrations of the constituent elements in the PS and SPS were
calculated and are given in Table 1 and Table 2, respectively.

Table 1. Atomic surface concentrations (%) of the constituent element in the pristine soot sample.

Pristine Soot

Concentration
(%)

C 1s O 1s N 1s Cl 2p K 2p

67.67 26.08 3.36 1.14 1.76

Table 2. Atomic surface concentrations (%) of the constituent elements in the SPS.

SPS

Concentration
(%)

C 1s O 1s N 1s Cl 2p Mg 1s Si 2p

57.35 20.97 1.19 5.22 0.33 14.93

3.4. Electrochemical Testing

The tested symmetrical cell contained two identical electrodes coated with 80% active
material (SPS sample), graphite ABG 1005 EG-1 (10%) and binder PVDF (10%). Binder in
powder form and 10 µL N-Methyl-2-pyrrolidone were added to the active SPS mass, and
then the prepared paste was applied to a nickel foam current collector with a diameter of
9 mm. The electrodes were dried in a drying oven at 80 ◦C for 12 h and pressed under
pressure (20 MPa).

The cyclic voltammetry measurements (CV) were carried out in a two-electrode cell
in a voltage window from 0.05 V up to 1.2 V and different scan rates—from 1 mVs−1

up to 50 mVs−1. The CV experiments were carried out on Multi PalmSens model 4. All
measurements were performed at RT. The electrochemical test results are shown in Figure 8.

The electrodes were soaked in the electrolyte 6M KOH under vacuum and then
mounted in a Swagelok-type cell with Viledon 700/18F separator and filled with 30 µL
electrolyte. The capacitor cells were subjected to galvanostatic charge–discharge cycling
using an Arbin LBT21084 Instrument System. The results are presented in Figure 9.
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The cyclic voltammetry (CV) studies of the SPS material unveil that an oxidative
reaction occurred when applying 6M KOH. There was one noticeable cathodic peak, which
appeared at potentials above 0.6–0.8 V (Figure 8a) depending on the voltage window and
at rates above 1 mVs−1 (Figure 8b). At a rate of 1 mVs−1, the cathodic peak was not as
pronounced as can be seen in Figure 8b. Similar behavior at low velocities of the potential
unfolding when conducting CV was also observed in our previous studies of thermally
treated soot material. [10] The presence of the cathodic peak was due to both the oxygen
evolution reaction, which was a consequence of the use of an aqueous electrolyte, and the
reduction of chlorine to chloride ion [51]. Due to the unsatisfactory specific electrochemical
characteristics of the material investigated in an alkaline electrolyte (6M KOH), more
in-depth studies of different electrolyte conditions are planned. Such are envisaged as
future work in which to combine the synergistic effect of a chlorine-containing salt in the
electrolyte with the possibility of the chlorine ion being intercalated or adsorbed in the
carbon matrix.
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4. Conclusions

A novel stochastic polymerization procedure was successfully performed on house-
hold chimney soot to alter its properties and obtain a material suitable for active electrode
coating. The free radical synthesis applied involved a combination of newly created Grig-
nard reagent and chlorinated soot, which created new higher molecular compounds in the
original waste product. A Raman spectroscopy investigation performed on the pristine
soot and on the final product (SPS) unveiled some significant differences in the carbon
structure due to the chemical procedures. The observed decrease in intensity of the G-band
in the SPS spectrum compared with the pristine soot spectrum meant a raise in disorder in
the graphitic structure. That is connected with the functionalization procedures conducted.
The newly created functional groups in the soot did exist in the final product (SPS), which
is of high importance for supercapacitance applications. Also, the observed decrease in
the background fluorescent signal (FS) in the SPS spectrum compared with the pristine
soot spectrum, as well as the complete alignment of the SPS spectrum in the Raman region
2100–2800 cm−1, could be regarded as proof for the removal of any random contamination
and obtaining a more uniform final product (SPS). The FTIR spectroscopy investigation
showed an increase in the intensity of the peaks, where the C-O, C-C and C=C bending
vibrations of alkyl aryl ether, esters and alkenes appeared, meaning new bonds were cre-
ated in the SPS material. Also, an intensity increase observed for the C-H and C-C spectral
features in the FTIR spectrum of the SPS sample is evidence that polymerization was
performed correctly, and hydrocarbons with longer chains were created, thus increasing
the molecular weight in the final material. The results from the XPS investigation are
in agreement with the Raman and FTIR spectroscopy studies. The results showed the
appearance of key bonds, such as C-Cl, which is a heritage of the successfully conducted
chlorination process. Its appearance is also a piece of evidence that the chlorinated soot
and the Grignard agent are in non-stoichiometric quantity. The SPS material was applied
as an active electrode coating and was subject to electrochemical testing with KOH as an
electrolyte. Further investigations to combine the synergistic effect of a chlorine-containing
salt in the electrolyte, with the possibility of the chlorine ion being intercalated or ad-
sorbed in the carbon matrix, should give a positive outcome concerning the electrochemical
characteristics of the material.
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Abstract: Deposition parameters determine the characteristics of semiconductor films in electrodepo-
sition. Thus, it is essential to understand the effect of deposition parameters on the electrodeposited
film for fabricating suitable semiconductor film fitting for various applications. In this work, the
morphological and compositional properties of electrodeposited delafossite CuFeO2 film, according
to the deposition parameters, were studied. The CuFeO2 film was fabricated by the galvanostatic
electrodeposition and post-annealing process under inert gas flow. The type of solvent, electrolyte
condition, applied current density and deposition time were controlled as the variable deposition
parameters. As a result, the typical CuFeO2 film, without any impurities, was electrodeposited
in the electrolyte-based DMSO solvent. Interestingly, the concentration of potassium perchlorate
as a complexing agent caused morphological change in electrodeposited CuFeO2 film, as well as
compositional transition. On the other hand, the applied current density and deposition time only
influenced the morphology of electrodeposited CuFeO2 film. These observations would provide
specific guidelines for the fabrication of electrodeposited CuFeO2 film with suitable composition and
morphology for various applications.

Keywords: delafossite CuFeO2 film; galvanostatic electrodeposition; deposition parameters; mor-
phological characteristic; compositional characteristic

1. Introduction

Delafossite-structured CuFeO2 has attracted much interest in various research fields
due to its inherent characteristics, as shown in Table 1. It has been widely used as a trans-
parent conductive film owing to its high p-type conductivity [1–3]. It also shows a relatively
high Seebeck coefficient, which is beneficial in temperature sensor applications [4,5]. In
addition, it exhibits a unique magnetic behavior, inducing phase transition at low temper-
ature by antiferromagnetic interactions between Fe3+ ions in CuFeO2. Hence, it can be
utilized in multifunctional magnetoelectric devices [6,7]. Contrary to other wide band gap
delafossite materials, its band gap is visibly light-responsive (1.1~1.6 eV) [8,9]. Therefore,
in recent years, it has been extensively investigated in solar energy conversion devices,
such as solar cells [10,11], photoelectrochemical photocathodes for water splitting [9,12–16]
and photocatalysts [17–19].

Table 1. General characteristics of delafossite-structured CuFeO2 [1–3,8,9,16].

Characteristics Values

Conductivity 1.53~2 S cm−1

Carrier mobility 0.2 cm2 V−1 s−1

Hall coefficient 1.84 × 106 m2 C−1

Band gap 1.1~1.6 eV
Absorption coefficient Up to 107 m−1

Coatings 2022, 12, 1820. https://doi.org/10.3390/coatings12121820 https://www.mdpi.com/journal/coatings
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CuFeO2 thin film has been considered as a one-size-fits-all electrode in these ap-
plication devices. It has been synthesized via various deposition techniques such as
sputtering [2,20–22], pulsed laser deposition [23–25], sol-gel based spin coating [1,26,27],
hydrothermal method [19,28], electrodeposition [9,29–31] and spray pyrolysis [3,32,33].
Among these deposition techniques, the electrodeposition is an advantageous method for
fabrication of high-quality CuFeO2 thin film. First, it is cost-effective because it does not
need expensive vacuum facilities, contrary to sputtering or pulsed laser deposition. The
only necessary tools for electrodeposition are an electrolyte bath and a potentiostat to apply
the potential or current. Second, it is an energy-saving deposition method because the
process temperature is mild (room temperature or below 100 ◦C), unlike the hydrothermal
method or spray pyrolysis. Third, it is easily scalable in a large area bath, facilitating the
fabrication of large area CuFeO2 electrodes [34,35].

Read et al. successfully fabricated an electrodeposited CuFeO2 photocathode using
a deposition solution based on dimethyl sulfoxide (DMSO) solvent [9]. This deposition
solution also includes 1 mM copper (II) nitrate, 3 mM iron (III) perchlorate, and 100 mM
potassium perchlorate. Crystalline CuFeO2 film with a thickness of 100~130 nm was fabri-
cated by the potentiostatic mode for 20 min and the sequential annealing process under
inert gas atmosphere. Riveros et al. also obtained CuFeO2 thin film from DMSO based
deposition solution [36]. They studied the characteristics of electrodeposited CuFeO2 film
by controlling the potential and the anion type in the deposition solution. As a result,
stoichiometric CuFeO2 film was grown by the electrodeposition with an applied potential
of −0.6 V in perchlorate/chloride anions-mixed DMSO solution. Kang et al. fabricated
CuFeO2 and CuO composite films by potentiostatic electrodeposition using aqueous solu-
tion containing 4 mM copper (II) nitrate, 12 mM iron (III) perchlorate and 50 mM potassium
perchlorate [37]. It was revealed that the morphology of a deposited CuFeO2/CuO film
based water solution is quite different when compared with the DMSO solution. The whole
electrodeposition process is almost identical in the relevant literature. Nevertheless, the
detailed electrodeposition conditions are slightly different. In electrodeposition, deposition
parameters such as potential, current density, time and electrolyte composition determine
the characteristics of the CuFeO2 film [38]. Therefore, it is important to control these during
the electrodeposition process to obtain the desired CuFeO2 film in accordance with the
specific application. Furthermore, it is essential to study the effect of deposition parameters
on the characteristics of electrodeposited CuFeO2 film.

Thus, in this study, the morphological and compositional characteristics of electrode-
posited CuFeO2 film, depending on these conditions, were investigated. Two types of
solvent were selected: DMSO and water, which are typical solvents for electrodepositing
CuFeO2 film. The concentration of chemical salts in the electrolyte was chosen from repre-
sentative recipes in previous literature [9,36,37]. The CuFeO2 film was electrodeposited by
galvanostatic mode, enabling precise thickness control. The current and deposition time
were also controlled because they are significant deposition parameters that determine the
property of an electrodeposited film in galvanostatic electrodeposition. Herein, the under-
standing of the characteristics of the electrodeposited CuFeO2 film, depending on these
electrodeposition parameters, would provide guidelines for selecting suitable deposition
conditions to fabricate the optimal electrodeposited CuFeO2 electrode fitting for specific
applications.

2. Materials and Methods

DMSO (C2H6SO, 99.9%, Sigma Aldrich, St. Louis, MO, USA) and distilled water were
used as the solvent to prepare the electrolyte for electrodeposition. To examine the solvent
effect, electrolyte containing 1 mM copper (II) nitrate hydrate (Cu(NO3)2·xH2O, 99.999%,
Sigma Aldrich, St. Louis, MO, USA), 3 mM iron (III) perchlorate hydrate (Fe(ClO4)3·xH2O,
Sigma Aldrich, St. Louis, MO, USA), and 100 mM potassium perchlorate (KClO4, 99%,
Sigma Aldrich, St. Louis, MO, USA) was prepared. On the other hand, electrolyte with
more concentration of Cu/Fe salts and less concentration of KClO4 was prepared to study
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the effect of electrolyte composition on CuFeO2 film. It contained 4 mM Cu(NO3)2·xH2O,
12 mM Fe(ClO4)3·xH2O and 50 mM potassium perchlorate. The ratio of Cu and Fe was
fixed to 1:3 in all electrolytes for electrodeposition.

The CuFeO2 film was electrodeposited on a cleaned fluorine-doped tin oxide (FTO)
glass substrate (surface resistivity 7 Ω sq−1, Sigma Aldrich, St. Louis, MO, USA). The
cleaning process of FTO glass substrates consisted of ultrasonication for 30 min then O2
plasma treatment (CUTE, FEMTO Science, Hwaseong, Republic of Korea) for 10 min. The
ultrasonication was carried out in the order of acetone, ethanol, and distilled water and
each process was carried out for 10 min. The electrodeposition was carried out in the
prepared electrolyte via the galvanostatic mode using a standard three electrode system. It
was composed of the FTO glass substrate as a working electrode, the Pt wire as a counter
electrode and the Ag/AgCl electrode in saturated KCl as a reference electrode. Constant
current density was applied by a potentiostat (HSV-100, Hokuto Denko, Tokyo, Japan)
during electrodeposition at room temperature for various deposition time periods. Finally,
the electrodeposited CuFeO2 film was annealed at 650 ◦C for 1 h with a ramp ratio of 5 ◦C
min−1 under inert N2 gas flow.

The morphological characteristics of fabricated CuFeO2 films was analyzed by a high-
resolution scanning electron microscope (SEM, JSM-7900F, JEOL Ltd., Tokyo, Japan). In
the SEM analyses, the accelerating voltage was 5.0 kV, while the working distance was
10.0 mm. The element analysis on the CuFeO2 film surface was conducted by an energy
dispersive X-ray (EDX, Oxford Instrument, Abingdon-on-Thames, UK) analyzer attached
to the SEM system. The crystallographic analyses were performed using a high-resolution
X-ray diffraction system (XRD, SmartLab 9 kW AMK, Rigaku Corporation, Tokyo, Japan)
and an Arc cluster ion beam X-ray photoelectron spectroscopy system (XPS, PHI 5000 Versa
Probe II, ULVAC, Kanagawa, Japan). The XRD measurement was carried out in the range
of 2θ = 20◦ to 70◦ with a step width of 0.02◦ and a scan rate of 2◦ min−1 using a Cu-Kα

radiation source. Measured XPS spectra were fitted by the PHI Multipak software.

3. Results and Discussion

Non-aqueous based electrodeposition does not form metal hydroxide during the
electrodeposition process, contrary to aqueous based electrodeposition. Thus, it influences
the property of electrodeposited thin film. To examine this influence, the CuFeO2 film
was electrodeposited using DMSO or distilled water solution with 1 mM Cu(NO3)2·xH2O,
3 mM Fe(ClO4)3·xH2O and 100 mM potassium perchlorate. Figure 1 shows the XRD
patterns of the electrodeposited film in the electrolyte based DMSO and water solvents
by applying a current density of −0.2 mA cm−2 for 60 min with post-annealing treatment
at 650 ◦C for 1 h under N2 gas flow. All samples have diffraction peaks related to SnO2
(JCPDS No. 46-1088) from the FTO glass substrate. The diffraction peaks at 2θ = 31.26◦

and 35.8◦, attributed to (006) and (012) orientations of the crystalline CuFeO2 (JCPDS No.
0175-2146) [39–41], were observed in the electrodeposited film in the DMSO solution. No
other diffraction peaks, including those of metallic Cu or Fe, were observed. This means
that electrodeposition using a DMSO solvent and post-annealing process produces a well-
crystalline CuFeO2 film without any impurities. On the other hand, diffraction peaks at
2θ = 36.4◦ and 42.3◦, corresponding to (111) and (200) orientations of the crystalline Cu2O
(JCPDS No. 05-0667) [42,43], respectively, were observed in the electrodeposited film in the
water solution. This indicates that the electrodeposited film in the water solution is the
Cu2O film and not the CuFeO2 film.

The reason for this difference can be found in the mechanism of electrodeposition
in different solvents. In general, the electrodeposited CuFeO2 film was formed by co-
deposition of Cu2O and Fe2O3 via the following reactions [36]:

Fe3+
(sol) + e− → Fe2+

(sol) (1)

Cu2+
(sol) + e− → Cu+

(sol) (2)
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2 Fe2+
(sol) + 3/2 O2(sol) + 4 e− → Fe2O3(s) (3)

2 Cu+
(sol) + 1/2 O2(sol) + 2 e− → Cu2O(s) (4)

Cu2O(s) + Fe2O3(s) → 2 CuFeO2(s) (5)
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In these reactions, the formation of Cu2O is more favored than that of Fe2O3 because
the former is kinetically preferred to the latter [36]. Hence, the Cu2O film was formed in
the electrodeposition using the water solution. Meanwhile, molecules of DMSO ((CH3)2SO)
form strong complexes with copper (II) ions in the copper (II) nitrate hydrate [44]. This
stabilizes the Cu ions in the electrodeposition bath, accelerating the Fe deposition in the
film. Therefore, the CuFeO2 film was formed in the electrodeposition using DMSO solution.

The pristine electrodeposited CuFeO2 film from the DMSO solution was amorphous
because no diffraction peaks were detected, except those related to the SnO2 from the FTO
substrate (Figure S1). This means that the post-annealing treatment at 650 ◦C under N2 gas
flow is necessary to transform the amorphous CuFeO2 into the crystalline one. In addition,
it is clearly shown that the crystalline CuFeO2 film was homogeneously distributed, by
element mapping of Cu, Fe and O from the top-view EDX characterization (Figure S2).
Moreover, from the EDX characterization, it was demonstrated that the atomic ratio of
Cu:Fe is almost 1:1 (9.87:8.88), which also indicates that the electrodeposited CuFeO2 film is
stoichiometric. This suggests that the homogeneous and stoichiometric crystalline CuFeO2
film is successfully fabricated by the electrodeposition using a DMSO-based solution and
post-annealing process under inert gas flow.

A complexing agent in the deposition electrolyte has been introduced to activate the Fe
deposition for the electrodeposited CuFeO2 film. Therefore, it could have affected the char-
acteristic of electrodeposited CuFeO2 film. Potassium perchlorate has been used to provide
the chloride anion as a complexing agent in the electrodeposition of CuFeO2 film [9,36,37].
To investigate the effect of the complexing agent on the characteristics of electrodeposited
CuFeO2 film, the electrodeposition was carried out using electrolyte with different potas-
sium perchlorate concentrations. Figure 2 exhibits the XRD patterns of electrodeposited
CuFeO2 film by applying a current density of−0.2 mA cm−2 for 60 min in the DMSO based
electrolyte containing 1 mM Cu(NO3)2·xH2O/3 mM Fe(ClO4)3·xH2O/100 mM potassium
perchlorate (Solution #1) and 4 mM Cu(NO3)2·xH2O/12 mM Fe(ClO4)3·xH2O/50 mM
potassium perchlorate (Solution #2) after the post-annealing treatment at 650 ◦C under
N2 gas flow. The diffraction peaks at 2θ = 31.26◦ and 35.8◦ are well matched with (006)
and (012) orientations of the crystalline CuFeO2 in the electrodeposited film in Solution
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#1. On the other hand, in the electrodeposited film in Solution #2, the diffraction peak
corresponding to the (006) orientation of CuFeO2 was also observed. However, the diffrac-
tion peak related to the (012) orientation of CuFeO2 was slightly shifted to the large angle
(35.8◦ → 36.26◦). It is assumed that the characteristic of CuFeO2 film was affected by the
lattice parameter change or defect density [45]. In addition, the diffraction peak (2θ = 42.3◦)
attributed to the (111) orientation of the crystalline Cu2O was observed. This indicates that
Cu2O was formed as the impurity when the film was electrodeposited in Solution #2.
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Figure 2. XRD patterns of electrodeposited CuFeO2 film by applying a current density of −0.2 mA
cm−2 for 60 min in DMSO based electrolytes with different potassium perchlorate concentrations.
Solution #1 (red) contained 1 mM Cu(NO3)2·xH2O/3 mM Fe(ClO4)3·xH2O/100 mM potassium per-
chlorate, while Solution #2 (blue) contained 4 mM Cu(NO3)2·xH2O/12 mM Fe(ClO4)3·xH2O/50 mM
potassium perchlorate. Electrodeposited films were annealed at 650 ◦C for 1 h under N2 gas flow.

Besides this, the morphologies of two films were totally different. As shown in
Figure 3, irregularly shaped particles were covered in the electrodeposited film in Solution
#1 (Figure 3a), while spherically shaped particles were deposited in the electrodeposited
film in Solution #2 (Figure 3b). The average particle size was approximately 220 nm and
some particles were agglomerated in the electrodeposited film in Solution #1. Meanwhile,
the average particle size was approximately 315 nm and no particle aggregations were
observed in the electrodeposited film in Solution #2. Based on these observations, it
was concluded that the electrolyte containing more potassium perchlorate is adequate
for making the pure crystalline CuFeO2 film with small particles using the galvanostatic
electrodeposition. It is also demonstrated that the concentration of Cu/Fe salts was not a
dominant factor determining the characteristic of the electrodeposited CuFeO2 film in the
electrolyte condition, with a fixed ratio of Cu:Fe = 1:3.

The applied current density was controlled during the electrodeposition in the DMSO
based electrolyte containing 1 mM Cu(NO3)2·xH2O/3 mM Fe(ClO4)3·xH2O/100 mM
potassium perchlorate to study the property of the electrodeposited CuFeO2 film according
to the current density in the galvanostatic mode. Figure 4a show the XRD patterns of the
electrodeposited CuFeO2 film for 30 min by applying different current densities after post-
annealing treatment at 650 ◦C under N2 gas flow. As illustrated in Figure 4a, all films have
diffraction peaks at 2θ = 31.26◦ and 35.8◦, attributed to the (006) and (012) orientations of the
crystalline CuFeO2. Although they are weaker than those in the CuFeO2 electrodeposited
for 60 min, due to the short deposition time, it clearly supports that the deposited film
was the crystalline CuFeO2 without any impurities. In other words, the current density
of galvanostatic electrodeposition did not have any influence on the composition of the
electrodeposited film. However, it affected the morphology of the electrodeposited CuFeO2
film, as shown in Figure 4b–d. The irregular shaped CuFeO2 particles were formed on the
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substrate, similar to that in Figure 3a, while the aggregation of CuFeO2 particles became
large when the applied current density was increased. This was likely to be due to the
distinction of deposition speed, depending on the current density. The Cu/Fe ions in the
solution were quickly moved to the substrate’s surface or pre-deposited CuFeO2 film by
the strong electric field when the large current density was applied. Hence, the aggregation
became severe around the previously deposited CuFeO2 particles in the electrodeposited
film with the large current density.
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Figure 3. Top-view SEM images of electrodeposited CuFeO2 films when applying a current density of
−0.2 mA cm−2 for 60 min in DMSO based electrolytes with different potassium perchlorate concentra-
tions: (a) Solution #1 containing 1 mM Cu(NO3)2·xH2O/3 mM Fe(ClO4)3·xH2O/100 mM potassium
perchlorate and (b) Solution #2 containing 4 mM Cu(NO3)2·xH2O/12 mM Fe(ClO4)3·xH2O/50 mM
potassium perchlorate. Electrodeposited films were annealed at 650 ◦C for 1 h under N2 gas flow.

Deposition time is a main factor in controlling the thickness of an electrodeposited
film. Figure 5 shows the cross-section SEM images of electrodeposited CuFeO2 film with
an applied current density of −0.1 mA cm−2 in the DMSO based electrolyte containing
1 mM Cu(NO3)2·xH2O/3 mM Fe(ClO4)3·xH2O/100 mM potassium perchlorate after post-
annealing treatment at 650 ◦C under N2 gas flow. The electrodeposition for 20 min produced
a homogeneous nanostructured CuFeO2 film with an average thickness of 500 nm, as shown
in Figure 5a. The average thickness was increased to 875 nm after the electrodeposition
for 40 min, as illustrated in Figure 5b. Finally, the nanostructured CuFeO2 film with an
average thickness of 1000 nm was electrodeposited for 60 min (Figure 5c). Interestingly, the
surface of nanostructured CuFeO2 film became rougher as the deposition time increased.
In addition, the deposition of CuFeO2 film became slow as the deposition time passed. In
other words, it means that the deposition ratio over time was not linear. The rougher nanos-
tructured CuFeO2 film with the long deposition time was mainly due to the aggregation of
CuFeO2 particles, while the non-linear deposition ratio over time was likely to be due to
the relatively low conductivity of the electrode by the pre-deposited CuFeO2 film on the
substrate.

In this way, it was demonstrated that electrodeposition in the DMSO based electrolyte
containing more potassium perchlorate concentration with an applied current density of
−0.1 mA cm−2 for deposition time below 30 min, and the post-annealing process at 650 ◦C
under inert gas flow, produces nanostructured CuFeO2 film with less aggregations. The
XPS analysis also confirms the composition of this film in detail. Figure 6 shows the XPS
spectra of the electrodeposited CuFeO2 film in the DMSO based electrolyte containing
1 mM Cu(NO3)2·xH2O/3 mM Fe(ClO4)3·xH2O/100 mM potassium perchlorate with an
applied current density of −0.1 mA cm−2 for 30 min after post-annealing treatment at
650 ◦C under N2 gas flow: Cu 2p (Figure 6a), Fe 2p (Figure 6b), and O 1s (Figure 6c). In
Figure 6a, peaks located at 932 eV and 952 eV correspond to the binding energies of Cu (I)
2p3/2 and Cu (I) 2p1/2, respectively. This confirms the monovalent state of Cu (Cu+) in the
CuFeO2 film [46,47]. In Figure 6b, peaks located at 710 eV and 723 eV are derived from the
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binding energies of Fe (III) 2p3/2 and Fe (III) 2p1/2, indicating the trivalent state of Fe (Fe3+)
in the CuFeO2 film [46,47]. As shown in Figure 6c, the O 1s spectrum was deconvoluted into
two peaks located at 529 eV and 530 eV, corresponding to the lattice oxygen species [48,49].
This is in good agreement with the typical chemical status of the crystalline CuFeO2 in the
literature [36]. Based on these compositional and morphological analyses, it was concluded
that the DMSO based solution with more complexing agent concentrations is a suitable
electrolyte for the electrodeposition bath to fabricate the nanostructured CuFeO2 film
without any impurities. In addition, it was demonstrated that it is possible to control the
morphology of nanostructured CuFeO2 film without any compositional transitions by
changing the current density and deposition time of galvanostatic electrodeposition.
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for 30 min. Electrodeposited films were annealed at 650 ◦C for 1 h under N2 gas flow.
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Figure 5. Cross-section SEM images of electrodeposited CuFeO2 film with an applied current
density of −0.1 mA cm−2 in DMSO based electrolyte containing 1 mM Cu(NO3)2·xH2O/3 mM
Fe(ClO4)3·xH2O/100 mM potassium perchlorate for different deposition time: (a) 20 min (b) 40 min
and (c) 60 min. Samples were annealed at 650 ◦C for 1 h under N2 gas flow after electrodeposition.
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4. Conclusions

In this study, the effect of deposition parameters, including the type of solvent, the
condition of electrolyte, the applied current density and deposition time. on morphological
and compositional characteristics of electrodeposited CuFeO2 film was investigated. As
a result, in terms of the solvent, nanostructured CuFeO2 film was fabricated using the
DMSO solution, while Cu2O film was formed using the water solution. Furthermore, the
concentration of potassium perchlorate as a complexing agent in the electrolyte caused
morphological change in the electrodeposited CuFeO2 film, as well as the compositional
transition. On the other hand, the applied current density and deposition time did not
have an influence on the composition of the electrodeposited CuFeO2 film. However,
they caused the morphological changes in the electrodeposited CuFeO2 film. Along with
previous studies (Table S1), it is expected that this will provide guidelines for selecting suit-
able electrodeposition conditions to fabricate nanostructured CuFeO2 composite electrode
for specific applications, such as solar energy conversion devices, temperature sensors,
photocatalysts, magnetoelectric devices and transparent conductive substrates.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/coatings12121820/s1, Figure S1: The XRD pattern of pristine elec-
trodeposited CuFeO2 film in the DMSO-based electrolyte containing 1 mM Cu(NO3)2·xH2O, 3 mM
Fe(ClO4)3·xH2O, and 100 mM potassium perchlorate by applying a current density of −0.2 mA cm−2

for 60 min; Figure S2: The top-view EDX characterization of the electrodeposited CuFeO2 film in the
DMSO-based electrolyte containing 1 mM Cu(NO3)2·xH2O, 3 mM Fe(ClO4)3·xH2O, and 100 mM
potassium perchlorate by applying a current density of −0.2 mA cm−2 for 60 min after post anneal-
ing treatment at 650 ◦C for 60 min under N2 gas flow; Table S1: Comparison of electrodeposition
conditions and characteristics of electrodeposited film between previous studies and this work.
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Abstract: Poly(3,4-ethylenedioxythiophene) (PEDOT) is a conducting polymer with intrinsic redox
activity often used to facilitate electrooxidation reactions. PEDOT coatings with different thicknesses
are obtained via electrochemical polymerization in the presence of either polysterensulfonate (PSS)
or dodecylsulfate (SDS) anions. The electrooxidation of alfa lipoic acid (ALA) is studied depending
on the thickness of the polymer coatings and the counterions used for their synthesis. The kinetics
of ALA oxidation is found to differ for thin and thick PEDOT coatings with diffusion limitations
observed for thin layers. For thick coatings, the rate-determining step varies from adsorption to
diffusion depending on the ALA concentration. The type of counterion affects both the ALA oxidation
peak currents and the peak potential. SDS-doped PEDOT coatings show a shift in the oxidation peak
to positive potentials and higher ALA oxidation currents. The effect is commented in terms of a
larger electroactive surface area and possible specific hydrophobic polymer/analyte interactions. For
thin PEDOT coatings, the concentration dependence of the voltammetric peaks is linear in a wide
concentration range (40 to 1000 µM), whereas the use of differential pulse voltammetry results in a
linear response in a lower concentration range (8–200 µM) suitable for practical applications.

Keywords: conducting polymers; PEDOT; counterions; electroanalysis

1. Introduction

Conducting polymers [1] are widely studied in view of various applications, in-
cluding flexible electronics [2], biomedical applications [3–6], corrosion protection [7,8],
supercapacitors [9], etc. The great variety of applications is due to the possibility to involve
different aspects of the intrinsic characteristics of these materials, i.e., to use them as semi-
conductors, to exploit their ability for reversible redox switching or to use them in their
oxidized, high-conducting state as coatings that provide a specific chemical environment.

Poly(3,4-ethylenedioxythiophene (PEDOT) is one of the most intensively investigated
conducting polymer materials [10,11], providing good electrochemical stability and the
possibility of synthesis in aqueous solutions. The polymerization of EDOT, either chemical
or electrochemical, proceeds via the formation of oligomers and the further growth of
partially oxidized polymeric chains that are positively charged. These positive charges
become compensated for by counterions available in the synthesis solutions. Numerous
investigations have demonstrated that the counterions affect various characteristics of
PEDOT such as morphology and surface structure, spectral characteristics, type of ionic
fluxes upon redox transition, and the rigidity of the coatings as well as their ability for
swelling due to solvent uptake (see, e.g., [1,12–17]). Electrochemical polymerization is one
of the easy ways to obtain PEDOT coatings on solid electrodes in the presence of different
organic, inorganic or polymeric anions, providing, at the same time, the opportunity for
the control of the polymerization charge (and thus the thickness of the polymer layer).
The aim of the present study is to investigate the possibilities to involve PEDOT in the
electroanalytical determination of alpha-lipoic acid (ALA) depending on the thickness of
the polymer coatings and the counterions used in the course of its synthesis. Polysterenesul-
fonate (PSS) and dodecylsulfate (SDS) were chosen as counterions in the course of PEDOT
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electrochemical synthesis as these two anions provide polymer coatings with markedly
different characteristics [13,14,16].

ALA, also known as thioctic acid, was chosen as a specific analyte that was neutral
and underwent irreversible electrooxidation, also resulting in a neutral product (Scheme 1).
Thus no coulomb interactions are expected between the analyte or product species and the
polymer coating.
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ALA is a natural cofactor and plays an important role in various multi-enzyme com-
plexes. It is considered a universal anti-oxidant with anti-inflammatory properties and
anti-cancer effects, and is used in therapies treating liver damage, heavy metal poisoning,
diabetes, glaucoma, radiation damage, neurodegenerative diseases, etc. ([18,19] and the
literature cited therein). Electroanalytical studies for ALA determination have already
been carried out on various conventional, uncoated electrodes, such as glassy carbon
(GCE) [18–20], pyrolitic graphite [21], boron-doped diamond [22], multiwall carbon nan-
otubes (MWCNT) [23], a carbon-fiber electrode [20], flour-doped tin oxide [24] and Pt [25].
Recently, more sophisticated electrode materials such as carboxilated MWCNT/polyindole/
Ti2O3/glassy carbon [26] and SnO2 nanoparticles- cetyltriphenylphosphonium bromide/
GCE [27] were investigated for the electrochemical detection of ALA. Table 1 summarizes
the data for the electroanalytical parameters resulting from these studies. The presented
data show that the concentration range for the linear electroanalytical response is typically
limited to about 200 µM L−1, which corresponds to the practically relevant concentra-
tion range for ALA determination in foods and blood plasma specimens [28–30]. In two
cases [23,27], a second linear range is reported, covering concentrations of up to 780 µM L−1.
The largest concentration interval of the linear response so was found on a Pt electrode [25].
The investigation of suitable alternative electrode materials could eventually open up the
possibility to work in a wide concentration range with a single linear calibration curve by
avoiding the use of noble metals and complex synthetic procedures necessary for electrode
modifications. Conducting polymer coatings has so far not been involved in electroana-
lytical studies concerning ALA, although these coatings and specifically PEDOT provide
suitable possibilities for the electrochemical sensing of different organic substances [31–33].

Table 1. Data for the linear range of the electroanalytical response and LOD obtained from different
electrode materials.

Working Electrode Electrolyte Method Linear Range
[µM L−1]

LOD
[µM L−1] Reference

GCE H2SO4
LSV
DPV

1.51–173
2.5–75

5.75
1.8 [18]

GCE PBS DPV 1–150 1.8 [19]

MWCNTs/GCE H2SO4 LSV 26–180 *
210–780 19 [23]

Co-phtalocynine/pyrolytic graphite PBS
DPV
CA
CV

0.499–19.6
1.9–25
7.3–260

0.0034
0.098
0.25

[21]

B-doped diamond BRB, pH3 DPV
CA

0.3–105
0.3–60

0.088
0.06 [22]

F-doped SnO2 PBS SWV 5–200 3.7 [24]
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Table 1. Cont.

Working Electrode Electrolyte Method Linear Range
[µM L−1]

LOD
[µM L−1] Reference

Pt BRB, pH 4.5 DPV 10–800 13.15 [25]
MWCNT/-polyindole/Ti2O3 PBS DPV 0.39–110 0.0012 [26]

SnO2 NPs-CTPPB/GCE BRB, pH 4.5 DPV 0.5–50 *
50–400

0.13
0.43 [27]

* two linear ranges. BRB—Briton–Robinson buffer; CA—chronoamperometry; CTPPB—cetyltriphenylphosphonium
bromide; LSV—linear sweep voltammetry; PBS—phosphate-buffered solution; SWV—square wave voltammetry.

In the present work, PSS- and SDS-doped PEDOT layers with two different thicknesses
(several tens of nanometers and several hundreds of nanometers as described below) are
obtained via electrochemical polymerization and further studied as electrode coatings
for the electrooxidaton of ALA. The aim of this investigation is to reveal the role of the
polymer layer’s thickness and doping ions for the electrooxidation reaction and to explore
the possibilities for the use of PEDOT-coated electrodes for the electroanalytical detection
of ALA.

2. Materials and Methods
2.1. Experimental Set-Up

The electrochemical measurements were performed with an Autolab potentiostat/
galvanostat (Metrohm-Autolab, Utrect, The Netherlands) in a three-electrode configuration.
The working electrode was a glassy carbon rod embedded in resin with a front surface area
of 0.070 cm2. Before each EDOT polymerization experiment, the glassy carbon electrode
(GCE) was polished using P2000 and P4000 grinding papers (Buehler, Lake Bluff, IL, USA),
followed by 0.25 mm alumina suspension (Buehler Topol 3). A platinum plate was used as
a counter electrode. The reference electrode was a mercury/mercury sulfate/0.5 mol L−1

K2SO4 electrode (MSE) with EMSE = 0.66 V vs. SHE. All potentials in the text are referred to
as the MSE. The electrolyte solutions were de-aerated using argon before use.

2.2. Synthesis of PEDOT Coatings

The PEDOT layers were obtained via potentiostatic polymerization at E = 0.38 V
in aqueous solutions of 10 mmol L−1 of EDOT and 34 mmol L−1 of either sodium PSS
(Mw = 70,000; 30% aqueous solution) or SDS (in the absence of additional inorganic salt in
the solution). The PEDOT coatings obtained in the presence of either type of counterions
will be further denoted as PEDOT-PSS and PEDOT-SDS. The charge, Qpoly, measured in the
course of polymerization was used to control the thickness of the PEDOT coatings. Qpoly

was fixed at two values, 1 mC (i.e., 14 mC cm−2) and 8 mC (i.e., 112 mC cm−2), denoted
further as “thin” and “thick” PEDOT coatings. A direct recalculation of the polymerization
charge in polymer layer thickness is usually not feasible because of the known influence of
the counterions used in the course of polymerization on the structure, and the morphology
and extent of swelling of the polymer coatings. A rough estimate for the SDS-doped
coatings can be made based on the reference value obtained via a direct AFM measurement
of a PEDOT (ClO4

−-doped) layer resulting in a 600 nm thickness for a polymerization
charge of 114 mC cm−2 [13]. Thus, the thickness of the “thick” PEDOT-SDS coatings should
be of that order of magnitude whereas the “thick” PSS-doped coatings are expected to have
a thickness that is larger by a factor of 1.35 [14] and to amount to about 800 nm.

2.3. Electro-Oxidation of ALA

Ther electro-oxidation of ALA was studied in acetate buffer solution at pH 5 via both
cyclic voltammetry (CV) and differential pulse voltammetry (DPV). A series of measure-
ments was first performed in phosphate-buffered solution (pH 7) but the ALA oxidation
peak was overlapping with the intrinsic overoxidation peak of PEDOT, and ALA oxidation
currents, if detectable, were smaller than those in the acetate buffer at pH 5.
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Before electroanalytical measurements were performed, the PEDOT-coated electrodes
were conditioned in the buffer solution via several voltammetric scans until a stable voltam-
metric curve was obtained. Typically, 10 scans were needed to obtain a stable voltammetric
response. The PEDOT-coated electrodes were stored in acetate buffer.

The parameters of the DPV procedure were a step potential of 5 mV, modulation
amplitude of 20 mV, modulation time of 0.05 s, and interval time of 0.5 s. Capsules in
an amount of 300 mg (Thioctic acid, Adipharm, Bulgaria) were used for real sample
measurement. The content of the capsule was first dissolved in ethanol and further diluted
in acetate buffer. The standard addition method was used for the determination of ALA
in an electrochemical cell with 90 mL of acetate buffer. The limit of detection (LOD) was
calculated by using the 3 s/m criterion, where s is the standard deviation of the linear
regression intercept and m is the slope of the analytical calibration curve.

3. Results and Discussion
3.1. Electrochemical Synthesis of the PEDOT Coatings

Figure 1 shows several polymerization curves of PEDOT obtained in the presence
of both types of counterions. In general, polymerization in the presence of SDS is faster
but also shows a larger data discrepancy. Bearing in mind that the GCE is mechanically
polished before polymerization, this effect should relate to the role of the initial GCE
surface state for the PEDOT-SDS layer’s formation. Polymerization in the presence of PSS
is reproducible and not that susceptible to the initial surface state of the glassy carbon.
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Figure 1. Polymerization curves obtained at E = 0.38 V vs. MSE in aqueous solution of 10 mmol L−1

of EDOT and 34 mmol L−1 of either PSS (blue lines) or SDS (red lines). The current traces registered
for short times (200–275 s) correspond to Qpoly = 1 mC.

The voltammetric behavior of both thin and thick layers of SDS- and PSS-doped
PEDOT is shown in Figure 2. Twenty voltammetric scans are necessary to establish steady-
state behavior after polymerization. For both polymerization charges (Qpoly = 1 mC and
Qpoly = 8 mC), PEDOT-PSS shows smaller pseudo-capacitive currents than PEDOT-SDS
does, which implies a smaller electroactive surface in the PSS case. SEM pictures (Figure 3)
demonstrate the difference in the surface morphology of the two types of PEDOT layers.
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Figure 2. Cyclic voltammetry measured in acetate buffer solution at 50 mV s−1 for (a) thin (Qpoly = 1 mC)
and (b) thick (Qpoly = 8 mC) PEDOT-PSS (blue lines) and PEDOT-SDS (red lines) coatings. The grey
lines denote the trace of the un-coated glassy carbon electrode.
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Figure 3. SEM pictures of (a) PEDOT-PSS and (b) PEDOT-SDS coatings. Reprinted with permission
from Electrochimica Acta, Vol. 122, p.21, V. Lyutov, I. Efimov, A. Bund, V. Tsakova Electrochemical
polymerization of 3,4-ethylenedioxythiophene in the presence of dodecylsulfate and polysulfonic
anions—an acoustic impedance study [13], Copyright Elsevier, 2014.

In the next series of experiments, the scan rate dependence of the voltammetric
response was measured in acetate buffer solution for all PEDOT coatings. Figure 4 presents
results obtained for the thick PEDOT-PSS and PEDOT-SDS coatings. The double logarithmic
plot (Figure 4c) shows a linearization of the data for the current dependent on the scan
rate with the values of the straight line slopes in both cases being close to 1. The latter is
also valid for the thin PEDOT layers and indicates usual capacitive behavior without the
interference of limiting ionic diffusion inside the polymer coatings.
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Figure 4. Scan rate dependence of the intrinsic pseudocapacitive currents of thick (Qpoly = 8 mC)
(a) PEDOT-PSS and (b) PEDOT-SDS coatings measured in acetate buffer solution; (c) double logarith-
mic plot of the data obtained for PEDOT-PSS (blue symbols) and PEDOT-SDS (red symbols).

3.2. Voltammetric Measurements in the Presence of ALA

A comparative study of the electrooxidation of ALA on PSS- and SDS-doped PEDOT
with the two different thicknesses was first carried out by cyclic voltammetry. Figure 5
shows sets of voltammetric curves measured at different ALA concentrations ranging from
40 µmol L−1 to 1 mmol L−1. In all cases the ALA oxidation peak is well detectable but
there are marked differences depending on the doping ions and the thickness of the PEDOT
layers. For PEDOT-PSS the ALA oxidation peak is found at less positive potentials whereas
for the SDS-doped ones it shifts by about 60 mV in positive direction which implies an
inhibited electron transfer in the latter case. Nevertheless, the oxidation peak currents
are higher in the SDS case due very probably to the larger electroactive surface area and
possible specific analyte/coating interactions (see below).
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Figure 5. Cyclic voltammetry in the presence of different amounts of ALA measured from (a) thin
(Qpoly = 1 mC) PEDOT-PSS, (b) thin (Qpoly = 1 mC) PEDOT-SDS, (c) thick (Qpoly = 8 mC) PEDOT-
PSS, and (d) thick (Qpoly = 8 mC) PEDOT-SDS coatings. Scan rate: 50 mV s−1. Grey lines denote
measurements in buffer solution alone.
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The comparison between thick and thin PEDOT layers at a constant ALA concentration
shows, for both types of counterions, higher peak current values for the thicker coatings
that should be related to a higher electroactive surface area of coatings with Qpoly = 8 mC.
It is well established that with the thickening of the conducting polymer layers, there is
a change in surface morphology, resulting in a rougher and/or more open and porous
structure. Both effects would lead to an increase in the effective electroactive surface area
of the coatings. It is worth mentioning that for the PEDOT-SDS and the thin PEDOT-PSS
layers, the peak potential remains fixed for all concentration measured (Figure 5a,b,d).
For the thick PEDOT-PSS layer (Figure 5c), however, a shift in the peak position by about
15 mV in the negative direction is observed. The latter seems to result from the gradual
suppression of the PEDOT-PSS intrinsic oxidation currents found at E > 0.35 V.

A voltammetric scan rate study was carried out also in the presence of ALA in the
acetate buffer solution. The double-logarithmic plot of the data for the oxidation peak
currents vs. scan rate (Figure 6) obtained for the thin PEDOT coatings shows linearization
with slopes of the straight lines amounting to 0.57 and 0.65 for PEDOT-PSS and PEDOT-
SDS, respectively (Figure 6a). The latter values are close to the expected value (0.5) for a
diffusion-limited process. The measurements with the thick PEDOT coatings (Figure 6b,
full symbols) show a different result. At the 100 µmol L−1 ALA concentration, the slope of
the log(I) vs. log(v) dependence amounts to 1, whereas by increasing the concentration of
ALA up to 400 µmol L−1 (Figure 6b, hollow squares), the slope decreases to a value (0.7)
closer to the one expected for diffusion. This peculiarity means that for thick PEDOT layers,
a linear calibration curve, valid for both low and high concentration ranges of ALA, should
not be expected.

Finally, the concentration dependences of the peak currents for the four types of
PEDOT coatings are shown in Figure 7. In order to eliminate the contribution of the intrinsic
PEDOT-related currents, the data for the ALA oxidation peaks are adjusted by subtracting
the corresponding values of the buffer currents of the respective PEDOT coatings. The
resulting concentration dependences show higher sensitivities for the thick PEDOT coatings.
Larger values of sensitivity are observed for PEDOT-SDS for both thicknesses (see Table 2).
The values of LOD obtained by means of the different PEDOT specimens using cyclic
voltammetry range from 34 to 50 µmol L−1.
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Figure 6. Double logarithmic plot of data obtained from the scan rate dependence measured in acetate
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the plot (b) are obtained with 400 µmol L−1 of ALA in the solution.
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Table 2. Data for the sensitivity for ALA oxidation and LOD obtained from different PEDOT coatings.

Method Specimen Concentration Range
[µmol L−1]

Sensitivity
[µA µmol−1 cm−2]

LOD
[µmol L−1]

CV PSS, 1 mC 40–1000 0.233 50
CV SDS, 1 mC 60–950 0.413 36
CV PSS, 8 mC 100–1000 0.550 34
CV SDS, 8 mC 100–750 0.876 40

DPV PSS, 1 mC 8–200 0.146 6
DPV SDS, 1 mC, 10–100 0.163 7
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Figure 7. ALA peak oxidation currents, after the extraction of the corresponding buffer current
values, for (a) thin (Qpoly = 1 mC) and (b) thick (Qpoly = 8 mC) PEDOT coatings, PEDOT-PSS (blue
symbols), and PEDOT-SDS (red symbols).

3.3. DPV Measurements in the Presence of ALA

It is well known that the DPV method provides the possibility of increasing the sensitivity
of the electroanalytical measurements, and thus allows for electroanalytical detection in a
lower concentration range. Figure 8 shows a series of DPV measurements at different ALA
concentrations carried out with thin PEDOT-PSS and PEDOT-SDS coatings. The DPV signal is
sensitive to ALA concentrations as low as about 10 µmol L−1 for both types of electrodes and
close values of the sensitivities are found for both doping anions (Figure 9 and Table 2). The
regression lines for both types of PEDOT are y = −2.27 × 10−8 + 0.0117x (R-square = 0.9959)
for PSS and y = −6.42 × 10−8 + 0.0131x (R-square = 0.9890) for SDS. The DPV method could
not be applied for the thick PEDOT coatings, very possibly due to the fact that for these
coatings, the limiting factor controlling the ALA oxidation reaction in the low concentration
range is not diffusion.
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Figure 9. Calibration curves obtained from the DPV concentration dependences from thin (Qpoly = 1 mC)
PEDOT-PSS (blue points) and PEDOT-SDS (red points) layers. The blue and red squares show the
results from the determination of ALA in a real specimen via the standard addition method using the
respective polymer coatings.

The thin PEDOT coatings were further used for the determination of ALA in real
samples. A commercially available food supplement was used for this aim. Via dilution (see
Section 2.3) an amount corresponding to a concentration of 50 µmol L−1 was introduced
in the buffer solution. Data obtained via the standard addition method are presented
in Figure 10. The data for the current obtained in these measurements show a linear
dependence on the added concentration with straight lines parallel to the initial calibration
curves (Figure 9 open symbols). The intercept from the X-axis results in ALA concentration
values corresponding to 49 µmol L−1, i.e., to 98% of the expected value.
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4. Conclusions

The present investigation demonstrates the possibility to involve PEDOT in electro-
analytical determination of ALA by focusing on the characteristics, thickness and type
of counterions that influence the electrooxidation reaction. It is found that by increasing
the thickness of PEDOT, irrespective of the counterions, the oxidation currents of ALA
increase by more than twice, most probably due to the real surface area of the polymer
coatings. An important point in the present investigation is the established difference in the
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kinetics of the ALA oxidation reaction depending on the thickness of the PEDOT coatings
and the concentration of ALA. In fact, voltammetric or DPV peak currents should depend
linearly on the analyte concentration, provided that diffusion is limiting the electrochem-
ical reaction in the whole studied concentration interval. This is obviously the case for
the thin PEDOT coatings. For the thick PEDOT coatings, however, the enlarged surface
area, which is beneficial for increasing the sensitivity of the electroanalytical signal, results
simultaneously in the opportunity to experience kinetic limitations, seemingly due to the
adsorption of analyte or product species. If adsorption alone is limiting the electrochemical
reaction, non-linear calibration curves reaching saturation are observed. In the present
case, adsorption is expected to limit the ALA oxidation reaction on thick PEDOT layers
and at a low analyte concentration. Nevertheless, at concentrations above 100 µmol L−1,
diffusion starts to be operative as far the polymer electroactive surface seems to be saturated
with respect to dynamic adsorption/desorption but not blocked with respect to electron
transfer and further oxidation events. Thus, the rate-determining steps in the low and high
concentration ranges differ and the thick PEDOT coatings could not be properly used at
very low ALA concentrations despite the higher sensitivity of the electroanalytical signal.
For thin PEDOT layers, however, a large concentration range (40 to 1000 µM L−1) of the
linear voltammetric response is established.

Concerning the type of the counter ions in PEDOT, a marked effect is observed in
the electrooxidation reaction. In the SDS case, a shift in the ALA oxidation peaks to
more positive potentials is established together with larger oxidation currents. Apart
from the difference in surface morphology and real electroactive surface area, specific
hydrophobic/hydrophilic interactions of the analyte species with the two types of PEDOT
coatings should be considered. PSS-doped PEDOT is a more hydrophilic material with
significant swelling in aqueous solutions and is also in the origin of the larger thickness
at a constant polymerization charge. On the other hand, SDS-doped PEDOT layers are
hydrophobic and expected to involve small amounts of solvent molecules in their internal
structure. ALA has both a hydrophobic and hydrophilic part but charge transfer should
occur in the hydrophobic one. Thus, PEDOT-SDS coatings should provide a better chemical
environment for the ALA oxidation reaction. At the same time, a shift in the potential
positions of the ALA oxidation peaks depending on the type of counterions provides
the opportunity for eventually avoiding the possible overlap of oxidation peaks due to
interfering species.

Finally, compared to those obtained in previous electroanalytical studies conducted
for ALA determination (Table 1), the present study’s data for the sensitivity, LOD and
width of the linear concentration range (Table 2) show the possibility to work in a very
large concentration range. The DPV measurements performed with the thin PEDOT layers
provide the possibility to work at concentrations even below 10 µmol L−1, and to perform
the electroanalytical determination of ALA in real specimens. Concentrations of several
µmol L−1 to several tens of µmol L−1 are of practical importance for the determination of
ALA in foods [28] and blood plasma [29,30], whereas pharmaceutical formulations and
food additives have much larger concentrations [26,27]. Thus, the present study shows that
the intrinsic characteristics of PEDOT such as thickness and type of counterions provide
a useful instrument for achieving different electroanalytical performance and addressing
various tasks concerning the electrochemical determination of ALA.
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Abstract: A new lead-free electroless Ni-P plating solution was developed for the deposition of
coatings with medium phosphorus content (MP, 6–9 wt%), and its composition was optimized to
obtain deposits with high phosphorus (HP, 10–14 wt%). Cleaning and activation treatments were
studied in terms of effectiveness and influence on the deposition rate. The concentration of reagents
(nickel salt, complexing agent, reducing agent and stabilizer) was studied, and their combined effect
on P content and plating rate was investigated. The obtained coatings were analyzed by SEM and
XRD and thermally treated at 400 ◦C and 600 ◦C to study microstructural evolution. Vickers hardness
was measured on as-deposited and annealed coatings to relate hardness evolution to microstructural
changes after thermal treatments. Optimal deposition conditions were determined, enabling the
production of MP coatings (6.5 wt% P) with a plating rate of 40 µm/h and HP coatings (10.9 wt% P)
with a plating rate of 25 µm/h at 90 ◦C. Samples heat-treated at 400 ◦C showed improved hardness
thanks to crystallization and microprecipitation of Ni3P hard phases, whereas hardness decrease
was observed after treatment at 600 ◦C due to the combined effect of grain growth and coarsening
of Ni3P precipitates. No through-the-thickness cracks were detected by the Ferroxyl reagent after
heat treatments.

Keywords: electroless Ni-P; electroless deposition; microhardness; annealing; plating parameters

1. Introduction

Electroless deposition is an easy and cost-effective method for metal plating that
consists of the reduction of metal ions in aqueous systems without the use of external
electric current [1]. The electrons involved in the reduction reaction come from the oxidation
of a reducing agent in solution. The redox process and the consequent coating growth
take place on a catalytic substrate immersed in the solution. This plating technique is
often referred to as autocatalytic since the growing metallic coating keeps on catalyzing
the reaction and allows the continuing deposition of thick layers. Compared with the
electrodeposition method, electroless plating guarantees several advantages that make it a
promising technique for applications in the energy production, aerospace and automotive
industries [2–4]:

• It is a non-line-of-sight technique, and the coating forms on any part of the catalytic
surface placed in contact with the plating solution.

• No electric field participates in the reduction process, and a uniform, conformal and
homogeneous coating can be obtained on any geometry, regardless of its shape.
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• The flexibility of the solution chemistry allows its tuning to investigate innovative and
cheaper formulations, to meet the specific needs of the final product [5,6].

The Ni-P system, often reported as ENP (electroless nickel plating) for simplicity, rep-
resents the most widespread technology of electroless plating: the use of hypophosphite ion
as the reducing agent leads to the co-deposition of phosphorus in the nickel matrix, giving
a coating with excellent properties of hardness, solderability and corrosion resistance. For
this reason, Ni-P coatings are widely used to protect engineering components from surface
degradation when operating environments are rich in contaminants and deteriorating
agents [2,7–10]. Ni-P coatings can be classified according to the amount of phosphorous in
the matrix: low phosphorous (LP, 3–5 wt% of P), medium phosphorous (MP, 6–9 wt% of P)
and high phosphorous (HP, 10–14 wt% of P) [11–13]. The P quantity strongly influences
coating properties by modifying the microstructure of the metallic alloy: LP coatings are
crystalline, MP typically shows a mixed amorphous-crystalline microstructure, and HP is
amorphous [14].

The mechanism of electroless Ni-P deposition has been extensively studied [15,16];
however, mechanisms involved in the electroless deposition process are still being dis-
cussed, and many aspects of the process remain unexplored. In any of the proposed studies,
the principles governing Ni deposition are established by analyzing the main constituents
of the plating solution, which are:

• Nickel source: A soluble, hydrated and stable Ni2+ salt. The use of sulfate and acetate
gives the same results in terms of coating quality, whereas using chloride negatively
influences the corrosion resistance of the produced coatings [17]. Sulphate is the most
used since it is generally cheaper than acetate.

• Reducing agent: Sodium hypophosphite represents the most studied and used reduc-
ing agent [1,18].

• Complexing agent/buffer solution: The introduction of organic acids or their salts
have a double function: first, they guarantee a buffer action that stabilizes the pH of
the solution; second, the organic base can complex the nickel ions in solution and limit
their reactivity, thus increasing bath stability. The ENP process is called autocatalytic
because the substrate itself catalyzes the oxidation of the reducing agent and the
reduction of the metal cations present in the solution [19]. The deposition reaction usu-
ally occurs along with the formation of byproducts that make the deposition process
uncontrolled, and chemical stabilization is necessary to avoid the decomposition of
the ENP plating bath. In most commercial ENP solutions, the extended service life of
the bath is guaranteed by lead addition in ppm [20]. Despite this strategy being re-
markably effective, the presence of Pb2+ in the solution causes health hazards and high
costs the waste-solution disposal. The study of environmentally friendly alternatives
to lead stabilizers is nowadays an important goal to improve ENP applicability and
meet the strict environmental regulations towards a more sustainable development.
This work presents the formulation, the study and the characterization of lead-free
solutions capable of depositing medium phosphorus coatings and their optimization
to increase the amount of co-deposited phosphorus to obtain HP coatings. Changes in
the chemistry of the plating solution make it possible to manufacture Ni-P coatings
with different P content in the alloy, according to the properties required for the specific
applications. As an example, Table 1 reports different Ni2+/H2PO2

− molar ratios and
the consequent wt% of P in the matrix obtained from different recipes presented in
a list of works from 1994 to 2020. It can be noted that a similar molar ratio of nickel
sulfate and sodium hypophosphite does not have an obvious relation to the content
of P inside the matrix. This is because the P quantity does not depend only on the
Ni2+/H2PO2

− ratio but on the whole system employed for the deposition, including
temperature, stabilizers and complexing agents. Although all these parameters have
been extensively studied, to the authors’ knowledge, there are currently no works in
literature that systematically relate the concentrations of the various reagents to the
properties of the coatings. The tailoring of the P content by the change in concentra-
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tion of reagents in the deposition solution can be a desirable aspect to increase the
flexibility and applicability of specific electroless Ni-P baths. Moreover, a comprehen-
sive understanding of the cross-relations between reagents is necessary for a better
comprehension of their effect on deposition and coating properties.

Table 1. Examples of different Ni2+/H2PO2
− molar ratios used to produce a coating with different P

content. --- means that the wt% p-values were not indicated.

Abrantes
et al.

(1994)
[15]

Keping
and Fang

(1997)
[21]

Lin and
Hwang
(2002)
[22]

Chen
et al.

(2002)
[23]

Cheong
et al.

(2004)
[23]

Baskaran
et al.

(2005)
[24]

Liu et al.
(2008)
[25]

Rahimi
et al.

(2009)
[26]

Wu et al.
(2019)
[27]

Park and
Kim

(2019)
[28]

Lin and
Chou
(2020)
[29]

Ni2+/H2PO2
− 0.88 0.82 2.06 0.36 0.60 0.35 0.39 0.44 0.35 0.56 0.89

wt% P 12 --- 8 10 10 11 10.5 9 12 3–6 5–8

For this reason, the first part of this work is focused on the investigation and correlation
of different concentrations of reagents in order to methodically study their influence on
P content and plating rate. Optimization of bath chemistry and deposition parameters
was performed to define a recipe that can be applied for the deposition of both MP and
HP coatings. Isothermal heat treatments at 400 ◦C and 600 ◦C were performed in the air
in the produced samples to assess properties modification induced by the microstructure
evolution. The stability and durability of the plating solution are guaranteed using an
organosulfur compound as a stabilizer, and the obtained coatings were characterized in
terms of composition, morphology, hardness and adhesion in the as-deposited condition
and after annealing at 400 ◦C and 600 ◦C in air. The long-term goal is to provide a safe
and environmentally friendly ENP solution for the deposition of MP and HP coatings
that can eventually be considered a valid alternative to the more widespread lead-based
plating baths.

2. Materials and Methods
2.1. Surface Preparation

All the depositions were carried out on 15 × 15 × 3 mm samples of ASTM 182 F22
steel. The procedures for surface pre-treatment and cleaning follow the B 183-79, B 322-99
and B 733-97 ASTM international standards. These procedures are necessary for removing
tarnish, light rust, grease, contaminants and oxides before immersion of the specimen in
the electroless plating solution. The substrates to be coated can be cleaned from grease with
an alkaline solution, while the activation of the metal (i.e., removal of surface oxides that
hamper deposition) is usually carried out in acidic baths. Adequate cleaning is fundamental
to guarantee activation of the deposition process, and the steps of the substrate preparation
procedure were defined and optimized to obtain adequate deposition conditions:

• Pre-cleaning: Performed to remove oils, lubricants or massive oxidation products that
can hinder the deposition by reducing the exposed autocatalytic surface. The effect of
soak cleaning and/or sandblasting was investigated. In particular, soak cleaning was
carried out in a 1 M NaOH solution at 80 ◦C for 10 min.

• Sandblasting was used to remove the residuals from the soaked cleaning and to
increase the roughness of the surface; it was performed by using corundum (mesh 80)
as abrasive material.

• Acid pickling: The effect of pickling with HCl 37% at different concentrations (30,
40, 50 and 100 vol.% of HCl 37 wt%) was studied to evaluate the best activation
solution. The tests were carried out on samples in the as-received condition (AR). Heat
treatments in the air at 400 ◦C and 600 ◦C for 4 h were carried out to obtain a thermally
grown oxide layer and simulate a surface that is not intrinsically active to electroless
deposition and evaluate the effectiveness of the different activation solutions. Acid
pickling was performed by immersing specimens in 100 mL of acid solution at room
temperature for 1 min.
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• Water rinse: After every step of the activation procedure, samples were rinsed with
deionized water (DW) in an ultrasonic bath for 1 min to remove every contaminant
or residue.

The success of the activation procedure was evaluated by submerging specifically
pre-treated samples in the plating solution and observing the appearance of H2 evolution
(effervescence) that witnesses the proceeding of the electroless reaction. The effectiveness
of activation was evaluated by assessing the deposition rate after different surface pre-
treatment procedures, with higher rates determining the best results.

2.2. Solution and Coating Preparation

All chemicals were purchased from Alfa Aesar (Thermofisher Scientific, Kandel,
Germany) and used without any further purification. Two recipes were optimized to
obtain Ni-P coatings with different P concentrations (namely, MP and HP). All the solutions
were prepared with the same procedure: the reagents were added separately and in a
specific order in deionized water, and each reagent was added only after the complete
dissolution of the previous one. Sodium hypophosphite was added as the first reagent;
then, sodium acetate was added to stabilize the pH. Citric acid was added to set up the
coordination of the Ni2+ that is added last as nickel sulfate. The thio-organic compound was
added in the final step of the preparation procedure. Once the solution was complete, the
reactor was covered and heated on a hot plate (IKA™ (Stauten, Germany) RET Control-Visc.
equipped with an external temperature sensor PT1000 for continuous monitoring of the
bath temperature.

The plate uses a PID (proportional–integral–derivative), controller able to maintain
the target temperature with a precision of about 0.5 ◦C. This value is important to keep
the solution stable during the deposition time. The solution is kept in constant mechanical
agitation using an overhead stirrer Heidolph Hei-TORQUE Core (Heidolph Instruments
GmbH & Co. KG, Schwabach, Germany) equipped with PTFE coated impeller. pH
was constantly monitored using a METTLER TOLEDOTM Seven Excellence pH-meter
model S400, equipped with pH sensor InLab® Viscous Pro-ISM (Mettler Toledo, Columbus,
OH, USA). Temperature, agitation and pH value were continuously controlled during
the deposition. A recipe for the production of MP coating was first optimized (with
formulation reported in Table 2); after that, the quantities of the nickel source (NiSO4)
and the complexing agent (citric acid) were modified in order to obtain a formulation for
HP coatings. The properties of the coatings obtained with the modified formulation were
analyzed considering both the variation in the concentration of a single reagent and the
combined effect of the concentration change of both the nickel source and the complexing
agent. The buffer quantity (sodium acetate) has not been changed in order to maintain the
pH constant at a value of 4.2. It is well known that pH strongly influences the P content
and the plating rate since it induces a shift in the equilibrium of reactions, and its effect
was extensively studied in the literature [1]; variation of the pH values implies the use of a
different buffer agent that would invariably influence the solution formulation. For this
reason, the buffer reagent and its concentration were excluded from the studied parameters.

Table 2. Medium phosphorous (MP) bath formulation.

Function Name Chemical Formula MP (g/L)

Reducing agent Sodium hypophosphite NaH2PO2 70

Buffer Sodium acetate C2H3NaO2 15

Chelating Agent Citric acid C6H8O7 7

Source of Nickel Nickel sulfate NiSO4 12

Stabilizer * Thio-organic compound (TOC) R-CS 5 (ppm)
* The stabilizer was added by liquid solution (1 mol/kg) and respecting the quantity in ppm.
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The results regarding the quality of the coating are presented in terms of plating rate
(thickness measured by cross-section SEM analysis) and composition. The P content in
the coating was measured by EDS on cross-section micrographs. Analysis was performed
on at least five areas comprising 70% of the coating thickness, starting from the top of
the coating. Despite the narrow sensitivity of the instrument, EDS was selected as a
technique to determine the P quantity as reported in several works, because it is widely
recognized as a technique for determining the amount of phosphorus in an electroless
Ni-P system [15,22,24,27,28,30,31]. All the coated samples, unless otherwise stated, were
thermally treated (right after the deposition) at 180 ◦C for 2 h in air to avoid hydrogen
embrittlement phenomena [17,32,33]: such coatings will be referred to as as-coated hereafter.
Isothermal heat treatments at 400 ◦C and 600 ◦C for 1 h were carried out on all the produced
samples in order to study the evolution of properties upon crystallization. Variation of
crystallite size with thermal treatments was calculated using Scherrer’s equation [34]:

D =
0.94λ

β cos(θ)
, (1)

where λ is the wavelength of the radiation used, β is the half-maximum width, and θ is the
position of the main peak. No correction for instrumental broadening was made.

All treatments were performed in the air in a Lenton tube furnace (now Carbolite Gero
Ltd., Sheffield, UK) with a heating rate of 10◦ C/min.

2.3. Coating Characterization

Surface morphology, thickness and composition of the coatings were determined with
a FEG-SEM Tescan Mira3 (Tescan, Brno, Czech Republic) equipped with Edax Octane Elect
EDS system detector (Edax/Ametek Inc. Pleasanton, CA, USA) for energy-dispersive X-Ray
spectroscopy (EDS); Edax Team v.4.5 software was employed for the elementary analysis.
The top view observation is important to evaluate changes in the surface morphology and
microstructure according to the different deposition parameters, while the observation of
cross-sections allows measurement of the coating thickness, evaluation of the deposition
rate and assessment of the P content (expressed in wt%) through coating thickness. Samples
were prepared for cross-sectional analysis by mounting in epoxy resin, with subsequent
cut with a slow-speed precision saw and polished with SiC papers (grit P400 to P1200)
and diamond suspensions (up to 1 µm). X-ray diffraction analysis (XRD) was performed
with a Philips X’Pert device (PANalytical B.V., Almelo, The Netherlands) to identify the
crystalline phases in the coatings. The XRD device operated at 40 kV and 40 mA with
CuKα1 radiation, a scan range of 30–80◦ (2θ), a step size of 0.02◦ and a counting time of 2 s.

Mechanical characterization tests were performed on the optimized MP and HP
coatings in the as-coated condition and after heat treatments at 400 ◦C and 600 ◦C. Vickers
microhardness was measured according to ASTM E384-11 using a LEICA VMHT (Leica
GmbH, Wetzlar, Germany) equipped with a Vickers diamond indenter (load 50 gf, time
15 s). The distance between two indentations was ≥50 µm, and results report the average
and standard deviation of at least fifteen measurements for each coating. Adhesion strength
of coatings was measured with an Instron 5584 (Illinois Tool Works Inc., Norwood, MA,
USA) mechanical testing machine equipped with a load cell of 150 kN at a crosshead rate
of 2 mm/min according to the ASTM C633. Each specimen was obtained by assembling
one cylindrical coated substrate to the sandblasted faces of the loading fixtures by an
adhesive bonding agent (Polyamide-epoxy FM 1000 Adhesive Film, CyTech, Treviso, Italy);
a self-aligning device was adopted to guarantee a perfect co-axiality of the two parts during
the assembly and the heat treatment necessary for the cure of the glue (180 ◦C for 1 h).

The presence of through-the-thickness porosities or cracks was detected by the ferroxyl
reagent test according to the procedure of ASTM B689-87: a filter paper was placed on the
sample, and some drops of the ferroxyl solution were poured on it with a Pasteur pipette.
The ferroxyl solution consists of 10 g/L potassium hexacyanoferrate (III), 60 g/L sodium
chloride, 20 mL of phenolphthalein for 1 L of deionized water. The solution turns blue
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when Fe2+ ions are detected: if blue spots appear on the filter paper, it means that the
solution reached the surface of the steel substrate, and the test can be considered positive,
revealing the presence of through-the-thickness porosities or cracks.

3. Results
3.1. Surface Preparation

The formation of a thin oxide layer on the surface of the specimens can hind the
activation of the deposition reaction since the substrate is required to be conductive to
trigger the oxidation reaction. For this reason, specific and effective surface pre-treatments
are important steps to avoid inhomogeneities in the first layer of the coating. The effect of
surface pre-deposition treatments (referred to as pre-treatments) was studied by varying
the conditions of acid pickling (concentration of HCl 37% was varied from 30 vol.% to
100 vol.%), and results are reported in Table 3. Pre-treatments were performed on received
(AR) substrates and on heat-treated substrates (at 400 and 600 ◦C for 1 h in air). Samples
are reported as “Activated” whether the deposition was successful, and, in such cases,
the deposition rates are reported in the last column of Table 3. When tests are performed
on AR substrates, two cases do not guarantee activation: when 10 min lab air exposure
follows the pre-cleaning process (soak cleaning in NaOH and sandblasting) and when acid
pickling is performed with 100 vol.% of HCl 37 wt%. In the first case, the pre-cleaning
effectively degreases the substrate, and sandblasting removes initial oxides, but ferrous
substrates exhibit low corrosion resistance, and 10 min of lab air exposure is sufficient
to cause further oxidation and hinder deposition. In the case of HCl 100 vol.%, the acid
treatment for pickling can be considered too aggressive and leads to the formation of
corrosion products that inhibit the deposition process [35]. This last phenomenon, known
as over-corrosion, can sometimes be observed when substrates are cleaned by pickling
with aggressive acids [36]. The reactions involved in the acid pickling process can be
summarized in the following reactions:

Fe3O4(s) + 8H+(l)→ 2Fe3+(l) + Fe2+ + 4H2O(l) (2)

Fe2O3(s) + 6H+(l)→ 2Fe3+(l) + 3H2O(l) (3)

FeO(s) + 2H+(l)→ Fe2+(l) + H2O(l) (4)

Fe(s) + 2H+(l)→ Fe2+(l) + H2(g) (5)

Equations (2)–(4) refer to the removal of oxides from the metal surface, while
Equation (5) is related to the phenomenon of over-corrosion, which causes the dissolution
of Fe and the release of Fe ions in solution. If the pickling process is performed using
an excessively strong acid, like HCl 100 vol.%, the removal of the oxides that naturally
grow on the surface is so fast that some of the pickling solution reacts with the base metal,
making it more prone to oxidation when exposed to air. The XRD analysis before and after
the activation treatments was performed to better investigate the formation of products
that prevent effective activation of the substrate. Figure 1 shows a comparison of XRD
spectra of the as-received substrate (i) before the removal of oil and lubricants that prevent
oxidation during the storage, (ii) after the pre-cleaning process (soaking in NaOH 1 M at
80 ◦C for 1 h and sandblasting) and exposure to 10 min lab air, (iii) after treatment with HCl
100 vol.% and exposure to 10 min lab air and (iv) after treatment with HCl 40 vol.% and
exposure to 10 min lab air. All samples were protected with Cortec® corrosion inhibitor oil
before XRD analysis to prevent further air exposure. Peaks at 2θ position 45◦ and 65◦ are
referred to as Fe (JCPDS no. 87-0722). As expected, only Fe peaks are present in the AR
samples. Considering the pre-treated substrates, both the AR samples after pre-cleaning
and after acid pickling with HCl 100% show Fe3O4 peak (magnetite, JCPDS no. 76-0955),
which confirms the presence of an inert oxide layer that prevents activation of the depo-
sition. Conversely, no magnetite peaks are detected on the XRD spectrum of the sample
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treated with HCl 40 vol.%. This suggests that both sandblasting and over-corrosion make
the substrate more vulnerable to oxidation, probably due to the larger exposed surface,
whereas samples that underwent pickling with HCl 40 vol.% require a longer amount of
time to oxidate and show the best results in terms of activation when immersed in the
plating solution.

Table 3. Activation results after acid pickling. AR refers to the samples in the as-received condition;
HT400C refers to the samples oxidized at 400 ◦C for 4 h; HT600C refers to the samples oxidized at
600 ◦C for 4 h.

Sample HCl Concentration (%vol) Result Plating Rate (mg/cm2/h)

AR

(Pre-cleaning and 1 h air exposure,
no activation procedure) Not Activated -

30 Activated 8.60

40 Activated 15.7

50 Activated 14.0

100 Not activated -

HT 400 ◦C

(Pre-cleaning and 1 h air exposure,
no activation procedure) Not Activated -

30 Activated 13.8

40 Activated 12.9

50 Activated 15.1

100 Activated 11.0

HT 600 ◦C

(Pre-cleaning and 1 h air exposure,
no activation procedure) Not Activated -

30 Not activated -

40 Not activated -

50 Not Activated -

100 Activated 9.80
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Therefore, the success of the activation procedure strongly depends on the balance
between the strength of the acid for pickling and the amount of oxide on the surface of
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the substrate (the degradation of the substrate and the amount of the oxide on the surface
strongly depends on the preservation and storage conditions of the components). To better
understand this phenomenon, the substrates were oxidized by exposure at 400 ◦C and
600 ◦C for 4 h in the air using a Lenton tube furnace (now Carbolite Gero Ltd., Sheffield,
UK) to simulate different conditions of degradation. The specimens treated at 400 ◦C are
expected to exhibit a more pronounced surface oxidation than the AR, and results in Table 3
show that successful activation can be obtained for all concentrations of HCl. Conversely,
the substrates treated at 600 ◦C are oxidized to the extent that only pickling with undiluted
HCl can provide activation. The strength of the acidic solutions used for the activation
treatment also influences the plating rate: the slower deposition associated with lower
concentrations of HCl can be addressed to incomplete pickling, which is only capable
of removing some part of the oxide scale. This leads to smaller exposure of the catalytic
surface and a lower number of nucleation sites catalytically active for deposition. In such
cases, the Ni-P coating mainly forms by lateral growth of the present nucleation germs and
the plating rate is globally slower. The best results are therefore obtained when achieving
a good balance between the HCl concentration of the acidic solution and the amount of
oxide to be removed.

The XRD analysis of the activation tests on the substrates heat-treated at 400 ◦C and
600 ◦C are reported in Figure 2a and 2b, respectively. The spectra of the samples just after
heat treatment reveal that the high temperate exposure leads to the formation of Fe2O3
(hematite, JCPDS no. 73-2234). Either the pre-cleaning process (here given by sandblasting
only) and the acid pickling with HCl 100% are sufficient to remove the oxide grown upon
thermal treatments, so hematite is no more detectable from XRD; nevertheless, just like in
the case of AR samples, sandblasting and acid pickling with HCl 100 vol.% expose the base
metal, causing the formation of a layer of magnetite layer when exposed to air. However,
the activation tests demonstrate that the amount of over-corrosion is not sufficient to totally
prevent activation and deposition proceeds at a slower rate.

Figure 3 shows the schematic representation of the acidic pickling process with the
two extremes where activation is not obtained: the “soft acid” refers to the case in which
the pickling does not remove the oxide scale from the substrate so that the catalytic surface
is not exposed and the deposition is hampered; the “hard acid” case occurs when the base
metal is over-corroded, and the surface is more vulnerable to oxidation, causing formation
of products that can hinder (or slow down) deposition.

According to the experimental activity, the optimal combination of soak cleaning,
sandblasting and acid pickling was selected as the standard activation procedure and
reported in Table 4.

Table 4. Standardized procedure of surface pre-deposition activation treatment.

Treatment Time

NaOH-1 M-80 ◦C 10 min

Water rinsing -

Sandblasting -

Sonication in H2O 5 min

HCl 50 %vol 1 min

Water rinsing -

Plating -

The sonication step in deionized water (DW) was added since it is necessary to remove
the abrasive material that remains stuck in the substrate after sandblasting.

80



Coatings 2023, 13, 1490Coatings 2023, 13, x FOR PEER REVIEW 9 of 25 
 

 

 
Figure 2. (a) XRD spectra of samples oxidized at 400 °C for 4 h: without any treatment (top), after 
sandblasting + air lab exposure of 1 h (center) and after acid pickling with HCl 100 vol.% (bottom) 
(b) XRD spectra of samples oxidized at 600 °C for 4 h: without any treatment (top), after sandblasting 
+ air lab exposure of 1 h (center) and after acid pickling with HCl 100 vol.% (bottom). 

Figure 3 shows the schematic representation of the acidic pickling process with the 
two extremes where activation is not obtained: the “soft acid” refers to the case in which 
the pickling does not remove the oxide scale from the substrate so that the catalytic surface 
is not exposed and the deposition is hampered; the “hard acid” case occurs when the base 
metal is over-corroded, and the surface is more vulnerable to oxidation, causing formation 
of products that can hinder (or slow down) deposition. 

 

Figure 2. (a) XRD spectra of samples oxidized at 400 ◦C for 4 h: without any treatment (top), after
sandblasting + air lab exposure of 1 h (center) and after acid pickling with HCl 100 vol.% (bottom)
(b) XRD spectra of samples oxidized at 600 ◦C for 4 h: without any treatment (top), after sandblasting
+ air lab exposure of 1 h (center) and after acid pickling with HCl 100 vol.% (bottom).

Coatings 2023, 13, x FOR PEER REVIEW 9 of 25 
 

 

 
Figure 2. (a) XRD spectra of samples oxidized at 400 °C for 4 h: without any treatment (top), after 
sandblasting + air lab exposure of 1 h (center) and after acid pickling with HCl 100 vol.% (bottom) 
(b) XRD spectra of samples oxidized at 600 °C for 4 h: without any treatment (top), after sandblasting 
+ air lab exposure of 1 h (center) and after acid pickling with HCl 100 vol.% (bottom). 

Figure 3 shows the schematic representation of the acidic pickling process with the 
two extremes where activation is not obtained: the “soft acid” refers to the case in which 
the pickling does not remove the oxide scale from the substrate so that the catalytic surface 
is not exposed and the deposition is hampered; the “hard acid” case occurs when the base 
metal is over-corroded, and the surface is more vulnerable to oxidation, causing formation 
of products that can hinder (or slow down) deposition. 

 
Figure 3. Acid pickling effects the oxide layer in the case where activation is not achieved.

3.2. Study of the Solution

The influence of temperature on the deposition rate was investigated for the MP
plating solution (Figure 4). Only temperatures that guarantee a deposition rate higher than
5 µm/h are reported in the graph, but this limit does not represent the lower temperate
of reaction activation. Acidic baths with comparable formulations are reported in the
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literature to be active at temperatures as low as 50 ◦C [37], but too-slow deposition rates
may limit applicability and increase costs when thick functional coatings are required (e.g.,
anti-wear applications). Temperatures higher than 95 ◦C have also been excluded to avoid
significant evaporation of the plating solution and the consequent concentration of the
reagents. EDS analysis confirmed that the plating temperature does not influence the %P
for MP deposition, as similarly reported in other studies [35]. Considering these results,
the selected operating temperature was 90 ◦C.
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Given the stability and high plating rate of MP formulation, the concentration of
reagents was optimized in order to increase the amount of co-deposited phosphorus, with
the final aim of producing HP coatings.

The first studied reagent was NiSO4 since it represents the source of nickel-free ions in
solution. Reducing its quantity, without any variation on the concentration of the complex-
ing agent and the reducing agent, theoretically entails the decrease of deposition rate due
to the lower Ni2+ availability [38], according to the reaction reported in Equation (6) [31]:

Ni2++2H2PO−2 +2H2O → Ni0+2H2PO−3 +2H++H2 (6)

This trend is confirmed by the results in Figure 5, where the plating rate was evaluated
after reducing NiSO4 quantity by 15, 30, 45 and 60 wt%. from the standard MP formulation.
Furthermore, EDS analysis on these coatings confirms that the decrease of NiSO4 in solution
is also associated with an increase of co-deposited P [16]. This result suggests that the
availability of free nickel ions is a key factor in increasing the P content in the Ni-P alloy;
however, it is also associated with a dramatic reduction in the plating rate.

Another strategy for obtaining a Ni-P coating with a higher P quantity consists in
increasing the concentration of the complexing agent. Complexation is known to reduce the
number of free nickel ions in the plating solution and change the mixed current potential,
leading to both a reduction in the plating rate and changes in coating composition [39]. The
effect of citric acid amount, with a fixed concentration of nickel sulfate and hypophosphite,
was studied by increasing MP standard formulation by 10 wt%, 20 wt% and 30 wt%. The
results in Figure 6 show that higher amounts of citric acid associate with a slower plating
rate, only up to 20 wt% increase, where equi-molarity with Ni2+ ions is achieved (i.e., all
the citrate ions are bound to all Ni2+ ions) [40]. Beyond this value, an increase in the plating
rate is registered, and it can mainly be ascribed to the ∆pH induced by the presence of citric
acid that is not bound to nickel ions [41]. A different trend is observed for P content, which
is lower than the standard MP formulation for a citric acid increase of 10 wt% and 20 wt%.
This is due to the increased chelation of Ni2+ ions, which stabilizes the oxidized form of the
metal and hinders its reduction, limiting the whole redox process [42]. When +30 wt% of
citric acid is added, the lower pH promotes the deposition process and P deposition [1].
The addition of +40% of citric acid was tested, but the excessive increase in the complexing
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agent concentration results in a large amount of adsorption onto the catalytic surface, with
a poisoning effect that totally inhibits the deposition process [41,43].

Coatings 2023, 13, x FOR PEER REVIEW 11 of 25 
 

 

rate due to the lower Ni2+ availability [38], according to the reaction reported in Equation 
(6) [31]: 

Ni2+ + 2H2PO2
-  + 2H2O →Ni0 + 2H2PO  + 2H++ H2 (6)

This trend is confirmed by the results in Figure 5, where the plating rate was 
evaluated after reducing NiSO4 quantity by 15, 30, 45 and 60 wt%. from the standard MP 
formulation. Furthermore, EDS analysis on these coatings confirms that the decrease of 
NiSO4 in solution is also associated with an increase of co-deposited P [16]. This result 
suggests that the availability of free nickel ions is a key factor in increasing the P content 
in the Ni-P alloy; however, it is also associated with a dramatic reduction in the plating 
rate.  

 
Figure 5. Variation of plating rate and P wt% as a function of ∆NiSO4 from MP formulation. 
Operating temperature: 90 °C. Dashed and solid lines are inserted for the readability of the graph 
and do not represent any mathematical relation. 

Another strategy for obtaining a Ni-P coating with a higher P quantity consists in 
increasing the concentration of the complexing agent. Complexation is known to reduce 
the number of free nickel ions in the plating solution and change the mixed current 
potential, leading to both a reduction in the plating rate and changes in coating 
composition [39]. The effect of citric acid amount, with a fixed concentration of nickel 
sulfate and hypophosphite, was studied by increasing MP standard formulation by 10 
wt%, 20 wt% and 30 wt%. The results in Figure 6 show that higher amounts of citric acid 
associate with a slower plating rate, only up to 20 wt% increase, where equi-molarity with 
Ni2+ ions is achieved (i.e., all the citrate ions are bound to all Ni2+ ions) [40]. Beyond this 
value, an increase in the plating rate is registered, and it can mainly be ascribed to the ∆pH 
induced by the presence of citric acid that is not bound to nickel ions [41]. A different trend 
is observed for P content, which is lower than the standard MP formulation for a citric 
acid increase of 10 wt% and 20 wt%. This is due to the increased chelation of Ni2+ ions, 
which stabilizes the oxidized form of the metal and hinders its reduction, limiting the 
whole redox process [42]. When +30 wt% of citric acid is added, the lower pH promotes 
the deposition process and P deposition [1]. The addition of +40% of citric acid was tested, 
but the excessive increase in the complexing agent concentration results in a large amount 
of adsorption onto the catalytic surface, with a poisoning effect that totally inhibits the 
deposition process [41,43].  

Figure 5. Variation of plating rate and P wt% as a function of ∆NiSO4 from MP formulation.
Operating temperature: 90 ◦C. Dashed and solid lines are inserted for the readability of the graph
and do not represent any mathematical relation.

Coatings 2023, 13, x FOR PEER REVIEW 12 of 25 
 

 

 
Figure 6. Plating rate and P wt% as a function of ∆Citric acid from standard MP plating solution. 
Operating temperature = 90° C. Dashed, and solid lines are inserted for the readability of the graph 
and do not represent any mathematical relation. 

Despite the promising result on P content increasing upon +30 wt% of citric acid, ~7 
wt% of P is not sufficient to classify the coating as HP. For this reason, simultaneous 
variations of NiSO4 and citric acid were studied to consider the cross-correlation between 
the two parameters. Variations from the MP standard formulation will be addressed with 
the nomenclature MPx|y, where ±x represents the variation of NiSO4 and ±y is the variation 
of citric acid. Figure 7 shows the results in a 3D histogram chart (mean results of 5 
depositions of each experimental point are reported, the calculated standard deviation is 
always lower than 3% and is not reported in the figure for readability). The empty spots 
represent a combination for which the deposition cannot be activated; this can be traced 
back to the combined effect of decreasing availability of Ni2+ ions when NiSO4 
concentration is decreased and the increased complexation upon the increasing amount 
of citric acid. The formulation with +10 wt% of citric acid and −45 wt% of NiSO4 provides 
the best results in terms of plating rate (~30 µm/h) and %P (10.5 wt%). This confirms that 
the influence of reagents cannot be treated separately and that properties of the system 
strongly depend on the mutual influence of every component: the amount of NiSO4 has a 
strong influence on the amount of co-deposited P, but a good compromise with plating 
rate and bath stability can only be achieved by the concurrent optimization of the quantity 
of the complexing agent.  

Figure 6. Plating rate and P wt% as a function of ∆Citric acid from standard MP plating solution.
Operating temperature = 90◦ C. Dashed, and solid lines are inserted for the readability of the graph
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Despite the promising result on P content increasing upon +30 wt% of citric acid,
~7 wt% of P is not sufficient to classify the coating as HP. For this reason, simultaneous
variations of NiSO4 and citric acid were studied to consider the cross-correlation between
the two parameters. Variations from the MP standard formulation will be addressed
with the nomenclature MPx|y, where ±x represents the variation of NiSO4 and ±y is the
variation of citric acid. Figure 7 shows the results in a 3D histogram chart (mean results of
5 depositions of each experimental point are reported, the calculated standard deviation
is always lower than 3% and is not reported in the figure for readability). The empty
spots represent a combination for which the deposition cannot be activated; this can be
traced back to the combined effect of decreasing availability of Ni2+ ions when NiSO4
concentration is decreased and the increased complexation upon the increasing amount of
citric acid. The formulation with +10 wt% of citric acid and −45 wt% of NiSO4 provides
the best results in terms of plating rate (~30 µm/h) and %P (10.5 wt%). This confirms that
the influence of reagents cannot be treated separately and that properties of the system
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strongly depend on the mutual influence of every component: the amount of NiSO4 has a
strong influence on the amount of co-deposited P, but a good compromise with plating rate
and bath stability can only be achieved by the concurrent optimization of the quantity of
the complexing agent.
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Figure 7. Plating rate and %P as a function of ∆NiSO4 and a ∆ Citric acid with respect to MP solution
formulation. Operating temperature = 90 ◦C.

It should be remarked that the presented step of the experimental activity was con-
ducted by keeping the concentration of the reducing agent constant, giving a variation
in the [Ni2+]/[H2PO2

−] addressed to the change in NiSO4 concentration. To uncover the
correlation between P wt% and the concentration of hypophosphite ions, the molar ratio
[Ni2+]/[H2PO2

−] was varied by changing the amount of the reducing agent, while all other
reagents were kept constant. Concentrations of the hypophosphite ion were modified in
order to vary the molar ratio [Ni2+]/[H2PO2

−] in the range 1/25–1/3, and experimental
activity was carried out on three formulations of the plating solution: (i) the standard MP
formulation (MP0|0), (ii) MP−30|0, which shows intermediate properties of %P and plating
rate, and (iii) MP−45|+10, which guarantees the higher amount of co-deposited P.

Curves of %P variation are reported in Figure 8, and it can be noted that changing
hypophosphite concentration leads to a non-linear variation of the amount of co-deposited
P, with a similar trend for all the investigated formulations. This phenomenon can be traced
by considering the reactions involved in the Ni-P deposition system [16]:

H2PO−2 +H2O → H2PO−3 +2H++2e− (7)

Ni2++2e− → Ni (8)

H2PO−2 +2H++e− → P + 2H2O (9)
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2H++2e− → H2 (10)
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Figure 8. Phosphorous percentage (%P) as a function of [Ni2+]/[H2PO2
−]. Operating temperature =

90 ◦C.

Reactions in Equations (7) and (8) refer, respectively, to the oxidation of hypophosphite
and to the reduction of nickel; the reaction in Equation (9) describes the mechanism of
phosphorus formation and its co-deposition into the alloy, whereas Equation (10) is a side
reaction that leads to hydrogen evolution and makes no contribution to the deposition.
The formation of the Ni-P matrix, given by Ni deposition and P co-deposition, can be
considered a multi-step mechanism of parallel reactions that are interdependent on one
another since reactions (7) and (8) are combined and (7) and (9) are combined. Even
though a full understanding of the kinetics of the system goes beyond the scope of this
work, Figure 8 depicts that P wt% in the coatings strongly depends on Ni2+/H2PO2

− ratio.
Each curve was obtained with fixed Ni2+ concentration and represented %P co-deposition
according to H2PO2

− variation. The amount of phosphorus in the coating with sodium
hypophosphite could be illustrated according to the empirical kinetics equation [16,44]:

d[P ]

dt
= k

[
H2PO−2

]1.91[H+
]0.25 (11)

The amount of P in the coating increases with increasing concentration of hypophos-
phite ions, as could be expected and consistently with Equation (11), but only up to a
threshold where the maximum of the curves is reached. A further increase in the quan-
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tity of H2PO2
− in the plating bath leads to lower amounts of co-deposited P. A similar

behavior was observed by Sun et al. [44], who attributed this effect to the intensification of
hypophosphite diffusion and adsorption, together with the increase in the proportion of
hydrogen evolution. Each curve in Figure 8 follows a similar trend, with a maximum that
is reached for progressively higher amounts of hypophosphite ions for formulation with a
lower quantity of Ni2+. Moreover, the maximum of %P is lower for higher concentrations
of nickel in the plating solution, in accordance with the findings about the [NiSO4] effect
presented above. This last result confirms that the influence of each reagent cannot be
evaluated separately from the rest of the system. The presented curves can represent a
useful tool for the final optimization of the P wt% in the coating, according to the required
properties given by the application.

It is worth mentioning that changes in the reducing agent concentration do not dra-
matically influence the deposition rate, as shown in Figure 9, and the main contribution is
given by Ni2+ availability.

Coatings 2023, 13, x FOR PEER REVIEW 15 of 25 
 

 

The amount of P in the coating increases with increasing concentration of hypophos-
phite ions, as could be expected and consistently with Equation (11), but only up to a 
threshold where the maximum of the curves is reached. A further increase in the quantity 
of H2PO2− in the plating bath leads to lower amounts of co-deposited P. A similar behavior 
was observed by Sun et al. [44], who attributed this effect to the intensification of hypo-
phosphite diffusion and adsorption, together with the increase in the proportion of hy-
drogen evolution. Each curve in Figure 8 follows a similar trend, with a maximum that is 
reached for progressively higher amounts of hypophosphite ions for formulation with a 
lower quantity of Ni2+. Moreover, the maximum of %P is lower for higher concentrations 
of nickel in the plating solution, in accordance with the findings about the [NiSO4] effect 
presented above. This last result confirms that the influence of each reagent cannot be 
evaluated separately from the rest of the system. The presented curves can represent a 
useful tool for the final optimization of the P wt% in the coating, according to the required 
properties given by the application.  

It is worth mentioning that changes in the reducing agent concentration do not dra-
matically influence the deposition rate, as shown in Figure 9, and the main contribution is 
given by Ni2+ availability. 

 
Figure 9. Deposition rate as a function of [Ni2+]/[H2PO2−]. Operating temperature = 90 °C. 

The formulation MP−45|+10| with a molar ratio [Ni2+]/[H2PO2−] equals 1/20 was selected 
as the best candidate for the HP formulation. However, it is poorly stable with respect to 
the standard MP solution, and adequate service life of the plating bath cannot be guaran-
teed. Therefore, the influence of increasing the concentration of the stabilizer (i.e., the thio-
organic compound, or TOC) was studied to optimize its concentration in the HP solution. 
Results showing the plating rate and the wt% of P as a function of TOC concentration are 
reported in Figure 10. As similarly reported in the literature [16], the addition of the sta-
bilizer does not dramatically affect the deposition rate, although a beneficial effect can be 
obtained when the concentration rises up to 8.5 ppm. Bath stability is guaranteed for con-
centrations in the range of 5–9 ppm: below 5 ppm, the solution is characterized by low 
stability and degrades at a temperature close to 90 °C, foreclosing the attainment of the 
best temperature for deposition; conversely concentrations higher than 9 ppm completely 
hamper the deposition to start. The last phenomenon is well-studied in the literature 
[30,45] and known as the “poisoning mechanism”: sulfur from the thio-group of the TOC 
adsorbs on catalytically active sites to control deposition reactions, but when in excessive 
quantity, it can completely inhibit the process. Below the threshold of 5 ppm, the concen-
tration of the stabilizer is too low to efficiently control the deposition; as the concentration 

Figure 9. Deposition rate as a function of [Ni2+]/[H2PO2
−]. Operating temperature = 90 ◦C.

The formulation MP−45|+10| with a molar ratio [Ni2+]/[H2PO2
−] equals 1/20 was

selected as the best candidate for the HP formulation. However, it is poorly stable with
respect to the standard MP solution, and adequate service life of the plating bath cannot
be guaranteed. Therefore, the influence of increasing the concentration of the stabilizer
(i.e., the thio-organic compound, or TOC) was studied to optimize its concentration in
the HP solution. Results showing the plating rate and the wt% of P as a function of
TOC concentration are reported in Figure 10. As similarly reported in the literature [16],
the addition of the stabilizer does not dramatically affect the deposition rate, although a
beneficial effect can be obtained when the concentration rises up to 8.5 ppm. Bath stability
is guaranteed for concentrations in the range of 5–9 ppm: below 5 ppm, the solution is
characterized by low stability and degrades at a temperature close to 90 ◦C, foreclosing the
attainment of the best temperature for deposition; conversely concentrations higher than 9
ppm completely hamper the deposition to start. The last phenomenon is well-studied in
the literature [30,45] and known as the “poisoning mechanism”: sulfur from the thio-group
of the TOC adsorbs on catalytically active sites to control deposition reactions, but when
in excessive quantity, it can completely inhibit the process. Below the threshold of 5 ppm,
the concentration of the stabilizer is too low to efficiently control the deposition; as the
concentration increases, progressively fewer catalytic sites will be active for deposition,
inhibiting the reduction of metal ions on undesired surfaces with high surface energy, like
particles in solution or catalytic sites in the reactor/container, thus preventing random
bath decomposition. A more efficient deposition on the substrate is therefore achieved and
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associated with the increase in plating rate [24]. Nevertheless, when the concentration limit
is exceeded, the poisoning mechanism takes place on the substrate itself so that it is no
longer available as a catalytic surface, and the reaction does not start. The concentration of
the stabilizer is also known to influence the P content in the deposit, leading to its increase
when the cathodic reduction of nickel is inhibited [20,24,31]. It is important to point out
that deposition with a TOC concentration of 5 ppm is characterized by a high plating rate
and high P wt% but low stability that might lead to random bath decomposition. Therefore,
8.5 ppm was selected as the best quantity for the formulation of HP solution in order to
ensure great stability of the plating bath, high plating rate and high wt% of P.
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Figure 10. Plating rate and %P as a function of ppm of thio-organic compound. Plating temperature
= 90 ◦C. MP45.10–1/20 formulation.

To conclude, the study of all deposition parameters eventually led to the formulation
of a stable solution for the deposition of HP coatings (10.9 wt% of P) and the composition is
reported in Table 5.

Table 5. High phosphorous (HP) bath formulation obtained after optimization of the process
parameters.

Function Name Chemical Formula HP (g/L)

Reducing agent Sodium hypophosphite NaH2PO2 51.5

Buffer Sodium acetate C2H3NaO2 15.0

Chelating Agent Citric acid C6H8O7 7.70

Source of Nickel Nickel sulfate NiSO4 6.60

Stabilizer * Thio-organic compound (TOC) R-CS 8.50 (ppm)
* The stabilizer was added by liquid solution (1 mol/kg) in accordance with the quantity in ppm.

3.3. Coating Microstructure and Composition

The SEM surface micrographs of the MP and HP coatings are reported in Figure 11a,b,
corresponding to the XRD microstructural analysis and EDS elemental analysis presented
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in Figure 11c and 11d, respectively. Both samples exhibit a nodular morphology with
a cauliflower-like structure, typical of coatings obtained by the electroless plating tech-
nique [46,47]; however, HP coatings show a denser network with a smaller size of individual
nodules than the MP. This effect can be addressed by the higher quantity of stabilizer in
the HP solution, which limits lateral growth [24,31,48]. The comparison of the two XRD
patterns shows that MP coatings are characterized by a higher degree of crystallinity com-
pared to HP ones. These characteristics are expected because the higher P content in the Ni
matrix distorts the lattice to an extent where amorphous nickel is obtained [49], whereas P
content in MP coatings is only sufficient to refine grain size and create a nanocrystalline
structure [14]. Yet, the amorphous nature of HP coatings is responsible for their high
corrosion resistance [50,51]. All the peaks in the XRD spectra (45◦, 52◦ and 75◦) refer to
cubic Ni (JCPDS 65-2865) (Figure 11). The use of thio-stabilizers is sometimes associated
with S contamination in the coatings, with negative effects on corrosion resistance [52].
Nevertheless, the EDS spectrum reveals the presence of Ni and P only, confirming the
purity of the obtained coatings. The quantitative EDS analysis performed on the top view
of the two coatings shows content of P equal to 10.9± 0.3 wt% for the HP and 6.5± 0.2 wt%
for the MP.
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3.4. Pull Off-Test

Pull-off tests were performed to compare the adhesion strength of MP and HP coatings
obtained after simple pre-cleaning (soaking in NaOH and sandblasting) and after the
standard pre-treatment process (pre-cleaning and activation by pickling with HCl 50%,
as defined in Section 3.1). During an adhesion test, detachment between the coated rod
and the uncoated one (counterpart) can happen by different mechanisms: (i) detachment
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between the glue and the counterpart; (ii) detachment between the glue and the coated
road; (iii) detachment between the coating and the substrate; (iv) cohesive failure of the
coating. These different kinds of rupture are not necessarily independent and might also
occur simultaneously [53]. The tested samples coated after the standard pre-treatment
always experienced a cohesive/adhesive separation between the glue and the counterpart,
as shown in Figure 12a, whereas samples coated just after pre-cleaning typically showed
rupture by a partial detachment of the coating (Figure 12b).
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Figure 12. Example of adhesive/cohesive glue detachment in pre-treated samples (a) and partial
detachment of the coating when no pre-treatment was performed (b).

Accounting that the reference value for the bonding strength of the adhesive film was
80 ± 1 MPa, the values of the maximum load experienced by the samples before rupture
are reassumed in Figure 13. Both MP and HP coatings obtained after standard activation
pre-treatment are characterized by better adhesion compared to those that underwent
pre-cleaning only. Moreover, the samples coated without the activation procedure are
characterized by lower adhesion and exhibit failure by a partial detachment of the coating
from the substrate, probably due to the incomplete removal of oxides or products from
long-term storage of substrates. Surface activation is known to have an important role
in adhesion strength between the coating and the substrate [54,55] since they affect the
mechanism of nucleation and growth of the Ni-P deposit. The presence of impurities, such
as greases, sandblasting residues and /or oxide layers, may favor the formation of pores
and cracks at the coating-substrate interface, thus decreasing overall adhesion. Therefore,
both results about the maximum load before rupture and analysis of the failure mechanism
enlighten the better adhesion of the coating when a standard activation pre-treatment is
carried out.
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3.5. Heat Treatments

Heat treatments above the crystallization temperature of the Ni-P alloy (reported to be
around 340 ◦C [34,56,57]) are often employed to modify coating properties; therefore, the
evolution of coating characteristics upon high-temperature exposure at 400 ◦C and 600 ◦C
for 1 h in the air was investigated. All the samples involved in the characterization process
are summarized in Table 6.

Table 6. Samples (MP and HP) for morphological, microstructural and mechanical characterization.

Sample wt% P Heat Treatment Activation

MPAC 6.5 - HCl 50 vol.%, 1 min

MP400 6.5 400 ◦C, 1 h HCl 50 vol.%, 1 min

MP600 6.5 600 ◦C, 1 h HCl 50 vol.%, 1 min

HPAC 10.9 - HCl 50 vol.%, 1 min

HP400 10.9 400 ◦C, 1 h HCl 50 vol.%, 1 min

HP600 10.9 600 ◦C, 1 h HCl 50 vol.%, 1 min

SEM micrographs in Figure 14 show the morphological evolution of samples according
to heat treatment temperature. Surface morphology of MP coatings in the as-deposited con-
dition, after annealing for 1 h at 400 ◦C and 600 ◦C are reported in Figure 14a, 14b and 14c,
respectively; the same surface condition for HP coatings are reported in Figure 14d–f,
respectively. It can be observed that the thermal treatment at 400 ◦C does not induce
particular morphological modifications; conversely, exposure at 600 ◦C leads to changes in
morphology and an oxide scale visibly begins to grow on the surface.
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After treatment at 600 °C, both spectra become sharper, indicating grain growth of both 
Ni and Ni3P phases. NiO peaks also appear, confirming the presence of a thin scale of 
oxide, as observed by SEM images. The finer morphology of HP coatings and their lower 
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size, calculated with the Scherrer equation (Equation (1))), and coarsening of Ni3P precip-
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No trace of superficial or internal cracks induced by the heat treatment was observed 
by SEM analysis, and samples were tested negative for the ferroxyl reagent test.  

Figure 14. Morphological analysis (SEM top-view) for (a) MP as deposited; (b) MP after annealing at
400 ◦C for 1 h in air; (c) MP after annealing at 600 ◦C for 1 h in air; (d) HP as deposited; (e) HP after
annealing at 400 ◦C for 1 h in air; (f) HP after annealing at 600 ◦C for 1 h in air.

XRD spectra in Figure 15 show the microstructural evolution of MP (a) and HP (b)
coatings as a function of heat treatment temperature. Substantial changes in microstructure
are observed in both MP and HP coatings after treatment at 400 ◦C: recrystallization
of the f.c.c. Ni matrix is observed together with precipitation of b.c.t. Ni3P [49,58–62].
A segregation process of phosphorus at the grain boundaries and triple junctions of the Ni-
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P grains occurs with increasing temperature, leading to the formation of P-rich regions [46]
and precipitation of Ni3P when P concentration exceeds a certain threshold (reported to be
around 15 wt% of P) [63]. There is evidence that the Ni3P precipitation preferentially occurs
at grain boundaries and triple junctions [64,65]; therefore, MP coatings (nanocrystalline
in the as-deposited condition) experience a continuous phosphorus segregation process
when temperature increases. However, Farber et al. [46] proposed that structural changes
upon heat treatments depend on the formation of a metastable grain boundary phase that
already develops in the as-deposited state of HP coatings. For this reason, precipitation of
the Ni3P compound is thought to have taken place earlier in the HP deposits [34,66], and a
massive presence of precipitates can be observed on the HP spectrum, even though they
are characterized by lower crystallinity than MP coatings. In fact, sharper Ni peaks can be
observed for MP, which associates with a greater grain size of the matrix. After treatment at
600 ◦C, both spectra become sharper, indicating grain growth of both Ni and Ni3P phases.
NiO peaks also appear, confirming the presence of a thin scale of oxide, as observed by
SEM images. The finer morphology of HP coatings and their lower surface roughness are
expected to influence the growth of the thin oxide film and can also be responsible for the
different morphology of the scale. The evolution of average grain size, calculated with
the Scherrer equation (Equation (1)), and coarsening of Ni3P precipitates with increasing
temperature is reported in Figure 16.

Coatings 2023, 13, x FOR PEER REVIEW 21 of 25 
 

 

 
Figure 15. XRD spectra for MP (a) and HP (b) coatings showing microstructural evolution upon 
heat treatments for 1 h in air. 

 
Figure 16. Increase of average nickel crystallite size and coarsening of Ni3P precipitates with increas-
ing annealing temperature for MP (a) and HP (b) coatings. 

M P 400 °C  1 h

M P 600 °C  1 h

M P A s D eposited

H P 400 °C  1 h

H P 600 °C  1 h

H P A s D eposited

Figure 15. XRD spectra for MP (a) and HP (b) coatings showing microstructural evolution upon heat
treatments for 1 h in air.
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Figure 16. Increase of average nickel crystallite size and coarsening of Ni3P precipitates with increas-
ing annealing temperature for MP (a) and HP (b) coatings.

No trace of superficial or internal cracks induced by the heat treatment was observed
by SEM analysis, and samples were tested negative for the ferroxyl reagent test.

3.6. Vickers Hardness

The microhardness of MP and HP coatings in the as-coated condition and after heat
treatments are shown in Figure 17. The nanocrystalline structure of deposited MP coatings
guarantees higher hardness than amorphous HP. As shown in Figure 16, heat treatment at
400 ◦C is associated with increased crystallite size of nickel and precipitation of hard Ni3P
phases, which lead to hardness increase of the deposits. In contrast, a dramatic hardness
decrease is registered after treatment at 600 ◦C due to excessive grain growth and the
formation of coarse precipitates. Deformation processes of deposited Ni-P coatings, which
have very fine grain size or can even be amorphous, show a reverse Hall-Patch effect [67];
therefore, grain growth induced by heat treatment at 400 ◦C associates with lower grain
boundary sliding and rotation [68,69] and results in increased microhardness. The pre-
sented results are in accordance with literature data [49,60,61,70,71] that report maximum
hardness after heat treatments at 400 ◦C where Ni3P precipitates guarantee a precipita-
tion hardening effect and grain growth is limited to an extent that causes strengthening.
Conversely, the samples treated at 600 ◦C exhibit lower microhardness values because of
the excessive grain growth and the formation of coarse precipitates with a less effective
hardening effect in accordance with the Orowan strengthening mechanism [72].
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4. Conclusions

A new lead-free electroless nickel plating process was developed for the plating of
MP coatings and optimized to obtain a formulation for HP deposition. Pre-deposition
treatments are found to be crucial for the activation of deposition and in determining
the adhesion strength of the coatings, with the best results of plating rate obtained when
performing a pre-treatment of pickling with HCl 50%vol for 1 min. A study on the chemical
composition of the solution demonstrated that the ratio between the reducing agent and
metal ion is a key parameter for the tailoring of the P co-deposition. In particular, decreasing
the Ni2+/H2PO2

− ratio by a reduction of 40 wt% of NiSO4 and increasing of 10 wt% of
complexing agent leads P co-deposition up to 10.6 wt%. Further optimization of the TOC
allows the P content to rise up to 10.8 wt%, while guaranteeing the best results on bath
stability. Best deposition parameters guaranteed a plating rate of 40 µm/h for the MP
coatings and 25 µm/h for HP coatings, with deposition at 90 ◦C. Characterization of
coatings confirmed the nanocrystalline and amorphous nature of MP and HP coatings,
respectively, with hardness up to 930 HV and 840 HV when heat-treated at 400 ◦C for 1 h.
No through-thickness cracks were detected by the ferroxyl reagent tests performed on the
samples treated at 400 ◦C.
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Abstract: Multinary chalcogenides with Kesterite structure Cu2ZnSn(S,Se)4 (CZTSSe) are a prospec-
tive material base for the enhancement of the photovoltaics industry with abundant and environmen-
tally friendly constituents and appropriate electro-physical properties for building highly efficient
devices at a low cost with a short energy pay-back time. The actual record efficiency of 13.6%, which
was reached recently, is far below the current isostructural chalcopyrite’s solar cells efficiency of near
24%. The main problems for future improvements are the defects in and stability of the Kesterite
absorber itself and recombination losses at interfaces at the buffer and back contacts. Here, we
present an investigation into the rapid thermal annealing (RTA) of as-electrodeposited thin films
of Cu2ZnSnS4 (CZTS). The treatment was carried out in a cold wall tubular reactor in dynamic
conditions with variations in the temperature, speed and time of the specific elements of the process.
The effect of annealing was investigated by X-ray diffractometry, Raman scattering and Scanning
Electron Microscopy (SEM). The phase composition of the films depending on treatment conditions
was analyzed, showing that, in a slow, prolonged, high-temperature process, the low-temperature
binaries react completely and only Kesterite and ZnS are left. In addition, structural investigations by
XRD have shown a gradual decrease in crystallite sizes when the temperature level and duration of
the high-temperature segment increases, and respectively increase in the strain due to the formation
of the phases in non-equilibrium conditions. However, when the speed of dynamic segments in the
process decreases, both the crystallite size and strain of the Kesterite non-monotonically decrease.
The grain sizes of Kesterite, presented by SEM investigations, have been shown to increase when the
temperature and the duration increase, while the speed decreases, except at higher temperatures of
near 750 ◦C. The set of experiments, following a scrupulous analysis of Raman data, were shown to
have the potential to elucidate a way to ensure the fine manipulation of the substitutional Cu/Zn
defects in the structure of CZTS thin films, considering the dependences of the ratios of Q = I287/I303

and Q′ = I338/(I366 + I374) on the process variables. Qualitatively, it can be concluded that increases in
the speed, duration and temperature of RTA lead to increases in the order of the structure, whereas,
at higher temperatures of near 750 ◦C, these factors decrease.

Keywords: photovoltaics; multinary chalcogenides; thermal annealing; Kesterite; XRD

1. Introduction

The increased capacity of photovoltaics worldwide is could lead to the achievement
of an ecological footprint of near-zero by the year 2030. Actually, silicon-based solar cell
technology dominates the photovoltaics market, comprising near 95% of all installed mod-
ules [1]. Multinary chalcogenides are large class of compounds with special applications in
photovoltaics. Beginning with chalcopyrite CuInSe2, Cu(In,Ga)Se2, and CuInS2 (CIGS), a
sustainable generation of compounds was established, successfully competing with silicon-
based photovoltaic technologies [2,3] with record efficiencies of 23.4% for the Cd-free CIGS
device [4] and 26.2% for CIGS-based solar cells with an electron back-reflector [5]. They
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have several advantages, such as a sub-micrometer thickness, very high absorption coeffi-
cient near 105 cm−1 and tunable bandgap from 1.0 to 1.5 eV depending on the kind and
ratio of chalcogens.

An interesting approach has been developed involving the formation of bifacial solar
cells growing the structure with a Cu(In,Ga)Se2 absorber on glass or a flexible substrate [6].
Recently, a record bifacial power conversion efficiency was demonstrated of near 20% and
near 11% under frontal and rear illumination. The power generation density of the device
was predicted to be comparable to the record obtained for the mono-facial option.

These factors encourage mass production but the scarcity of rare-earth elements
in Ga limits the their potential application. In an attempt to overcome this obstacle,
a new class of compounds of Kesterite was developed where the couple In and Ga is
replaced with abundant elements Zn and Sn. Similar to Chalcopyrite (CIGSSe), the Kesterite
Cu2ZnSn(S,Se)4 (CZTSSe) has a tetragonal crystal structure of Zinc Blende [7]. CZTSSe
is a p-type semiconductor with a tunable bandgap between 1.0 and 1.5 eV, with direct
transitions and a high absorption coefficient in the range of 104–105 cm−1 [8,9]. For several
years, the record efficiency of the CZTSSe device, regardless of the deposition method
was 12.6%, as reported in 2014 by IBM [10]. Despite significant efforts in recent years to
improve the working characteristics of the CZTSSe solar cells, there are several notable
issues that lead to weak performance parameters—deep level defects, a narrow phase
stability region, and non-ideal device architecture. There is an approach to the modification
of properties of the absorber material by doping or alloying with additional constituents
as alkali dopants (Li, Na, K) or isoelectronic substitutions, but there are no reports of real
improvements [11]; rather, effective management of the intrinsic defects was suggested to
be the way to optimize the optoelectronic properties of the Kesterite-absorber materials.

An extensive and scrupulous analysis of strategies to improve the work characteristics
of the Kesterite solar cells was recently presented [12]. In the abovementioned problems
with bulk defects, special attention is paid to those in junctions with a buffer and back
contact layers. The recently developed new record Kesterite solar cells with 13.6% efficiency
is impressive [13]. An epitaxial Kesterite/CdS interface was reconstructed by the low-
temperature-induced migration of Zn2+ and Cd2+, which were initially disordered by the
solution treatment used for deposition of the buffer layer.

Low-temperature technology can enlarge the substrate material base by employing
lightweight and flexible carriers [14]. For instance, there is the suggestion that flexible
monograin CZTSSe solar cells can be built by combining a high-temperature synthesized
absorber material in the structure [15]. In all cases, the optimal way to build thin-film
Kesterite solar cells seems to be [12] the initial sintering process of the thin film absorber
material, followed by a fast annealing process to avoid components’ diffusion.

The aim of this work is to investigate the features of phase composition, films’ mor-
phology and a defect distribution in the results of the rapid thermal annealing (RTA) of
electrodeposited CZTS thin precursor films. On the basis of the results obtained by XRD
and Raman structural analysis, the phase composition is determined, containing the target
CZTS and distribution of concomitants. In addition, assessment of the ratio of intensities
of specific Raman signals can provide idea for the formation tendencies of some specific
defects (as Cu/Zn substitutions) and approaches to the management of structural features
by process parameters.

2. Materials and Methods

Substrate layers were electrochemically deposited in potentiostatic conditions using
the classic three-electrode cell configuration. Working electrodes were 2 × 1 cm2-sized
tin-oxide-covered soda lime glasses positioned against platinum gauze and a saturated
mercury sulfate (MSE) reference electrode (0.6151 V vs. standard hydrogen electrode). Elec-
trolytes for the electrodeposition of Cu-Zn-Sn-S layers were 4 M KCNS aqueous solutions
of 0.4 M sodium acetate buffer containing 9 mM of the chloride salts of Cu+, Zn2+, SnSO4
and Na2S2O3 in related ratios. The composition of the as-deposited Cu-Zn-Sn-S layers was
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copper-poor and zinc-rich with sulfur deficiencies when compared to the stoichiometry.
The substrate’s influence on the composition of the layers was estimated to be negligible.
The process design has been described in detail elsewhere [16]. Reactive annealing was per-
formed in a cold walls’ quartz tubular reactor under a flow of 5% H2S in N2 at atmospheric
pressure. Temperature profile was controlled in dynamic equilibrium by an IR Ulvac-RICO
heating system supplied with a PC-driven controller. The system works under continuous
cooling provided by the chiller-supplied circulation of working fluid at 10 ◦C and blowing
with 0.6 MPa pressurized air. The heating was achieved by direct IR irradiation on the
length of the reactor with xenon lamps. Under these conditions, at every segment, the
process temperatures differed from set points with values of less than 0.1%. Below 220 ◦C,
the ramp-down process temperature did not follow strictly the set point values, but it is
believed that reactions here are faded. An example work temperature profile is shown in
Figure 1.
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The parameters for specific program configuration are summarized in Table 1. After
the work cycle, the reactor volume was rinsed by N2 stream for 5 min.

Table 1. Process parameters of rapid thermal annealing of thin-film CZTS.

Probe Base Duration Duration Speed
Fast

Speed
Slow

T ◦C
750 ◦C

T ◦C
650 ◦C

T ◦C
600 ◦C

Sample 1 2 3 4 5 6 7 8

1 Seg 19 ◦C
10 s

19 ◦C
10 s

19 ◦C
10 s

19 ◦C
10 s

19 ◦C
10 s

19 ◦C
10 s

19 ◦C
10 s

19 ◦C
10 s

2 Seg 600 ◦C
1 min

600 ◦C
1 min

600 ◦C
1 min

600 ◦C
30 s

600 ◦C
3 min

600 ◦C
1 min

600 ◦C
1 min

600 ◦C
1 min

3 Seg 600 ◦C
3 min

600 ◦C
3 min

600 ◦C
3 min

600 ◦C
3 min

600 ◦C
3 min

600 ◦C
3 min

600 ◦C
3 min

600 ◦C
3 min

4 Seg 700 ◦C
10 s

700 ◦C
10 s

700 ◦C
10 s

700 ◦C
5 s

700 ◦C
30 s

750 ◦C
10 s

650 ◦C
5 s

600 ◦C
5 s

5 Seg 700 ◦C
15 min

700 ◦C
10 min

700 ◦C
5 min

700 ◦C
15 min

700 ◦C
15 min

700 ◦C
15 min

700 ◦C
15 min

700 ◦C
15 min

6 Seg 500 ◦C
40 s

500 ◦C
40 s

500 ◦C
40 s

500 ◦C
20 s

500 ◦C
2 min

500 ◦C
45 s

500 ◦C
15 s

500 ◦C
15 s

7 Seg 500 ◦C
5 min

500 ◦C
5 min

500 ◦C
5 min

500 ◦C
5 min

500 ◦C
5 min

500 ◦C
5 min

500 ◦C
5 min

500 ◦C
5 min

8 Seg 19 ◦C
2 min

19 ◦C
2 min

19 ◦C
2 min

19 ◦C
1 min

19 ◦C
10 min

19 ◦C
2 min

19 ◦C
2 min

19 ◦C
2 min
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Scanning electron microscopy and energy-dispersive X-ray analysis (EDAX) was
performed on a Hitachi TM 1000 unit supplied with an X-ray source (Hitachi, Tokyo, Japan)
and detector equipment at an accelerating voltage of 15.0 kV and acquisition time of 90 s.
The X-ray diffraction (XRD) analysis was performed by a Rigaku Ultima IV diffractometer
(Rigaku, Tokyo, Japan) with Cu-Kα radiation (λ = 1.5418 Å) at 40 kV accelerating voltage.
The diffracted beam was scanned in steps by 0.01◦ for 2 s in an angular range from 10 to
80 degrees 2θ.

Qualitative phase analysis was performed on specialized software PDXL Rigaku’s
ICDD PDF2-phase research platform (Rigaku, Tokyo, Japan) using the specifications by
International Center for Diffraction Data [17] and EDAX data for chemical composition.
The suggested faze distribution by XRD is based on the detection of three or more main
specific reflections of the phase compared with the actual database cards available at
that time [17]. In addition, the broadening of the XRD peaks was used in an analysis
of crystallites’ size and internal strain. This was more popular than the Willimson–Hall
method, which provides an idea of the deviations from the ideal crystalline lattice. The
room-temperature (RT) micro-Raman spectra were recorded on a Horiba LabRam 800 high-
resolution spectrometer (Horiba Ltd., Kyoto, Japan) equipped with a multichannel detector
on backscattering regime. Light source was a red laser with a 633 nm wavelength focused
on an at least 10 µm spot diameter, providing a spectral resolution of 0.5 cm−1.

3. Results and Discussion

The reactive annealing is performed in compliance with both the suggested reaction
paths and structural features in [18]. To conform with the proposed reaction sequence,
the synthesis and structure formation of CZTS begin with the formation of binaries of
Cu2S and SnS2, followed by their interaction with the ternary Cu2SnS3 which, at higher
temperatures, reacts with ZnS and completes as Cu2ZnSnS4 at temperatures higher than
600 ◦C. In this sense, the temperature profile configuration is directed to modifications of
the area in which the direct formation of the quaternary CZTS takes place.

A detailed analysis of results for rapid thermal annealing consists of a scrupulous
phase analysis and assessment of the influence of annealing process parameters on the
crystal cell parameters of the target phase—Kesterite (Cu2ZnSnS4). In contrast to Stannite,
where [19,20] fine differences exist between some closely disposed reflexes of Cu2ZnSnSe4
and either ZnSe or other binaries, and could become apparent through a more precise angle-
resolved analysis, the case for Kesterite is rather more complicated [21] and an additional
method such as Raman shift is essential for the correct evaluation of phase distribution.

Figure 2 shows XRD patterns of samples 1, 2 and 3 annealed with different durations
(15 min, 10 min and 5 min, respectively) of the Segment 5 at 700 ◦C, according to Figure 1.
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The patterns are dominated by characteristic reflexes for the Kesterite phase [1-01-
075-4122] at 28.4◦ (1,1,2), 47.3◦ (2,2,0) and 56.1◦ (3,1,2) and its minorities at 16.32◦, 18.23◦,
23.13◦, 29.6◦, 32.9◦, 36.9◦, 37.9◦, 40.7◦, 44.9◦, 56.9◦, 58.8◦, 67.3◦, 69.1◦, 76.4◦ and 78.8◦ in 2θ
scale. Additional appreciable reflexes are detected near 10.2◦, 13.3◦, 26.2◦ 54◦ and 66.1◦

2θ and confirm that the system is definitely not a monophase. The formal phase analysis
performed through Ref. [17] and presented in Table 2 have specified the content of Sample
1: Kesterite, α-SnS [1:01-083-1758]; Cu7S4—[1:00-024-0061] and CuS—[1:03-065-3928].

Table 2. Phase composition according to XRD [17] and Raman shift analyses. •—means registered
phase; ♦—unregistered phase; Raman spectrum—−/+ (un)registered phase; ± not sure.

Sample Process Cu2ZnSnS4

Kesterite-4122

ZnS
h

SnS CuS
Covellite

Cu7S4

Roxbyite

Cu2S
digenite

ZnS
h

ZnS
h

ZnS(W)
0688h

1 Base
15 min, 700 ◦C •+ •2201+ ♦ ♦ ♦ ♦− •2424 •2195 ♦

2 Time—10 min •+ •2347 •+ • • ♦− ♦ ♦ •
3 Time—5 min •+ ♦ •+ • • ♦− ♦ ♦ ♦
4 Speed—Fast •+ •4998+ • ♦ ♦ ♦± ♦ ♦ ♦
5 Speed—Slow •+ •6022+ ♦ ♦ ♦ ♦ ♦ ♦ ♦
6 Temp—750 ◦C •+ •2140 ♦− ♦ ♦ •9133/− ♦ ♦ ♦
7 Temp—650 ◦C •+ •4989 •+ ♦ ♦ ♦± ♦ ♦ ♦
8 Temp—600 ◦C •+ •6009 •+ ♦ ♦ ♦ ♦ ♦ ♦
1 Base—700 ◦C •+ •2201+ ♦ ♦ ♦ ♦± •2424 •2195 ♦

As mentioned above, the main phases, concomitant with the Kesterite dispose reflexes,
are quite close to those for the main phase and a more precise analysis could reveal the fine
structure of the films. Figure 3 presents part of the pattern of Figure 2 in the vicinity of
13–14◦ 2θ. The picture presents the fine disposition of reflexes, which allowed for the one
for ZnS at 13.35◦ 2θ (Sample 3) to be distinguished from the other at 13.28◦ 2θ (Sample 2)
belonging to Cu7S4.
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Figure 3b presents pattern from Figure 2 in the interval 25.5◦–28.0◦ 2θ. In accordance
with the performed phase recognition, the reflex at 26.24◦ for Sample 1 should be assumed
to come from SnS only; for Sample 3, the small reflex at the same angle should be assumed
for ZnS only, but for Sample 2, the reflex should be consistent with ZnS and SnS.

At 26.82◦, 2θ are the disposed reflexes of only Samples 2 and 3, recognized as being
from ZnS, whereas, at 27.28◦ and 27.75◦ 2θ, single signals can be seen from CuS for
Samples 1 and 2. Further, in Figure 3c, patterns between angles 45.5◦–47.0◦ 2θ are shown.
Here, the large signal from Sample 3 is due to ZnS. For Samples 1 and 2, the reflex at
46.02◦ is proven for SnS, whereas those at 46.11◦ and 46.18◦ are caused by Cu7S4 and
CuS, respectively.

Figure 3d shows the field near 54◦ 2θ in detail. The reflex at 54.05◦ for Sample 1
comes from α-SnS [1:01-083-1758], whereas, for Sample 2, the reflex at 54.5◦ is due to SnS
[1:01-073-1859] accompanied by Wurtzite [1:00-012-0688].

Figure 4a shows XRD patterns for Sample 4 (fast) and Sample 5 (slow), which, in
comparison with Sample 1(base), present an RTA configuration with different rising and
decreasing temperature speeds for the dynamic segments No. 2, No. 4, No. 6 and No. 8
(see Figure 1). The right values of rising speed are 3.3 ◦C/s, 10 ◦C/s and 20 ◦C/s, whereas
at decreasing steps they are 1.33 ◦C/s, 5 ◦C/s and 10 ◦C/s, respectively.

Coatings 2023, 13, x FOR PEER REVIEW 7 of 16 
 

 

 
(a) 

   
(b) (c) (d) 

Figure 4. XRD pa erns of samples annealed at different speeds (see Figure 1—Segments No.: 2,4,6 
and 8). (a) Superimposed diagram of all speeds. (b) Pa erns in vicinity of 26°–28° 2 θ. (c) Pa erns 
in vicinity of 31.5°–32.5°. (d) Pa erns in vicinity of 76°–77°. 

According to Ref. 22, the phase distribution of the samples is summarized in Table 2. 
Sample 1, annealed at faster temperature increases, contains mainly Kesterite. A pair of 
SnS phases—orthorhombic [1:01-072-8499] and [1:00-001-0984]—are registered, as well as 
a Hexagonal ZnS [1:01-074-4998]. For Sample 5, annealed at a slow rate, Kesterite and 
Hexagonal ZnS [1:01-075-6022] are found. As previously mentioned, the average rate of 
Sample 1 contained Kesterite and Hexagonal zinc sulphides. A comparative phase 
analysis shows the Kesterite and zinc sulphides as common structures in the three 
samples, whereas Sample 4 contains two forms of Herzenbergite [1:01-072-8499 and 00-
001-0984]. They have a similar layered orthorhombic structure and differ in their 
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slower dynamic process parameters, in accordance with Ref. 23, this intermediate further 
interacts in a related scheme. Figure 4b shows the XRD pa ern of the samples in the 
vicinity from 26° to 28° 2 θ. Reflexes near 26.2° are assumed, for all samples, to be from 
ZnS, but for Sample 4 they appears to be in convolution with a signal from SnS. In the 
same way, the reflexes at 26.8° and at 27.3° 2 θ can be interpreted. Near 27.75° 2 θ, the 
disposition is quite similar but the complex reflex for Sample 4 looks well-divided for both 
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Figure 4. XRD patterns of samples annealed at different speeds (see Figure 1—Segments No.: 2, 4, 6
and 8). (a) Superimposed diagram of all speeds. (b) Patterns in vicinity of 26◦–28◦ 2θ. (c) Patterns in
vicinity of 31.5◦–32.5◦. (d) Patterns in vicinity of 76◦–77◦.

According to Ref. [22], the phase distribution of the samples is summarized in Table 2.
Sample 1, annealed at faster temperature increases, contains mainly Kesterite. A pair of
SnS phases—orthorhombic [1:01-072-8499] and [1:00-001-0984]—are registered, as well as
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a Hexagonal ZnS [1:01-074-4998]. For Sample 5, annealed at a slow rate, Kesterite and
Hexagonal ZnS [1:01-075-6022] are found. As previously mentioned, the average rate of
Sample 1 contained Kesterite and Hexagonal zinc sulphides. A comparative phase analysis
shows the Kesterite and zinc sulphides as common structures in the three samples, whereas
Sample 4 contains two forms of Herzenbergite [1:01-072-8499 and 00-001-0984]. They have
a similar layered orthorhombic structure and differ in their orientation. Obviously, both
of them are a result of non-equilibrium interactions in the chain of the formation of CZTS
caused by the high-speed changes in the temperature. Apparently, under softer conditions,
such as a longer reaction time (previous case) or slower dynamic process parameters, in
accordance with Ref. [23], this intermediate further interacts in a related scheme. Figure 4b
shows the XRD pattern of the samples in the vicinity from 26◦ to 28◦ 2θ. Reflexes near
26.2◦ are assumed, for all samples, to be from ZnS, but for Sample 4 they appears to be
in convolution with a signal from SnS. In the same way, the reflexes at 26.8◦ and at 27.3◦

2θ can be interpreted. Near 27.75◦ 2θ, the disposition is quite similar but the complex
reflex for Sample 4 looks well-divided for both SnS and ZnS. Figure 4c presents the interval
31.5◦–32.5◦ 2θ. Sample 5 disposes an individual reflex at 32.23◦, whereas the other Samples,
1 and 4, present a similar twin reflex at 31.94◦ and 32.02◦ 2θ. Reference [22] spelt out the
twin for Sample 1 as coming from ZnS only, while, for Sample 4, the pair of ZnS and SnS
is assumed. This could be explained by the obvious difference in the height (intensity)
of the reflexes. Between 76◦ and 77◦ 2θ, Figure 4d shows disposed reflexes at 74.4◦ and
77◦, assumed to be Kesterite. ZnS is presented here, with a reflex at 76.68◦ and a shoulder
at the first Kesterite reflex. For Sample 4, a twin shoulder is distinguished, caused by
both ZnS and SnS. The Raman spectra presented in Figure 5 are in good agreement with
the supposed phase compositions of Samples 4, 5 and 1. In all samples, the Kesterite
is well-defined, with the majority of its characteristic vibrations occurring at 338 cm−1,
289 cm−1, 251 cm−1, 98 cm−1 and 375 cm−1. For all samples, a shoulder at 352 cm−1 is seen,
near to the most intensive signal for Kesterite, attributed to ZnS. For Sample 4, a resonant
vibration at 164 cm−1 is registered, attributed to SnS, in confirmation with the established
XRD phase distribution.
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Figure 5 presents the Raman spectra of the same films. In accordance with [23–25],
it can be concluded that the spectra are again dominant for Kesterite signals at 338, 287,
252, 374 and 97 cm−1. After [26,27] the disposition of the shoulder near 350 cm−1, in
conjunction with signals at 98 cm−1 and possibly near 160 cm−1, the distribution of ZnS can
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be revealed. Similarly, the shift at 164 cm−1 and the shoulder near 311 cm−1 confirm the
presence of SnS [8,22,25,28,29]. Vibration at 476 cm−1 is characteristic of the Cu-S bond in
nonstoichiometric unsaturated copper sulphides [27]. This comparative analysis confirms
this possible suggested phase distribution, but full identification requires a more detailed
view of the XRD patterns.

Figure 6 presents the XRD pattern of Samples 6, 7 and 8, annealed at different tem-
peratures (level of Segment 5, Figure 1) of 600 ◦C, 650 ◦C and 750 ◦C, respectively, which,
together with Sample 1 (700 ◦C for level of Segment 5) are the process set configuration for
investigations of the influence of the temperature. The patterns present a well-crystallized
Kesterite in all samples, accompanied by different ZnS phases in almost the same structure
[1:01-073-6009, 01-074-4989, 01-089-2201, 01-089-2424, 01-089-2195, 01-089-2140].
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Figure 6. XRD patterns of Segment 5, RT-processed at different temperatures (see Figure 1). (a) Su-
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For low-temperature Samples 6 and 7, annealed at 600 ◦C and 650 ◦C, respectively,
hexagonal tin sulphides are registered, while for high-temperature Sample 8 (750 ◦C),
Digenite [1:01-070-9133] is attributed. A detailed XRD analysis in the interval 26◦–28◦ is
shown in Figure 6b. Sample 6 disposed three reflexes (at 26.30◦, 26.83◦ and 27.32◦ 2θ),
attributed to ZnS/SnS, ZnS and ZnS/SnS, respectively. The reflex at 26.83◦ is common
for all samples, whereas Sample 8 had a peak at 27.5◦ 2θ, identified as ZnS that may be
Cu1.8S. Figure 6c shows the interval of angles between 45.5◦ and 47◦. Samples 5 and 6 (600
and 650 ◦C) showed reflexes at 46.08◦, recognized as being caused by SnS. Between 46.2◦

and 46.4◦, a large reflex is seen for Sample 1, attributed to ZnS. Sample 8 showed a peak
between 45.80◦ and 45.82◦ 2θ, attributable to ZnS, which may be Digenite, and a shoulder
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at 46.08◦, recognized to be caused by SnS and which may be Digenite. Further, in Figure 6d
at 53◦–55◦ 2θ, Sample 5 (600 ◦C) revealed a twin at 54.09◦ and 54.16◦, whereas for Sample 8
(750 ◦C), a signal from Digenite was recognized at 54.38◦.

Figure 7 presents a set of patterns for Raman shifts in the same samples. Raman
spectra showed the presence of Kesterite, ZnS and SnS for Sample 5 and Sample 6, and
Kesterite and ZnS for Sample 1 and Sample 8, but there was no confirmation of an Cu-S
bond. In sequence, the phase composition features recognized from XRD [22] analysis are
confirmed by Raman shift, with the exception of the phase Cu1.8S. XRD reflexes were not
uniquely defined and the absence of specific Raman resonant vibrations provides reasons
to consider this phase as non-existent.

Figure 7. Raman shift for samples annealed at different speeds.

For Sample 2 (10 min), the same phases were recorded, but SnS is in another structure
configuration [1:01-073-1859], in addition to ZnS [1:01-089-2347 and 00-012-0688]. Sample 3
(15 min) is common for all other RTA configurations and consists of only Kesterite and
Hexagonal ZnS [1:01-089-2201, 01-089-2424 and 01-089-2195].

Figure 8 presents the dependences of crystallite size and lattice strain, calculated by
the Williamson–Hall method [17] on process parameters for sets used to investigate the
influence of the duration of Segment 5 (Samples 1, 2 and 3), speed of temperature changes
in dynamic segments 2, 4, 6 and 8 (Samples 4, 1 and 5), and temperature level of Segment 5
(Samples 6, 7, 1 and 8) at 600, 650, 700 and 750 ◦C, respectively.
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As can be seen, with the increase in duration of Segment 5 from 5 to 15 min, the
crystallite size decreases from 1530 Å to near 760 Å, whereas the strain of the cell rises from
0.00143% to 0.00230%. The same trend is seen for the temperature, where the crystallite size
drops from 1193 Å for 600 ◦C to 609 Å for 750 ◦C, respectively, and the strain rises from
0.00133% to 0.0036%.

Regarding the dependence of crystallite size and strain on the speed of changes in
temperature, the general trend is the same, but the curves are not monotonous, as can be
seen in Figure 9. The crystallite size is 1521 Å for the fast process and decreases to 1010 Å
for the slowest process, while, at average speed, the size is as low as 761 Å. The strain drops
from 0.00139% to 0.00026% while, at average speed, the maximum is 0.0023%.
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Regarding the influence of temperature, as shown in Figure 10, in comparison with
the data presented in [29], a remarkable difference can be seen. While the cell parameters
for 700 ◦C at [29] are a = 5.6177 Å and c = 11.2232 Å, respectively, in our case they are
a = 5.4262 Å and c = 10.8519 Å. This is the reason that a difference in the cell volume is
registered at 600 ◦C from 335 Å3 [29], whereas cell volume in our case is near 320 Å3.
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Figure 10. Crystallite size and strain for Kesterite phase formed by RTA at different temperatures.

Generally, it can be concluded that a slower and longer process at higher tempera-
tures for copper-poor, zinc-rich, near-stoichiometric substrates leads to a preferable phase
composition of Kesterite and zinc sulphides, whereas the cell strain increases with increas-
ing temperature and an increase in the duration of Segment 5, but decreases when the
speed of the process decreases. The results are in agreement with Ref. [8] and Ref. [30],
but differ from the newer works in some details [29,31]. For example, the difference in
cell parameters [29] at 700 ◦C is easy to explain when considering the dynamics of the
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process—in Ref. [29], the process nears equilibrium whereas, in our case, a time-resolved
(faster) process is shown, which, in slower stages, coincides with previous results [29–31].

Figure 11 presents SEM micrographs of samples, annealed in different duration.
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Figure 11. SEM footprints of samples, annealed at different times (Segment 5, Figure 1): (a) 5 min;
(b) 10 min; (c) 15 min.

All scale bars in the figures are equal to 20 µm. For a short annealing time, a small part
of the as-deposited layer crystallized on the substrate area, leaving unreacted mass on the
top surface. For 10 min (Figure 11b), a pin-holes layer is formed with grain sizes between 1
and 4 µm, whereas at 15 min (Figure 11c), the grains are much larger, with a size 4–5 µm.

Figure 12 presents morphology issues for samples annealed at different speeds. The
grain sizes enlarge from 1–2 µm for fast (Figure 12a) annealing, through 4–5 µm for average
annealing (Figure 12b), and reaching 8–10 µm for samples annealed using a slow process
(Figure 12c).
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Figure 12. SEM fingerprints of samples RTA annealed at different speeds: (a) fast process, (b) average
speed; (c) slow process.

Figure 13 shows the morphology footprints for samples processed at different tem-
peratures. Figure 13a presents a CZTS layer with single independent grains with sizes
near 1–2 µm. At a temperature of 650 ◦C, the surface concentration of the grains increased,
and pinholes are seen. At 700 ◦C, the grain sizes reach a maximum of 4–5 µm while, at a
higher temperature if 750 ◦C, the sizes grew smaller with heterogeneous residuals on the
grain borders.
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SEM observations a gave slightly different impression of the crystallite size from the
calculated values. As shown in Figures 8–10, following XRD analysis, crystallites sizes
ranged from 0.05 to 0.15 µm whereas SEM revealed sizes near 1–8 µm.

Here, we can conclude that the tendencies of changes in crystallite size, derived from
XRD data obtained using Williamson–Hall method [17], differ by an order of magnitude
and, in addition, are the opposite of the tendencies of changes in grain sizes derived from
SEM. In fact, the Williamson–Hall method revealed that short-ordered crystal unit Kesterite
sizes are quite different from the visible grain structure of the layers.

As was reported elsewhere [32,33], the Raman spectroscopy could be used for charac-
terizing Cu/Zn disorders and to distinguish the origin of the substitution in slow-cooled
Kesterite thin films. The assessment of the level of disorder is very important for the device
output. Scrupulous comparative analysis with Nuclear Magnetic Resonance (NMR) data
revealed the ratio of specific Raman shifts at 287 cm−1 and 303 cm−1, Q = I287/I303, and
additionally introduced a shift between an intensity of 338 cm−1 and the sum of intensities
at 366 and 374 cm−1, Q′ = I338/(I366 + I374), which is very sensitive to the Cu/Zn disorder.
Here, a rough idea of the dependencies in time-resolved RTA processes is presented.

Figure 14a presents the dependencies of the Raman peak ratios, with intensities
of Q = I287/I303 and Q′ = I338/(I366 + I374), with increases in the duration of the high-
temperature annealing step in this process. It can be seen that both Q and Q′ are higher
than 1 in all cases, which is characteristic of an ordered material [32] and increase with
increases in the duration. The orders-of-magnitude of increases in the Q are quite small—
from 1.39 through 1.5, up to 1.86—whereas the Q′ is quite higher and increases by almost
twofold, from 2.9 up to 4.7. The same trend is observed regarding the dependence of Q and
Q′ on the temperature (level of segment 5), but at the higher level of 750 ◦C, both Q and Q′

drop sharply. This effect could be interpreted as an increase in the disorder of the Kesterite
structure. The increase in the speed of the increase and decrease in temperature influence
the Q and Q′ in the opposite way. This effect can be explained by increases in the order of
the structure at high speeds in the dynamic stages, bringing the process closer to the case
of quenching in the experiments in [33].
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process parameters: (a)—duration of the segment 5; (b)—speed of the change in temperature in the
dynamic steps—segments 2, 4 and 6; and (c)—temperature of segment 4 (see Table 1).

4. Conclusions

A time-resolved annealing process is performed for CZTS thin films. The peculiarities
of the phase composition and structure parameters of the formed thin Kesterite layers
regarding the dependence of these process parameters (such as time, speed and temper-
ature) are analysed. It is shown that the phase composition of the layers depends on the
time and speed of the stage of Kesterite formation. Soon, only unreacted binary resid-
uals, such as copper sulphides and tin sulphides, are left. The dependence is the same
for a fast process where the dynamic change in temperature does not allow for binary
reaction precursors to react up to the quaternary compound. If the reaction is slow and
long enough (at least 15 min in our case), low-temperature binary precursors, according
to Schurr et al. [18], react fully and only Kesterite and the high-temperature ZnS are left.
The situation is the same regarding the temperature of the CZTS formation process. At
low temperatures, unreacted binary copper and tin sulphides are registered, whereas at
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high temperatures (700–750 ◦C), well-crystallised Kesterite is formed with ZnS immersions,
which is a favourable phase composition regarding the photovoltaic properties of absorber
films. However, the time-dependent properties of the Kesterite are elucidated. It is shown
that crystallite size decreases with increases in the time needed for the CZTS synthesis
stage of the process. The strain in the cell rises in the same way. Generally, the same
trend is observed for the process performed at different speeds—for fast processes, the
crystallite size is comparatively large and decreases with decreases in the speed as the
strain rises. When the temperature rises, the crystallites size decreases, which is in formal
contradiction with the results presented by Schurr et al. [18]. However, while the treatments
used by Schurr et al. [18] lead to reactions near the equilibrium and it is reasonable to
register well-crystallized phases. The time-resolved process requires a shorter time for
the equilibrium disposition of the atoms in the structure and formation of the phase that
appears in non-equilibrium conditions. As a consequence, the strain in the crystal cell
increases. The trends evolved from the RTA features show the better crystallization we can
obtain using longer and slower process at comparatively lower temperature limits in the
process conditions pointed out in this work. Generally, the order of the structure increases
with the increasing duration, speed and temperature of the process, whereas it drops at
higher temperatures near 750 ◦C. The RTA favours the thermal budget of thin absorber
films’ processing and an appropriate optimization will increase the cost–efficiency ratio.
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Abstract: In this study, the formation of thin-film barrier coatings based on a highly conductive
Bi1.60Er0.4O3 (EDB) solid electrolyte on supporting Ce0.8Sm0.2O1.9 (SDC) electrolyte substrates was
implemented for the first time using electrophoretic deposition (EPD). The electrokinetic properties
of EDB-based suspensions in a non-aqueous dispersion medium of isopropanol modified with small
additions of polyethyleneimine (PEI, 0.26 g/L) and acetylacetone (0.15 g/L), as well as in a mixed
isopropanol/acetylacetone (70/30 vol.%) medium, were studied. The dependences of the thickness
of the EDB coatings on voltage and deposition time were obtained using deposition on a model Ni
foil electrode. Preliminary synthesis of a conductive polypyrrole (PPy) polymer film was used to
create surface conductivity on non-conductive SDC substrates. The efficiency of using a modified
dispersion medium based on isopropanol to obtain a continuous EDB coating 12 µm thick, sintered
at a temperature of 850 ◦C for 5 h, is shown. The microstructure and morphology of the surface
of the EDB coating were studied. A Pt/SDC/EDB/Pt cell was used to characterize the coating’s
conductivity. The EPD method is shown to be promising for the formation of barrier coatings based
on doped bismuth oxide. The developed method can be used for creating cathode barrier layers in
SOFC technology.

Keywords: electrophoretic deposition; solid oxide fuel cell; thin-film electrolyte coating; MIEC
electrolyte; barrier layer; doped Bi2O3

1. Introduction

The major challenge for the commercialization of solid oxide fuel cells (SOFCs) is to
reduce their operating temperature to an intermediate temperature (IT) range of 600–750 ◦C
while maintaining the cell performance as comparable with those of high-temperature
devices [1]. An increase in the ohmic resistance of an electrolyte membrane with a decrease
in operating temperatures is the main problem for achieving the set goals of maintaining a
high performance for IT-SOFCs. Alternative electrolytes having higher ionic conductivity
than conventional stabilized zirconia have therefore become increasingly attractive for use
in IT-SOFCs [2,3]. To date, most studies on electrolytes possessing satisfactory oxygen ion
conductivity at decreased temperatures have been focused on oxide materials with cubic
fluorite structures, such as doped CeO2 [4,5] and Bi2O3 [6,7]. Nevertheless, despite high
ionic conductivity, which is very attractive for designing IT-SOFCs, these electrolytes, along
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with having advantages over traditional electrolytes based on zirconium dioxide, have a
number of disadvantages.

CeO2-based materials are thermodynamically stable over a wide range of tempera-
tures, in the presence of water vapor, hydrocarbons, and hazardous gases, and are chem-
ically compatible with a wide range of oxide electrodes. One of the major problems of
using CeO2 electrolytes as SOFCs’ membranes is that at low partial pressures of oxygen,
partial reduction of cerium Ce4+→Ce3+ occurs, which leads to the appearance of electronic
conductivity in the material and can cause an internal short circuit in the SOFC, resulting
in reductions in open-circuit voltage (OCV) and cell power, as well as fuel utilization
efficiency [5]. As a solution to the problem of internal circuiting in CeO2 electrolytes, the
formation of blocking layers on the anode side based on yttria-stabilized zirconia or barium
cerate-zirconate is used [8]. However, due to their lower ionic conductivity compared with
electrolytes based on cerium dioxide, the introduction of such blocking layers may cause a
decrease in the overall conductivity of the electrolyte membrane [9]. In this regard, the most
promising technological decision is to use a more conductive electrolyte for the blocking
layer compared with CeO2, such as stabilized Bi2O3 electrolytes [10,11].

The use of bismuth oxide as a solid electrolyte is limited by its thermodynamic in-
stability under reducing conditions—namely, the oxide is reduced to metallic bismuth
at pO2 < 10−13 atm [12]. Improving the thermodynamic stability of Bi2O3 is achieved by
doping it, for example, with Er or Y, which also makes it possible to increase its ionic
conductivity [13]. The formation of blocking layers of doped bismuth oxide on the cathode
side of the doped ceria electrolyte is aimed at reducing the internal leakage current in
the cell; on the other hand, the main ceria electrolyte prevents the reduction of bismuth
oxide by eliminating its contact with the reducing atmosphere. Studies on the effect of
a doped Bi2O3-based blocking layer on the performance of ceria electrolyte-supported
SOFCs showed the possibility of improving the maximum power density (MPD); however,
the growth in OCV was less significant than expected and achieved at a blocking layer
thickness of no less than 30 µm [14,15]. The low effect on the OCV value can be explained
by an insufficient density of Bi-containing blocking layers, which is strongly influenced
by the deposition method [16]. The highest OCV for the cell with a Sm-doped (SDC)
1 mm thick electrolyte in the range of 1.006–0.900 V at 500–800 ◦C was reached by using a
Bi1.6Er0.4O3 cathode barrier layer (30 µm) obtained using dip coating [16]. Among other
methods used for the deposition of doped Bi2O3 coatings are screen-printing [15,17,18],
magnetron sputtering [19], and pulsed laser deposition (PLD) [20].

The method of electrophoretic deposition (EPD) is promising for the formation of
various barrier layers, since this method ensures rapid formation of coatings of complex
chemical compositions on substrates of different shapes (flat or tubular) with a reproducible
coating thickness. The advantage of the EPD method is the simplicity of its technological
implementation and scalability [21–23]. The application of the EPD method is associated
with the preparation of suspensions of powder materials of various morphologies and
dispersions. The movement and deposition of powder particles in suspension on the
substrate occurs under the influence of an external electric field, which is accompanied by
the formation of a coating, which is subsequently subjected to drying and high-temperature
sintering. To the best of our knowledge, there are a few published studies on the EPD of
Bi2O3 [24,25] and BiVO4 [26,27] coatings for photo-electrochemical cells and photocatalytic
applications. However, the preparation of stable suspensions based on doped Bi2O3 with
following electrophoretic deposition on non-conductive dense electrolyte substrates is not
a covered topic. In the present work, we have for the first time carried out the formation
of a coating based on erbium-doped bismuth oxide, Bi1.6Er0.4O3 (EDB), on an SDC solid
electrolyte using the EPD method. The choice of the EDB electrolyte was based on that
fact that EDB is stable under the cathode conditions of SOFCs, as this material has been
used not only as a cathode interlayer for ceria- or zirconia-based materials [17], but also in
a nanocomposite electrolyte in a mixture with a YSZ electrolyte [28], and as a component
of composite cathodes for IT-SOFCs [29–32]. The stability of the EDB-containing structures
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was demonstrated in durability tests from 200 to 580 h. We studied the electrokinetic
properties of EDB suspensions in a non-aqueous dispersion medium, the features of the
formation and sintering of EDB coatings and their morphology, and the characteristics of a
Pt/SDC/EDB/Pt single cell in order to determine the effect of the EDB blocking layer on
the OCV values.

2. Materials and Methods
2.1. Synthesis and Characterization of the Electrolytes

Powders of Bi1.60Er0.4O3 (EDB) were synthesized using solution combustion synthesis
(SCS). Erbium oxide (Er2O3) (99.90% purity, Sigma-Aldrich, St. Louis, MI, USA), bismuth
nitrate [Bi(NO3)3*5H2O] (98.00% purity, Riedel Chemicals, Seelze, Germany), glycine
[C2H5NO2] (AMK Ltd., Russia), and citric acid [C6H8O7] (>98% purity, Weifang Ensign
Industry Co. Ltd., Weifang, China) were used as the starting raw materials. An aqueous
solution of metal nitrates in distilled water was mixed in stoichiometric ratio. Appropriate
amounts of glycine and citric acid (as fuel and complexing agents) were then added to the
mixed nitrate solution. The nitrates acted as oxidizer in the mixed solution. The molar ratio
of fuel to nitrate was set at 1.4:1 (fuel enrichment range) to ensure complete complexation of
Bi and for smooth and controlled combustion of the mixed solution of bismuth and erbium
nitrates. In addition, increasing the amount of fuel above stoichiometric (ϕ = 1) leads to an
increase in the amount of gas-phase product, which is an important factor in controlling the
product-specific surface area [33]. The ratio of glycine and citric acid was 1:1. The mixed
solution was heated on a hotplate under stirring to form a gel, which was further heated
until combustion occurred. The foam-like powder obtained after combustion was crushed
and calcined at 600 ◦C for 5 h to remove residual organics. After that, the powder was
calcined at 700 ◦C for 5 h for subsequent phase analysis.

The Ce0.8Sm0.2O1.9 (SDC) powder for the supporting electrolyte substrates was fab-
ricated with a solid-state reaction method using CeO2 (99.9% wt) and Sm2O3 (99.9% wt)
as the starting reagents. The reagents were mixed in a PM 100 planetary mill (Retsch,
St. Petersburg, Russia) in ethyl alcohol medium using plastic drums and stainless-steel
grinding bodies, dried, and then calcined in alumina crucibles at 950 ◦C (10 h) and 1050 ◦C
(10 h) with intermediate ball-milling for 1 h. After the final calcination step, the powder
was ball-milled for 1 h, dried, and dry-pressed into disks at 300 MPa. The disks were
then sintered at 1600 ◦C for 3 h. To perform XRD characterization, the SDC sintered disk
was crushed.

The XRD characterization of the obtained materials was performed using an XRD-7000
diffractometer (Shimadzu, Kyoto, Japan) in CuKα1 radiation in the 25◦ ≤ 2θ ≤ 80◦ angle
range with a scanning step of ∆(2θ) = 0.02◦ and a fixed time of 5 s at each point. The
parameters of the crystal structure of the obtained materials were refined using FullProf
Suite software [34]. The specific surface area of the EDB powder used for the suspension
preparation was determined using a SORBI N 4.1 instrument (Meta, Novosibirsk, Russia).
The morphology of the EDB powder was investigated using a JSM-6390 LA scanning
electron microscope (JEOL, Tokyo, Japan).

2.2. Preparation of the Suspensions Based on the Electrolyte Materials and Their Characterization

Suspensions based on EDB powder with a concentration of 10 g/L were prepared in
a mixed dispersion medium of isopropanol/acetylacetone (70/30 vol.%), as well as in an
isopropanol medium with the addition of polyethyleneimine (PEI, 0.26 g/L) and acetylace-
tone (0.15 g/L). EDB suspensions were sonicated using an ultrasonic bath UZV-13/150-TH
(Reltec, Yekaterinburg, Russia) at a generator power of 210 W and an operating frequency
of 22 kHz for 125 min at room temperature. The electrokinetic zeta potential and pH in the
as-prepared suspensions were measured with the electroacoustic method using a DT-300
analyzer (Dispersion Technology, Bedford Hills, NY, USA).
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2.3. Electrophoretic Deposition of the Barrier Electrolyte Layers on the SDC Substrates
and Their Characterization

Electrophoretic deposition was performed using a specialized computerized experi-
mental setup (Institute of Electrophysics, UB RAS, Yekaterinburg, Russia) with vertically
arranged electrodes. The supporting SDC electrolyte disks were polished using a diamond
disk to 550 µm in thickness and 13 mm in diameter. The substrates were cleaned in the
ultrasonic bath for 10 min and calcined at 900 ◦C for 1 h to eliminate surface contamination.
A conductive polymer film of polypyrrole (PPy) was synthesized on the surface of the SDC
substrate using chemical polymerization of pyrrole in an aqueous solution with ammonium
persulfate serving as an oxidizing agent (98%, 0.03 M), sodium salt of p-toluenesulfonic acid
serving as a dopant (97.5%, 0.03 M), and pyrrole monomer (98%, 0.03 M) [35]. To perform
the EPD process, the SDC substrate with the deposited PPy conductive polymer film was
placed on the EPD cell cathode electrode at a distance of 10 mm from the stainless-steel
counter electrode, which was 12 mm in diameter. The deposition was performed in the
constant voltage mode, and current strength during the deposition process was controlled
using an Intelligent Digital Multimeter UNI-T UT71E (Uni-Trend Technology, Guangdong,
China). The morphology of the surface of the deposited layers was examined using an
ST-VS-520 optical microscope (Yekaterinburg, Russia). The microstructure and element
composition of the deposited films were studied by means of a JSM-6390 LA scanning
electron microscope (JEOL, Tokyo, Japan) equipped with a system of energy-dispersion
X-ray microanalysis (EDX).

2.4. Single Cell Fabrication and Electrochemical Characterization

To study the effect of the EDB blocking layer on the OCV values, a Pt/SDC/EDB/Pt
single cell was fabricated. Platinum electrodes with an effective area of approximately
0.3 cm2 were paint-brushed symmetrically on both sides of the SDC electrolyte disks with
the deposited and sintered EDB barrier coating. The electrodes were sintered at 900 ◦C
for 2 h. To reduce polarization resistance of the electrodes, they were activated through
impregnation with an ethyl alcohol solution of Pr(NO3)3 (99.9% wt) (cathode side) and
water solution of Ce(NO3)3 (99.9% wt) (anode side). Nitrate decomposition was performed
at 600 ◦C for 2 h, with a rate of heating/cooling of 100 ◦C/h.

The measuring cell consisted of the YSZ tube with deposited Pt electrodes serving as
electrochemical pump and sensor. The Pt/SDC/EDB/Pt cell was fixed on the top of the
measuring YSZ cell, with the Pt anode activated with Ce inside and the Pr cathode activated
with Pr outside the YSZ tube. The sample was first fixed using Aremco Ceramabond™ 571
(Aremco Products Inc., Valley Cottage, NY, USA) and then adhered tightly to the tube using
a high-temperature sealant through heating up to 930 ◦C, with a holding time of 10 min,
and a heating/cooling rate of 150 ◦/h. The electrochemical study was performed using a
B2901A precision source/measure unit (Keysight, Santa Rosa, CA, USA). The spectra under
the OCV conditions were collected using a Parstat 3000A potentiostat/galvanostat (Ametek
Scientific Instruments, Newark, NJ, USA) at 30 mV in a frequency range of 2 MHz–0.1 Hz,
30 points per decade. Z-View2 software (version 3.5i, 2021, Scribner Associates, Southern
Pines, NC, USA) was used to fit the obtained spectra.

To start the measurements, the cell was heated up to 600 ◦C and then the oxidizing
atmosphere in the anode channel (inside the tube) was gradually replaced with argon and
then with humidified hydrogen (3% H2O, 5 L/h flow rate). The air was pumped to the
cathode side at a rate of 5.7 L/h. After the establishment of the necessary atmosphere in
the anode channel, the EMF measurements using the electrochemical sensor placed on the
YSZ-based measuring cell at 600 ◦C were equal to 1120 mV, which is characteristic for the
YSZ electrolyte [36]. The measurements were carried out at 600–850 ◦C by sequentially
recording the OCV values on the Pt/SDC/EDB/Pt cell, the cell impedance spectrum under
OCV conditions, and the cell volt-ampere characteristics. The polarization and ohmic
(IR) resistance of the cell were measured using the current interruption method with an
RTM3004 oscillograph (Rohde & Schwarz, Munich, Germany).
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3. Results and Discussion
3.1. Characterization of the Electrolyte Powder Materials

The results of the XRD characterization of the EDB and SDC electrolyte materials
are represented in Figure 1. The materials were single-phase and exhibited a cubic-type
structure (Table 1), with the unit cell parameters being close to those presented in the
literature [5,37,38].
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Table 1. Structural characteristics of the EDB and SDC electrolyte materials.

Electrolyte Material Crystal Lattice Type, Space Group Lattice Parameters, Å

EDB cubic, Fm-3m a = 5.4960(1)
SDC cubic, Fm-3m a = 5.4324(3)

The powder after synthesis was characterized by the formation of large agglomerates
up to 10 µm in size, consisting of irregularly shaped submicron particles (Figure 2a). EDX
analysis revealed the uniform distribution of elements in the particles (Figure 2b,c). Along
with the presence of agglomerates, the EDB powder was also characterized by the presence
of individual particles with a size of 0.1 µm or greater. The morphological inhomogeneity
of the powder can lead to an uneven distribution of electrolyte powder particles over
the substrate surface and subsequent multidirectional sintering in different parts of the
surface during the formation of the EDB electrolyte layer. The crystallite size of the powder
calcined at 700 ◦C, as determined by the Scherrer formula, and was about 175 nm. The
powder was additionally ball-milled for 1 h in an ethanol medium. After that, the specific
surface area of the EDB powder reached 3 m2/g with an average particle size of 222 nm,
calculated according to [39].
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3.2. Preparation of Suspensions for EPD and Study of Kinetic Properties

The electrokinetic properties of suspensions of the EDB powder (10 g/L) in an iso-
propanol/acetylacetone (70/30 vol.%) dispersion medium were studied after ultrasonic
treatment (UST) for 5–125 min; the results are presented in Table 2. A slight increase in the
zeta potential of up to +20 mV during ultrasonic treatment for 125 min was noted, while
the pH shifted from 6.8 to 6.2, which characterizes a change in the ionic composition of the
suspension due to improved solvation of the particles by the dispersion medium. In the
course of the experiments, another variant of the composition of the dispersion medium
for the preparation of the EDB suspension was used: isopropanol with the addition of
polyethyleneimine (PEI, 0.26 g/L) and acetylacetone (0.15 g/L). The EDB suspension prepa-
ration was carried out in the following sequence. First, the EDB powder was introduced into
an isopropanol medium with the addition of PEI (0.26 g/L), and UST was performed for
125 min. After that, the measured zeta potential value was +10 mV at pH = 11.0. However,
in a suspension of EDB in an isopropanol medium with the addition of PEI, the deposition
process did not occur. In the second step of the preparation, the resulting suspension was
further modified by the addition of a small amount of acetylacetone (0.15 g/L). The amount
of acetylacetone added as a dispersant was calculated on the specific surface of the EDB
powder, namely in the amount of 5 mg/m2. The principles of introducing acetylacetone as
a dispersant were described in our recent study [40]. After the addition of acetylacetone
(0.15 g/L) to the suspension of EDB in isopropanol with PEI and UST for 125 min, the
zeta potential and pH values were +9 mV and 10.5, respectively. Despite the addition of
acetylacetone having no significant effect on the values of the zeta potential and pH, the
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modification of the EDB suspension with the addition of the acetylacetone dispersant made
it possible to carry out the EPD process.

Table 2. Electrokinetic properties of the EDB suspensions (10 g/L) in various dispersion media:
isopropanol/acetylacetone (70/30 vol.%); isopropanol-PEI; isopropanol-PEI-HAcAc.

Suspension UT, min Zeta Potential, mV (pH)

EDB isopropanol/
acetylacetone 70/30 vol.%

5 +16 (6.8)
25 +19 (6.6)
125 +20 (6.2)

EDB isopropanol-PEI 125 +10 (11.0)

EDB isopropanol-PEI-HAcAc 125 +9 (10.5)

3.3. EPD from the EDB Suspensions on a Model Ni Foil Substrate

The selection of EPD modes was carried out on the basis of preliminary experi-
ments on the deposition of the EDB powder from the prepared suspension in the iso-
propanol/acetylacetone 70/30 vol.% medium onto a model electrode (Ni foil). The depen-
dences of the EDB coating thickness on the voltage at a fixed deposition time (1 min), as
well as at a constant voltage of 80 V and various deposition times, are shown in Figure 3. A
steady increase in the thickness of the EDB coating was observed in the voltage range of
50–80 V (Figure 3a). The dependence of the coating thickness on time (Figure 3b) was close
to linear.
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A continuous EDB coating on the model substrate was formed at a voltage of 80–100 V
(Figure 4a), while at lower voltages an inhomogeneous network coating appeared (Figure 4b).
According to the obtained results, for the following deposition on the SDC substrate an
EPD mode of U = 80 V and t = 1 min was chosen to obtain a continuous EDB coating with a
thickness of 5 µm. The deposition current was ~0.1 mA.

The same scheme was used to study the effect of EPD modes on the coating thickness
on a model electrode (Ni foil) deposited from the EDB suspension in an isopropanol
medium modified with PEI and acetylacetone. The results are shown in Figure 5.

At a voltage of more than 80 V, the growth of the EDB coating thickness was accelerated
(Figure 5a); an increase in the deposition time to more than 4 min led to a slowdown in the
growth of the coating thickness (Figure 5b). It was established that to obtain a continuous
EDB coating, the deposition must be carried out at a voltage of at least 80 V, and to obtain
a thickness of 5 µm, the deposition time must be ~2 min (Figure 6a). Lower voltages
and deposition times (e.g., 30 V and 1 min) resulted in a non-uniform coating structure
(Figure 6b). Based on the results obtained, for the following experiments a deposition mode

116



Coatings 2023, 13, 1053

of U = 80 V and t = 2 min was chosen to obtain a 5 µm thick EDB coating from a suspension
in isopropanol with PEI and acetylacetone additives. The deposition current was 0.1 mA.
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3.4. Formation of EDB Coatings on the Dense SDC Electrolyte Substrates

The implementation of the EPD method is related to the need to use a conductive
substrate. Using EPD on non-conductive dense (solid-state electrolyte membranes) or low-
porosity (NiO-based cermet anodes) substrates is possible by creating a conductive sublayer
on their surface. Creating surface conductivity can be achieved through the deposition of
conductive graphite layers [41–43], through metallizing the substrate surface with silver or
platinum [44], or through the deposition of a polypyrrole (PPy) coating [45]. The synthesis
of PPy was chosen in this study. It is known that PPy films exhibit conductivity sufficient
for EPD (~500 S/m) and a small thickness, which ensures the integrity of the electrolyte
coating when burning PPy during sintering [35,46,47]. In this work, a conductive PPy
film was synthesized on the surface of the dense SDC substrate through the chemical
polymerization of a pyrrole monomer using the reagents described in Section 2. The
reagents were intensively mixed at 0 ◦C to obtain a homogeneous reaction mixture, into
which the SDC substrate was immersed immediately after the start of synthesis. Chemical
polymerization of PPy occurs according to the following reaction:
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The thickness of the resulting PPy sublayer was approximately 0.5 µm. On the
SDC substrate with a PPy sublayer, the EDB barrier coating was deposited from the
isopropanol/acetylacetone-based suspension in the constant voltage mode of U = 80 V and
t = 1 min (Sample EDB-1). The EDB layer was dried at room temperature in a Petri dish.
The thickness of the dried coating was 6 µm. The coating was sintered at a temperature of
850 ◦C for 5 h in a closed crucible with the EDB powder being poured around the substrate.
The EDB coating was uniform and crack-free in the central zone of the substrate (Figure 7a),
but breaks in the coating were observed along the edges of the SDC substrate. An attempt
was made to close the formed defects in the coating by applying the second EDB layer
with EDB. The deposition was carried out according to a similar scheme: a PPy layer
was synthesized on the surface of the sintered EDB layer and the second EDB layer was
deposited (U = 80 V and t = 1 min), followed by being dried and sintered at a temperature
of 850 ◦C for 5 h. The total thickness of the EDB coating after two deposition–sintering
cycles was 11 µm. However, as a result, a net of breaks was observed on the surface of the
sintered coating (Figure 7b).

The formation of cracks and breaks in the EDB coating of the EDB-1 sample may be
associated with the effect of shrinkage of the EDB electrolyte material. However, indi-
vidual fragments of the EDB electrolyte layer had a sintered structure, which allowed us
to conclude that the selected sintering temperature of 850 ◦C is sufficient. To reduce the
degree of shrinkage and evaporation of the EDB electrolyte material during sintering, we
carried out additional annealing of the initial EDB powder at a temperature of 650 ◦C for
1 h. However, it was found that the annealed powder was not suitable for the preparation
of a stable suspension in the isopropanol/acetylacetone 70/30 medium vol.%, and subse-
quent deposition from this suspension did not occur. Based on the results obtained, the
composition of the dispersion medium was changed; namely, the powder was dispersed in
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an isopropanol medium with PEI and acetylacetone additives, as described in Section 3.2.
The following formation of the EDB barrier layer was carried out on an SDC substrate with
a PPy sublayer with two deposition–sintering cycles (EDB-2 sample). In the first deposition
cycle, a 5 µm thick EDB barrier layer was obtained in the EPD mode at a constant voltage
of 80 V for 2 min, after which it was dried and sintered at a temperature of 850 ◦C for
5 h. The surface SEM image of the resulting EDB coating is shown in Figure 8. The EDB
was not continuous; however, no breaks in the material or delamination of the coating
were observed. The non-continuity of the coating was probably caused by shrinkage of the
EDB electrolyte material during sintering. Therefore, to heal the defects, a second cycle of
deposition–sintering was carried out.
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Figure 7. Optical image of the surface of the sintered coating of the EDB electrolyte (sample EDB-1,
Tsint = 850 ◦C, 5 h), obtained from a suspension in isopropanol/acetylacetone 70/30 vol.%, on a
dense SDC substrate: (a) after EDB and sintering the first layer 6 µm thick; (b) after the second cycle
of deposition–sintering of the EDB coating with a total thickness of 11 µm.
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Figure 8. SEM image of the surface of the EDB coating (first deposition–sintering cycle) on the
SDC substrate (EDB-2 sample, Tsint = 850 ◦C, 5 h) obtained using EPD from an EDB suspension in
isopropanol with PEI and acetylacetone additives: (a) surface, ×500; (b) integral map of elements’
distribution; (c) individual element’s maps.
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The second EDB layer was deposited in the same EPD mode, and a total coating
thickness of 12 µm was obtained. The obtained EDB barrier layer on the EDB-2 sample
did not contain breaks or cracks in the coating (Figure 9). This sample was used for the
subsequent fabrication of a single button cell and its electrochemical characterization.
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the SDC substrate (EDB-2 sample, Tsint = 850 ◦C, 5 h) obtained using EPD from EDB suspension in
isopropanol medium with PEI and acetylacetone additives: (a) surface, ×300; (b) integral map of
elements’ distribution; (c) individual element maps.

3.5. Electrochemical Testing of Single SOFCs with a Supporting SDC Electrolyte Membrane
and EDB Electrolyte Coating Applied Using EPD on the Cathode Side

For electrochemical characterization of the SDC electrolyte with an EDB barrier layer,
a Pt/SDC/EDB/Pt cell was fabricated, as described in Section 2.4. The current–voltage
characteristics were collected in the temperature range of 600–850 ◦C and the MPD values
were calculated. Additionally, the polarization and ohmic (IR) resistance of the cell were
measured using the current interruption method. The results are shown in Figure 10a,b,
respectively. The main characteristic of the cell is the constant increase in the MPD values
up to 850 ◦C, which is not typical for cells with supporting MIEC electrolytes. Usually,
the cell performance decreases at temperatures higher than 800 ◦C due to the reduction of
ceria in the anode conditions, which becomes significant at such high temperatures [5,48].
The MPD values are 12.6, 58.9, 101.2, 187.3, and 293.2 mW cm−2 at temperatures of 600,
700, 750, 800, and 850 ◦C, respectively. The obtained values are much higher than those
obtained by Wachsman et al. in a cell with a supporting SDC electrolyte with an Er-doped
Bi2O3 barrier layer and Pt/Au electrodes (51 mW cm−2 at 800 ◦C [14]) due to the reduction
in the total electrolyte thickness from 800 to 562 µm. The OCV values obtained in this
study were in the range of 725–750 mV and were close to those obtained for cells with
doped Bi2O3 layers of similar thicknesses deposited with dip coating [16]. It should be
noted that the polarization resistance of Pt electrodes was quite high and exceeded the
ohmic resistance contribution even at such a high temperature as 750 ◦C. Due to the low
sintering temperature established in this study for the EDB layer deposited using EPD,
for future studies it would be preferable to use composite electrodes with Bi2O3 additives
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with reduced sintering temperatures that have been developed in various studies [49,50],
including our own [51], which possess excellent electrochemical activity at decreased
temperatures (polarization resistance as low as 0.6 Ω cm2 at 600 ◦C [3]). This is important,
as electrode polarization influences not only the cell performance, but also the OCV value.
Thus, the replacement of the model Pt cathodes used in this study would help further
improve the cell performance.
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Figure 10. Electrochemical characterization of the Pt/SDC/EDB/Pt electrolyte-supported cell: (a) 
volt-ampere characteristics and cell power density; (b) ohmic and polarization cell resistances meas-
ured with the current interruption method. 

To obtain information about the contributions of the electrolyte and the electrodes, 
the impedance of the cell was measured under air in both channels (designated as “Air”) 
and under OCV conditions with air and wet hydrogen (3% H2O) in the cathode and anode 
channels, respectively (designated as “SOFC mode”). The typical spectra are presented in 

Figure 10. Electrochemical characterization of the Pt/SDC/EDB/Pt electrolyte-supported cell:
(a) volt-ampere characteristics and cell power density; (b) ohmic and polarization cell resistances
measured with the current interruption method.

To obtain information about the contributions of the electrolyte and the electrodes,
the impedance of the cell was measured under air in both channels (designated as “Air”)
and under OCV conditions with air and wet hydrogen (3% H2O) in the cathode and anode
channels, respectively (designated as “SOFC mode”). The typical spectra are presented
in Figure 11. Although the single-cell impedance was fairly complicated, the intercept
of the impedance arc at the low-frequency side with the real axis usually embodies the
overall cell resistance (R), while the inflection point on the impedance spectra at the high-
frequency section represents the serial resistance (Rhf), which includes the electrolyte ohmic
resistance as the main component, as well as the electrode/electrolyte interface resistance
and the lateral resistance of the electrodes. Therefore, the difference between two intercepts
represents the overall polarization resistance (Rp) from both the anode and cathode.
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Table 3 summarizes the cell ohmic resistance and the polarization resistance of the
electrodes, as well as the overall percentage of the ohmic resistance to the total resistance
at different temperatures. The electrolyte ohmic resistance accounted for 44 and 49% of
the total cell resistance at 850 ◦C, while at 600 ◦C it was only 3 and 16%. The presence of
electronic conductivity in the electrolyte in the SOFC mode facilitates electrode reactions,
thus decreasing Rp. Thus, as we mentioned above, at decreased temperatures, electrode
polarization is the main deteriorating factor for the cell considered in this study. This agrees
with data obtained using the current interruption method. Nevertheless, it should be noted
that the Rp values of the cell presented in this study were significantly lower than those
observed by Wachsman et al. [14], which ranged from 2 to 2.9 Ω cm2 at 800 ◦C depending
on the EDB thickness. This result is due to the electrode activation used in the study.

Table 3. Pt/SDC/EDB/Pt cell characteristics calculated from the EIS data.

Temperature
Air (Anode)/Air (Cathode) Hydrogen (Anode)/Air (Cathode)

Rhf, Ω cm2 Rp, Ω cm2 Rhf/(Rhf + Rp) ×100, % Rhf, Ω cm2 Rp, Ω cm2 Rhf/(Rhf + Rp) ×100, %

850 - - - 0.21 0.15 58
800 0.49 0.67 44 0.30 0.31 49
750 0.70 1.27 36 0.49 0.78 39
700 1.04 3.41 23 0.83 1.96 30
650 1.68 20.95 7 - - -
600 2.72 95.93 3 2.08 12.09 16

The electrolyte conductivity was calculated from the EIS data as follows:

σel = h/Rh f

where h is the total electrolyte thickness, including the supporting SDC electrolyte and
the EDB coating. Figure 12 shows a comparison of the Arrhenius dependence of the
conductivity with those obtained for SDC electrolytes without and with various barrier
layers formed by EPD [9,15]. In the SOFC mode, the electrolyte conductivity is lower than
that of SDC without electron-blocking layers and with a BaCe0.8Sm0.2O3 + 1 wt. % CuO
(BCS-CuO) anode barrier layer. However, it is similar to that of SDC with an Y-doped
Bi2O3 coating, thus demonstrating the superior effectiveness of Bi-based cathodes to block
electrons. In air, the SDC-EDB conductivity is higher than that of the SDC electrolyte
due to the higher conductivity of EDB, and lower than that of BCS-CuO-SDC due to
electronic conductivity in the BCS-CuO electrolyte under air conditions. The deposition
of an EDB layer results in increasing the electrolyte conductivity; however, it does not
change the activation energy of its conductivity (values are shown in Figure 12 using the
relevant colors).

3.6. Microstructural Characterization of the SDC/EDB Electrolyte after Testing in the SOFC Mode

Figure 13 shows the SEM image of a Pt/SDC/EDB/Pt cell after testing in the SOFC
mode. As shown in Figure 13a, the EDB layer has a dense sintered structure, and the
layer thickness is in the range of 5–7 µm, which is lower than the calculated one. Good
adhesion between the EDB layer and the SDC substrate should be noted, and this was
maintained after three days of testing. Diffusion of bismuth cations was observed in the
bulk of the SDC substrate. The inhomogeneity of the EDB layer may be related to its partial
evaporation during the sintering process as well as baking of the Pt electrodes. However,
the effect of the EDB layer manifested itself on the conductivity and power characteristics
of the Pt/SDC/EDB/Pt cell (Figures 11 and 12). It should also be noted that the EDB
layer obtained using EPD had a superior density compared with Bi-containing coatings
obtained with screen-printing [15,20,52]. In general, obtaining dense Bi-containing layers is
a challenging task, which can mainly be realized through complicated physical methods
such as PLD and magnetron sputtering [20]. In this sense, a simple and inexpensive method
of electrophoretic deposition offers undoubted advantages.
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4. Conclusions

In the present work, we studied the electrophoretic formation of an EDB electron-
blocking coating on a supporting SDC electrolyte using a sublayer of a conductive polymer,
polypyrrole. A variant of preparing a suspension of EDB powder based on isopropanol
with small additions of polyethyleneimine (PEI, 0.26 g/L) and acetylacetone (0.15 g/L) is
proposed to obtain continuous EPD coatings and eliminate cracking of the coatings after
sintering at a temperature of 850 ◦C for 5 h. The electrokinetic properties of suspensions
based on the EDB powder were studied. A non-sintered electrophoretically deposited
EDB coating with a thickness of 12 µm was obtained; after sintering (850 ◦C, 5 h), the
thickness of the EDB coating was 5–7 µm. The EDB coating was characterized by a dense
sintered structure, the absence of pores, and good adhesion to the SDC substrate, including
after testing in the SOFC mode for three days. Inhomogeneity in the thickness of the EDB
coating after sintering was noted due to the partial evaporation of bismuth oxide. On
the fabricated Pt/SDC/EDB/Pt SOFC cell, a monotonic increase in the maximum specific
power with an increase in temperature up to 850 ◦C was noted. Therefore, the applied
electron-blocking EDB layer decreased the effect of CeO2 reduction from the anode side at
high temperatures on the cell performance. The MPD values were 12.6, 58.9, 101.2, 187.3,
and 293.2 mW cm−2 at temperatures of 600, 700, 750, 800, and 850 ◦C, respectively. The
OCV values of the cell were not high; namely, they were in the range of 725–750 mV at
temperatures of 600–850 ◦C. We suppose that such low values are due to high electrode
polarization and can be improved by using electrodes that are highly active at lower
temperatures. Measurements of the Pt/SDC/EDB/Pt cell showed that the conductivity in
the SOFC mode decreased with respect to the Pt/SDC/Pt cell due to the blocking effect of
the EDB layer. However, in air, the conductivity of the Pt/SDC/EDB/Pt cell was higher
due to higher conductivity of the EDB layer. The results obtained within the framework of
this study revealed that the EPD method can be considered as a promising technology for
the formation of barrier layers based on highly conductive doped bismuth oxide, such as
in SOFC technology, as well as in other application fields.
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Abstract: Fe-W-P coatings were deposited from a newly developed electrolytic bath. The effect
of plating parameters, such as electrolyte current density and pH has been studied. It was found
that the pH has a very strong effect on the phosphorous content of the coatings. Metallic-like, non-
powdery alloys of Fe-W-P deposits with no cracks (lowly stressed) can be obtained at a lower pH
(<3), exhibiting high phosphorus (up to 13 at.%) and low tungsten (6 at.%) contents. At a higher
pH (>3), the composition changes to low phosphorus and high tungsten content, showing a matte,
greyish, and rough surface. The applied current density also influences the morphology and the
amount of phosphorous content. The deposits showed an amorphous structure for all samples with
soft ferromagnetic properties.

Keywords: electrodeposition; Fe-W-P alloy; hydrogen evolution; pH; soft magnetic

1. Introduction

The current trends towards the reduction of hazardous procedures and cost competi-
tiveness become dominant in many new applications such as in micro-electromechanical
systems (MEMS) and nano-electromechanical systems (NEMS). Amorphous iron group
coatings with phosphorous or/and tungsten are of industrial interest due to their soft
magnetic behaviour, application in recording media, sensors, data storage media, inductive
devices, and transformer cores [1–6]. It has been shown that the addition of phosphorous
can improve the magnetic properties of electrodeposited coatings [7,8]. A detailed study
based on electrochemical in-situ techniques led to a mechanistic understanding of the Fe-P
alloy electrodeposition [9]. An increase of the P content exerts a beneficial effect on the
corrosion resistance [10,11].

The addition of P in Co-W and Fe-W coatings results in compact and dense layers
with decreased grain size [12–16]. The presence of W in Fe-P alloys significantly improves
properties such as hardness, heat stability, wear resistance, corrosion protection, and
magnetic characteristics [15,17–20]. This Fe-W-P coating can compete with the high-cost
Ni-W-P alloy used in decorative finishing, and can be considered as an alternative to Cr,
which is produced in the hazardous process based on Cr(VI) [21].

The electrodeposition of W can only take place in the presence of iron group metals
through an induced co-deposition [13,22]. Most Fe-W-P alloys studied so far exhibit the
presence of a higher amount of W and a low P content. These coatings are generated
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from electrolytes containing Na2WO4·2H2O, as a W source at a moderate alkaline pH (~8).
Some authors obtained Fe-W alloys by means of electrodeposition in citrate-containing
solutions [7,8,17,18,22]. A generally accepted mechanism for induced co-deposition of W
with iron group metals (M) in the presence of citrate implies the formation of M(II)-citrate
complexes, which favours tungstate reduction to adsorbed species composed of W oxides
with citrate complexes [21,22].

Considering the numerous advantages of Fe-P coatings with high P content [9–11],
the aim of this work is to explore a new electrolytic bath using sustainable or low quantity
hazardous materials, which leads to an increase in the P content in Fe-W-P alloys. Previous
studies reported the formation of alloys, where the P content dominates over W. There-
fore, we describe the use of a new source of elements and the influence of the chemical
environment on the final alloy composition.

2. Materials and Methods

The electrolyte components for Fe-W-P electrodeposition are shown in Table 1. Ana-
lytical grade chemicals and deionized water were used. The pH was adjusted to 3 and 4 by
the addition of H2SO4 and NaOH. All electrodeposition experiments were carried out at
60 ◦C.

Table 1. Bath composition.

Components Molarity/M Concentration/gL−1

FeSO4·7H2O 0.72 200
H2PO4·12WO3·H2O 0.02 60

Citrate 0.39 100
Glycine 0.64 48

NaH2PO2·H2O 0.08 7
(NH4)2SO4 0.45 60

The Electrochemical Quartz Microbalance (EQMB) measurements were performed
with a three-electrode system equipped with an EQCM module (Autolab PGSTAT, Metrohm,
Filderstadt, Germany). 6 MHz AT-cut quartz crystals were coated with 100 nm thick gold
layers. An area of 0.384 cm2 was exposed. A gold coil was used as a counter electrode
and a Ag/AgCl/3M KCl electrode was used as a reference electrode (+0.21 V vs. standard
hydrogen electrode, SHE) [23]. For easier data evaluation the potentials are presented
versus the SHE as USHE. The gold surface was cleaned by cycling in 0.1 M H2SO4 solution.

Galvanostatic deposition experiments were performed in a beaker of 0.3 l without
stirring. A brass plate served as a substrate. All samples were rinsed in 0.1 M H2SO4 before
deposition. The thickness of the electrodeposited coatings varied between 11 and 15 µm.
The thickness was calculated based on weight elemental analyses of the electrodeposited
alloys [24]. The reference electrode was Ag/AgCl/3M KCl (+0.21 V vs. standard hydrogen
electrode, SHE) [23]. As the counter electrode served a steel plate (SAE 304). It exposed
~30 cm2 to the electrolyte and was positioned parallel to the working electrode at a distance
of ~10 cm. The current efficiency of the alloy deposition was determined by Faraday’s
law [25].

The coating surfaces were characterized with a scanning electron microscope (Hitachi
FEG-SEM S4800, Tokyo, Japan) equipped with EDX for elemental analysis. An acceleration
voltage of 5 kV was used for the imaging mode, and a voltage of 20 kV for the EDX mode.
The vacuum pressure in the specimen chamber was of the order of 10−4 Pa. Crystallo-
graphic information was obtained by means of an X-ray diffractometer (Bruker AXS D8,
Karlsruhe, Germany) operated with Cr Kα radiation (λ = 2.0821 Å) at 35 kV and 40 mA,
respectively.

Hysteresis loops were performed at room temperature using a vibrating sample
magnetometer (EZ9 Microsense, LOT Quantum Design, Darmstadt, Germany) with a

128



Coatings 2023, 13, 801

maximum magnetic field of 20 kOe. The loops were measured applying the field along the
in-plane direction of the films.

3. Results and Discussions

The development of the presently investigated Fe-W-P electrolytic bath was based on
electrolytes for the deposition of semi-amorphous, smooth, porous free Fe-P alloys [11]. To
obtain a stable Fe-W-P electrolyte for long-term use, an acidic solution with the tungsten
source phosphotungstic acid (PTA; H2PO4·12WO3·H2O) was chosen in the present study,
which had not been used before. The conjugate base of this heteropoly acid is the oxyanion
PW12O40

3−, where W has an oxidation state of +6 [26]. PTA decomposes with increasing
the pH [26,27].

3.1. Electrochemical Quartz Microbalance

The Fe-W-P alloy co-deposition was studied by the electrochemical quartz microbal-
ance (EQMB). The measurements were performed to evaluate the influence of pH on the
Fe-W-P deposition, compared to the Fe-W alloy deposition (Figure 1). The standard poten-
tials of the Fe/Fe2+ electrode (U◦ = −0.44 V [28]) and the phosphorous deposition either
from hypophosphate (oxidation state +1) [29],

H3PO2 + H+ + e−
 P + H2O (U◦ = −0.51 V), (1)

or from phosphotungstic acid (oxidation state +5) [29],

H3PO4 + 5H+ + 5e−
 P + 4H2O (U◦ = −0.40 V) (2)

are close to each other.
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An EDX analysis of a deposit from an electrolyte without hypophosphate (NaH2PO2·H2O)
resulted in practically zero (0.2–0.3 at.%) P content, even though phosphate was present
in the form of H2PO4·12WO3·H2O (comp. Table 1). In this case, the W content indicated
6–8 at %.

A negative potential scan in the Fe-W and the Fe-W-P baths at pH 3 resulted in a nega-
tive current wave at ca. −0.4 V (Figure 1a), which can be interpreted as hydrogen evolution
supported by the measured charge density |∆q| [9]. The absence of any frequency change
(∆f), i.e., any mass increase, indicates the generation of a gas uncoupled from the surface.
With a negative potential of −0.85 V, co-deposition of the alloy components is indicated by
a mass and current increase. The phosphotungstic acid contains W in the oxidation state
of +6 (comp. WO3). Its reduction to elementary tungsten occurs via the following partial
steps [30]:

WO3 + 2H+ + 2e−
 WO2 + H2O (U◦ = −0.036 V) (3)

WO2 + 4H+ + 4e−
 W + 2H2O (U◦ = −0.119 V) (4)

The respective Nernst potential of the W formation Equation (4) at pH 3 and 4, respec-
tively, is approximately −0.8 V, which is close to the appearance potential of the Fe-W-P
alloy (Figure 1). The hydrogen evolution is enhanced by lowering the pH, as seen by the
increase of the j-wave and the charge increase negative of ca. −0.40 V.

The anodic stripping peaks of the alloys exhibit an asymmetry indicating the formation
of a passive layer, most probably due to tungsten oxides, so that the potentiostat cannot
compensate for the IR drop between the working and the reference electrodes. This
phenomenon has not been observed without W [9]. After the abrupt decay of the anodic
stripping peak, approximately 30–40% of the alloy mass remained. In the course of the
further anodic potential scan this mass is further reduced practically without any charge
transfer due to the chemical dissolution (hydrolysis) of the passive W phases [31], e.g.,

WO3(s) + H2O→ H2WO4(aq) (5)

or
WO3(s) + OH− →WO2

4−
(aq) + H+ (6)

3.2. Influence of pH, P and W on the Coatings

A composition analysis was performed on the electrodeposited Fe-W-P coatings. The
P and W content varies by changing the pH, as shown in Figure 2a. The current density
shows a minor influence except in the case of P at low j. The reduction of pH from 4 to 3
leads to an increase in P and W contents [32]. At a higher H+ concentration, the solubility
of H3PO2(aq) and H3PO4(aq) species is higher [33] supporting a higher P deposition rate.
Moreover, an increase in H+ supports the reduction reaction of both P and W according
to Equations (1), (3) and (4). The current efficiency (η) is higher in a less acidic electrolyte,
i.e., at pH 4, and is more or less unaffected by the change in current density (Figure 2b).
This can be explained by a lower hydrogen evolution competing with the alloy deposition
(comp. Figure 1b). In case of an electrolytic bath at pH 3, the current efficiency increases
with higher current density [32]. The lowest current efficiency is observed at a current
density of 30 mA cm−2 and pH 3 (Figure 2b) resulting in a slow deposition rate of the alloy
and a maximum P content of ca. 13 at.% (Figure 2a).
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on the electrodeposition current density j at two acidic pH values. (b) Dependence of the current
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pH values.

The SEM images of the alloy show the effect of the pH and current density (Figure 3).
The observed layer morphology is controlled by the competition between hydrogen bubble
evolution, bubble detachment, and the layer growth. pH and j control η [32] (Figure 2b). A
low η value indicates a high rate of H+ reduction, a vigorous hydrogen gas evolution, and
therefore a fast bubble detachment [34].

At pH 4, η is relatively high and practically independent of j. The H2-bubble formation
and detachment are relatively slow, so that an overgrowth of the rapidly depositing Fe-W-P
alloy leads to partially cracked film bumps which appear hollow (Figure 3). A powdery
dark greyish coating character is observed by the naked eye. Additionally, the SEM
resolution is limited due to charging of the low conductivity deposit. This phase with
low P content (Figure 2) exhibits an enhanced corrosion/oxidation rate [10,11] so that its
conductivity drops.

At pH3, the bumps are not cracked. η is relatively low and the bubble formation
and detachment is extremely vigorous. Therefore, the overgrowth of attached H2-bubbles
could not take place. The good resolution of the SEM images at all magnifications indicates
low charging, suggesting a high conductivity of the coating with an obviously low oxidic
conversion overlayer. The naked eye aspect is glossy and not powdery. For this reason, this
coating type (pH3) is further investigated in the following.

The elements’ partial current distribution, je, of the corresponding element “e”, i.e., Fe,
W, and P, were determined at pH 3 (Figure 4). The partial current densities were estimated
from the EDX data and the weighed coating mass [11]. je as a function of the overall current
density, shows that the current efficiency η of electrodeposition was increasing with j. je
of the hydrogen evolution (side reaction) is much less affected by j than all other alloy
components [34]. The exceptionally high P content at 30 mA cm−2 and pH3 (Figure 2a) can
be understood on the basis of the evaluation in Figure 4. The relative deposition rate of Fe
is much lower than that of P and W. At j > 30 mA cm−2, all elements show a practically
similar deposition rate increase with j.
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(side reaction), j vs. the applied current densities. pH 3.

XRD results of the Fe-W-P coatings are presented in Figure 5. The three samples show
an amorphous structure, as indicated by the presence of a broad peak from 65◦ to 75◦. This
peak appears towards lower angles with respect to the 2θ (110) reflection characteristic of
bcc-iron (i.e., 68.78◦). This is due to the W substitution in the bcc-iron lattice, resulting in an
increased lattice parameter [20]. The only visible crystalline peak corresponds to the brass
substrate. The varying intensities of the brass peak for the various at.% P are due to the
respective coating thicknesses.
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Figure 5. X-ray diffractograms of the Fe-W-P coatings deposited with increasing P content.

3.3. Magnetic Properties

Previous studies showed that the amounts of W and P in this type of alloy have
an influence on the magnetic properties of the coatings [18,35–37]. In particular, the
coatings are soft magnetic (with almost negligible coercivity) when the W or P contents are
beyond 20 at.%. In the present study, magnetic measurements were performed applying
the magnetic field in the plane of the films (Figure 6). The obtained results reveal that the
Fe-W-P alloys are soft magnetic with coercively values lower than 25 Oe, although the
percentages of the non-metallic element P in the alloy compositions were lower than 20 at.%.
This is probably due to a negligible magnetocrystalline anisotropy, as was reported for other
amorphous or nanocrystalline alloys containing a non-ferromagnetic element [38,39]. The
addition of non-metallic elements P to Fe and W also leads to a reduction of the saturation
magnetization, Ms [35].
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with an external magnetic field applied along the in-plane direction.

For example, Figure 6 compares two alloys with the same amount of W (6 at.%)
and different P contents. All deposited samples exhibit low ferromagnetic signals, i.e.,
Ms = 20−40 emug−1. The reason for such low Ms could be that a mixture of non-ferromagnetic
and weakly ferromagnetic regions co-exist in the coatings [35]. The increase of the P content
significantly changes the shape of the loop (making it more square-like) and increases
coercivity (i.e., from 3 to 24 Oe, for P contents of 8 and 13 at %, respectively).

4. Conclusions

A novel sustainable electrolytic bath has been developed yielding a higher content of P
in amorphous smooth, porous-free Fe-W-P alloys. The stable electrolyte consists of an acidic
solution with the W source phosphotungstic acid. The Fe-W-P alloy co-deposition was
studied by the electrochemical quartz microbalance (EQMB) and EDX analysis. Hydrogen
evolution takes place at a negative value of less than −0.4 V (SHE) at a pH of 3 and/or
4, indicating a moderate overpotential vs. the Nernst potential. For a negative potential
of −0.85 V co-deposition of the alloy components was evident from a mass and current
increase. The overpotential of the W deposition was low (~−0.05 V) in contrast to that
during the Fe-P alloy deposition. A reduction of pH leads to an increase in P and W.
At higher H+ concentration, the solubility of H3PO2(aq) and H3PO4(aq) species are higher
and an increase in deposition rate is observed. The current efficiency increases at pH 4
and is mostly unaffected by the overall current density, due to lower hydrogen evolution
that competes with the alloy deposition. The layer morphology was controlled by the
competition between hydrogen bubble evolution, their detachment, and the layer growth.
The partial current je distribution of the corresponding element, i.e., Fe, W, and P, were
determined at pH 3 from the EDX data and the weighed coating mass. The current
efficiency of alloy electrodeposition increases with current density and, as the partial
current of elements. The partial current of the hydrogen evolution is less affected by the
current density than all other alloy components. The XRD results show that the Fe-W-P
alloys are characterized by an amorphous structure. The alloys exhibit relatively low
ferromagnetic signals between Ms = 20 and 40 emu g−1 of all measured coatings, possibly
due to a mixture of non-ferromagnetic and weakly ferromagnetic phases. The coercively
values are typical for a soft magnetic material.
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Abstract: Using special materials has been in the spotlight, along with their multifunctional demands,
research on electromagnetic interruption, thermal characteristics, biosignal sensors, secondary batter-
ies, etc. In this study, titanium was sputtered into a condensation polymer material and considered
in depth in terms of electromagnetic interruption, thermal properties, infrared blocking, etc. As
a result of observing the electromagnetic wave shielding effect, the electromagnetic wavelength
value decreased from 168.0 to 42.7 to 64.0 when titanium DC sputtered film samples were placed in
front of the electromagnetic wave source. The titanium DC sputtered samples significantly reduced
electrical resistance compared to the untreated samples. In addition, the IR transmittances of the
titanium sputtered specimens were decreased compared to the untreated specimens. When only the
cross-section was treated with titanium sputtering and the titanium surface was directed toward
the infrared irradiator, the infrared permeability was 64.3 to 0.0%. After taking an infrared thermal
image, ∆H, ∆V, ∆S, ∆Y, ∆Cr, and ∆Cb values were calculated. It is believed that the titanium DC
sputtered polyamide materials produced in this study can be used for high-functional protective
clothing, sensors by applying electromagnetic interruption, IR blocking, and stealth functions.

Keywords: electromagnetic interruption; DC sputtering; titanium

1. Introduction

Titanium (Ti) has a melting point of 1668 ◦C, higher than that of iron, and has superior
corrosion resistance, low thermal expansion heat conductivity, so it has less deformation,
and abundant reserves. In addition, titanium is a highly reactive metal, so it reacts with
oxygen in the air and forms a titanium oxide film. Titanium has strength and ductility, and
is used in various fields, such as electrolytic electrodes, nuclear power generation service
devices, corn rods, artificial bones, surgical tools, seawater desalination devices, swivel
parts, shafts, LNG seawater cooler tubes, and various mechanical parts.

There are various studies on laser treatment for mechanical stress, the atomic layer
deposition of chlorine-containing titanium-zinc oxide nanofilms, 3D-printed titanium lattice
structure, titanium alloys, titanium surface modification, porous titanium, and antibacterial
applications [1–12].

In addition, sputtering technologies are an environmentally friendly manufacturing
technique that does not produce wastewater. This technology also has the advantage
of conveniently coating various metals on samples, so it is applied in various ways to
high-tech mechanical parts and semiconductors. There are studies on electrical properties,
physical properties, thermal stability, biosignal sensors, and hydrophobic thin films using
sputtering technology [13–21].

In addition, various studies on the electrical, magnetic, chemical, physical, and
sensing characteristics of composite materials related to electrical conductivity are being
conducted [22–28].
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Regarding infrared rays, research on infrared image fusion, object-oriented attention,
infrared and visible light image fusion, and remote sensing images is also being actively
conducted [29–32]. The aim of infrared and visible image fusion techniques is to extract and
integrate features from images captured using various sensors using specific algorithms to
create complementary images that contain both rich detailed features of visible images and
target information of infrared images. The technology has far-reaching implications for
economic development, including applications in areas such as defense, military, intelligent
transportation, and power grid operations [29]. Lv et al. conducted a comprehensive
experiment on two infrared datasets, and the results show the efficiency of our approach.
We propose a method of generating captions for infrared images based on object-oriented
attention. Our approach includes two models: detector and LSTM. The approach of this
study is suitable for deployment on embedded devices because it requires fewer resources
and is easy to deploy [30]. Xiaodi Xu and others have important applications for the
fusion of infrared and visible images in various engineering fields. However, in the current
fusion of infrared and visible images, the texture details of the fused images are unclear,
and the infrared targets and texture details are disproportionately displayed, resulting in
information loss. In this paper, we propose an improved Generative Adversarial Network
(GAN) fusion model for the fusion of infrared and visible images [31]. Zhao et al. propose
a CNN-based layer adaptive GCP extraction method for TIR RSI. Specifically, the built
feature extraction network consists of a primary module and a layer-adaptive module [32].

In addition, there are many studies that have introduced artificial intelligence, electric
conductivity, composite multi-function materials, and composite porous materials. This
research aims to study, in depth, infrared function, electrical properties, etc., of the titanium
sputter technique. In addition, the titanium sputter technique was used to coat the surface
for longer than in previous studies to cover the metal grain layer thickly. Moreover, this
study aims to examine the correlation between IR images and infrared transmittance. Based
on the results of the research data, the applicability to industrial fields is considered.

In this paper, the electromagnetic wave blocking performance of titanium sputtering-
treated polyamide materials, stealth effects on infrared cameras, electrical conductivity,
transmittance of IR, electromagnetic wave blocking properties, and thermal properties
were examined using various methods. In addition, a titanium sputtered samples were
prepared by changing the pore size of the polyamide sample.

Therefore, titanium sputtering was performed by dividing polyamide into films, plain
fabrics, and mesh (steps 1 to 5) to observe various characteristics according to sample pore
size. Furthermore, based on the study results, electromagnetic blocking performance, heat
transfer characteristics, stealth effects on IR cameras, and the applicability of high-functional
smart materials were considered.

2. Materials and Methods

The materials used for titanium DC sputtering treatment are polyamide materials
(film, fabric, and mesh, steps 1–5). Titanium sputter process was prepared with various
pore sizes. In addition, the sample characteristics are as shown in Table 1.

Table 1. Information of base polyamide materials.

Poly Amide
Film

Poly Amide
Fabric

Poly Amide
Net 1

Poly Amide
Net 2

Poly Amide
Net 3

Poly Amide
Net 4

Poly Amide
Net 5

Sample code TF1 TA1 TN1 TN2 TN3 TN4 TN5
Sample thickness (mm) 0.09 0.15 0.08 0.10 0.15 0.11 0.19
Weave type Film Plain weave Plain mesh Plain mesh Plain mesh Plain mesh Plain mesh
Pore size
(µm2) 0 1200 3564 35,696.3 94,440.4 136,476.2 294,825.5

The titanium sputtering process applied to the polyamide materials were as repre-
sented in Table 2. Sputter coater (SORONA, SRN-120, Pyeongtaek, Korea) is the device used
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for titanium sputtering treatment. When the titanium sputter technique was performed,
the base polyamide material diameter of the circular shape was 19.5 cm. In this study, the
pore size was adjusted by changing the density of warp and weft yarns during weaving.
Sputtering is a type of vacuum deposition method commonly used in integrated circuit
production line processes, which accelerates gas, such as ionized argon, at a relatively low
vacuum degree, collides with a target, and ejects atoms to create a film on a substrate such
as a wafer or glass.

Table 2. Titanium sputter conditions.

Time (s) 2400
Process pressure (Torr) 6 m
Gas (sccm) Ar 40
Power (W) DC 600
Machine SRN-120

As a result of FE-SEM with a digital microscope after titanium sputter process, it was re-
vealed that titanium was well formed on the polyamide surface in all sputtered specimens.

In the case of electromagnetic wave blocking performance evaluation, an electromagnetic-
wave-measuring device (9024-EN-00, Electromagnetic radiation tester, China) was used to
place a sample between the electromagnetic wave generator and the electromagnetic-wave-
measuring device to measure the degree of electromagnetic wave blocking.

Infrared intensity tester (5 mm Infrared LED, Infrared Emitting Diodes, EVERLIGHT)
was utilized for IR transmittance. The IR strength irradiated to the specimens was 200 W/m2.
In addition, for major infrared wavelength, it was 940 nm.

For stealth characteristics, IR Thermographic camera (Fliri7) was used. The specimen
was placed close to the heat source and a thermal images were obtained using an IR thermal
camera. The hidden effect and values of H, V, S, Y, Cr, and Cb were recorded for infrared
thermal imaging cameras utilizing the Color Inspector 3D program. In addition, more
quantitative color differences were studied for H, S, V, Y, Cb, and Cr data.

In addition, ∆H, ∆V, ∆S, ∆Y, ∆Cr, and ∆Cb data were calculated. The data of ∆H, ∆S,
and ∆V values are expressed in the following Equations (1)–(3).

∆H = H_treated − H_untreated (1)

∆S = S_treated − S_untreated (2)

∆V = V_treated − V_untreated (3)

in the definitions of Equations (1)–(3) are as follows.
H_untreated: data H of untreated samples;
H_treated: data H of sputtered samples;
S_untreated: data S of the untreated samples;
S_treated: data S of the sputtered samples;
V_untreated: data V of the untreated samples;
V_treated: data V of the sputtered samples.
Equation (1) shows the degree of change in the “H” data due to titanium sputtering

treatment by subtracting the “H” data of the untreated specimen from the “H” data of the
titanium sputtered sample. The value “H” in the concept of color space means a color angle
(hue). In the Equation (2), the change in the “S” data due to titanium sputter technique
is the data obtained by subtracting the “S” data of the “untreated fabric” from the “S”
data of the titanium sputtered sample. The “S” value in the color space represents the
concentration and saturation of the color. Equation (3) demonstrates that in this case,
the “V” data of the untreated specimen are subtracted from the “V” data of the titanium
sputtered sample, indicating the color difference caused by titanium sputtering technique.
The “V” value in the color space represents the degree of brightness and value. Using the
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“T” data of Equation (7), the color difference between the titanium sputtered specimen and
the untreated specimen in color space was calculated.

∆Y, ∆Cb, and ∆Cr values were calculated as follows.

∆Y = Y_treated − Y_untreated (4)

∆Cb = Cb_treated − Cb_untreated (5)

∆Cr = Cr_treated − Cr_untreated (6)

∆T =
√
(∆ Y)2 + (∆Cb)2 + (∆ Cr)2 (7)

Definitions of Equations (4)–(7) are provided below.
Y_untreated: data Y of untreated specimen;
Y_treated: data Y of sputtered specimen;
Cb_untreated: data Cb of the untreated specimen;
Cb_treated: data Cb of the sputtered specimen;
Cr_untreated: data Cr of the untreated specimen;
Cr_treated: data Cr of the sputtered specimen.
Equation (4) shows a change in the “Y” data due to titanium sputtering technique by

subtracting the “Y” data of the untreated fabric from the “Y” data of the titanium sputtering
treatment sample. Equation (5) shows the change in the data of “Cb” due to titanium
sputtering technique by subtracting the data of “Cb” of “untreated sample” from the data
of “Cb” of the titanium sputtering specimens. Equation (6) shows the change in Cr data by
titanium sputter process by subtracting the data “Cr” of the untreated specimens from the
data “Cr” of the titanium sputtered specimens.

3. Results and Discussions
3.1. Surface Geometry

FE-SEM photography images were captured to observe the nano-shape formed on the
titanium sputtering-treated sample (Figure 1). As a result of observing the micrograph,
it was possible to capture that a titanium layer was formed on the surface of all titanium
sputtering-treated samples. In addition, that a titanium surface in the form of a meteorite
was formed in all samples could be captured. Meteorite-shaped titanium sizes were
captured at 45.58–80.98 and 53.63–67.24 nm for TF1 and TA1, respectively. In the case of
TN1, TN2, TN3, and TN4, titanium sizes were 83.37 to 117.2, 95.24 to 100.1, 62.19 to 118.0,
and 55.15 to 79.60 nm, respectively. In previous studies, after sputtering treatment, FE-SEM
image observations showed that nanograins were formed on the surface [33], and in this
research, they showed a meteorite shape rather than a grain shape on the surface. Since the
sputtering process time was longer than that of previous studies, it was judged that the
titanium layer was more coated, resulting in an irregular meteorite shape. Moreover, the
result of FE-SEM prompts research in more detail on what the thickness of the titanium
layer is on the specimens in Figure 2 is equal to. In the case of TF1 and TA1, the thickness
of the titanium layer was captured as 718.5 to 751.4 and 470.8 to 521.7 nm, respectively. In
the case of TN1, TN2, TN3, and TN4, the thickness of the titanium layer was 606.0 to 619.7,
553.9 to 578.6, 693 to 803.5, and 551.2 to 567.6 nm, respectively. The EDX data are as shown
in Figure 3, which proved that titanium materials were well coated on the sample surface.

3.2. Characteristics of Electromagnetic Interference

The electronic wave blocking performance of the titanium sputtered specimens is
considered to be related to the pore size. As a result of observing the electromagnetic
wave shielding effect, the electromagnetic wavelength (V/m) value decreased from 168.0
to 42.7 to 64.0 when titanium sputtering-treated film samples were placed in front of
the electromagnetic wave source (Figure 4). In addition, the titanium coating layer was
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measured to block electromagnetic waves better when it was facing away from electro-
magnetic irradiator than when facing the electromagnetic irradiator (titanium phase down,
42.7 V/m). When titanium sputtering was performed on other polyamide mesh, it was
confirmed that there was little electromagnetic wave blocking effect. The smaller the pore
size (294,825.5→ 0 µm2), the better the electromagnetic wave blocking performance. In
previous studies with aluminum sputtered specimens, as the pore size decreased, the
electromagnetic wave transmission values were from 25.7 mG to 49.0 mG, and the electro-
magnetic wave blocking performance decreased [33]. It is believed that electromagnetic
waves pass between the pores using the pores between the samples. However, in the case
of films, it is thought that the titanium layer blocks electromagnetic waves because there
are no pores. However, in order to more completely block electromagnetic waves so that
the V/m value becomes 0, it is believed that the titanium layer must be sputtered thicker
on the film.
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Figure 4. Characteristics of electric field of specimens. (a) Electromagnetic interruption of titanium
DC sputtered polyamide specimens. (b) Regression line of electric field.

3.3. Characteristics of Electrical Conductivity

The results of the electrical conductivity of titanium sputtered specimens are consid-
ered to be related to structure and pore size. Compared to the untreated specimens, the
electrical resistance data of titanium sputtered film and mesh specimen were decreased
(Figure 5). In the results of the untreated specimens, the electrical resistance of TF1, TA1,
and TN1–5 all showed “over load”. However, after the titanium sputtering process, the
electrical resistance values of all specimens other than NFa were significantly reduced. In
this research, the sputtering time of the titanium sputtering-treated TN1 to TN5 samples
is long, so the thickness of the titanium coating layer is thick, and the current is not cut
off and electrical conductivity is reduced. However, in the case of the TA1 sample, the
electrical conductivity was relatively high, even when the metal sputtering process was
performed under the same conditions. This is believed to be due to the dense intersection of
weave yarn, which has many deadlock points, and the height of the weave yarn furrow is
higher than that of the mesh. Previous studies using aluminum sputtering samples showed
a similar trend: films showed good electrical conductivity, while fabrics did not. It was
explained that this is judged to be due to the fact that the metal layer is cut off due to the
fraying of the warp and weft yarns, and the lack of current flow [33].

3.4. Infrared Transmittance Behavior

In this paper, infrared transmittance experiments of untreated samples and cross-
section titanium sputtered samples were conducted. The experimental data are represented
in Figure 6. An infrared irradiator was placed on the left, and infrared measuring apparatus
was placed on the right. In addition, the titanium sputtered specimens were placed between
the irradiator equipment and the measuring apparatus. As a result of the experiment,
the sample treated with titanium sputter treatment showed a significant reduction in IR
transmission data.
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In addition, when titanium sputtering was performed on the cross-section and the tita-
nium surface faced the infrared measuring apparatus (titanium phase: back), the infrared
transmittance was 67.2%–0.0%. Namely, the changes in the infrared transmission data ac-
cording to the direction of the titanium sputtered layer were not large. However, However,
when the titanium surface was directed to the infrared irradiator, the IR transmittance data
was slightly reduced compared to when the titanium surface was directed to the infrared
measuring apparatus. In this research, since the thickness of the titanium layer was made
thicker than in past studies, it is judged that the difference in infrared transmittance (%)
according to the direction of the titanium surface was very small.
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3.5. Infrared Image Stealth Characteristics According to Heat Transfer at High Temperature

In this research, thermal characteristics attributed to high degree heating sources
were examined using IR thermal cameras (Figures 7–10). Photographing was performed
with an IR camera with a distance of 0 cm between the sample and the heat source. Only
the cross-section was photographed by changing the direction of the titanium sputtering
sample. The outward temperature of the heating source was 45.1 to 49.0 ◦C.

When the titanium layer was facing towards to outside air, the surface temperature
was much less than the heating source. When the titanium layer was facing the outside air,
the surface temperature was 32.5 ◦C, and when the titanium layer was directed towards
the heating source, the surface temperature was 38.5 ◦C. However, when the titanium layer
faced the heating source, the heating source temperature appeared in the IR image as it
was, and there was little hidden effect.
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Moreover, in the case of the mesh specimen, when the titanium sputtering layer was
facing the outside air and when the mesh’s pore size was larger (3564→ 294,825.5), the
surface temperature was from 41.4 to 43.4 ◦C. When the pore size was bigger, the heat
of the heating source was emitted to the outside as it was, and it is believed that the
surface temperature was the same as the heating source temperature. In prior studies
using aluminum sputtering treatment materials, when the metal layer was directed to the
outside air, the surface temperature tended to increase from 27.6 to 34.5 ◦C as the pore size
increased [33].

Furthermore, when the titanium layer of the titanium sputtered mesh sample faces
a person’s body, the surface temperature was 43.1 to 46.1 ◦C, indicating a high surface
temperature close to the heating source.

These results are judged to be due to the rapid release of heat from the heat source by
the titanium layer into the outside air.
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After conducting IR imaging, H, S, and V data (Table 3) were obtained using a program
(Color Inspector 3D, Image J), and ∆H, ∆V, ∆S, and ∆E data were calculated (Table 4). The
measurement Images were shown in Figure 7. The lower right corner of the cross is
expressed in Figure 7. And correlation between ∆E and pore size were shown in Figure 11.
In addition, the data of ∆H, ∆S, ∆V, and ∆E values are the expressions “Equations (1)–(3)”.
The H, S, and V data of the outside air were “269, 49, and 53”, respectively. Moreover, the
H, S, and V data of the heating source were “52, 67, and 93”, respectively.

Table 3. H, V, and S data of untreated and titanium sputtered polyamide materials.

Untreated Titanium Phase: Up Titanium Phase: Down

H S V H S V H S V

TF1 72 12 92 280 55 61 57 49 87
TA1 47 69 93 345 51 79 52 58 91
TN1 60 28 89 37 93 96 62 34 89
TN2 60 27 92 39 82 89 55 59 91
TN3 60 35 90 44 81 92 52 73 92
TN4 56 38 91 45 85 93 62 27 90
TN5 49 69 92 47 84 91 57 48 90

Table 4. ∆H, ∆V, and ∆S results based on infrared thermal image.

Titanium Phase: Up Titanium Phase: Down

∆H ∆S ∆V ∆E ∆H ∆S ∆V ∆E

TF1 208 43 −31 214.6 −15 37 −5 40.2
TA1 298 −18 −14 298.9 5 −11 −2 12.2
TN1 −23 65 7 69.3 2 6 0 6.3
TN2 −21 55 −3 58.9 −5 32 −1 32.4
TN3 −16 46 2 48.7 −8 38 2 38.9
TN4 −11 47 2 48.3 6 −11 −1 12.6
TN5 −2 15 −1 15.2 8 −21 −2 22.6
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The H, S, and V values of “untreated samples” and “Titanium phase down” (when
the titanium surface of the cross-sectional sputtered specimen faces the people body) were
relatively similar in all specimens. However, the difference in pore size was not significant.
H values of all untreated samples were 47 to 72, S values were 12 to 69, and V values were
89 to 92. For all samples of titanium phase down, H values were 52–62, S values were
27–73, and V values were 87–92. It shows a similar aspect to the image of Figure 7. The
small absolute value (6.3~40.2) of the specimens of titanium phase down indicates that
the difference in H, S, and V data between titanium phase down samples and untreated
samples is small. Moreover, in this case, the hidden effect on IR thermal imaging is small.
It shows a similar aspect to the thermal image of Figure 7.

On the other hand, the HSV data of “Titanium phase up” (when the titanium surface
of the cross-sectional sputtered specimen faces the outside air) represented a different ten-
dency from “untreated sample” and “Titanium phase down”. For the data of all specimens
in the titanium phase up, the H data were 37–345, the S data were 51–93, and the V data
were 61–96. In the H data, the H data tended to decrease as pore size increased. In the case
of the V data, they showed a tendency to increase as the pore size of the sample increased.
The large amount of absolute data (15.2~298.9) of ∆E of titanium phase up indicates that the
difference in H, S, and V data between titanium phase up samples and untreated samples is
large. It can be seen that the titanium phase up sample indicates that there is an alternative
hidden effect on the IR imaging.

The Y, Cb, and Cr data (Table 5) of “untreated samples” and “Titanium phase down”
were very similar in all samples, regardless of pore size. However, the difference in pore
size was not significant. The Y values of all untreated samples were 194–231, Cb data were
−13–83, and Cr data were −4–29. For all samples of titanium phase down, Y data were
199–221, Cb data were −42–76, and Cr data were 7–25. The fact that the absolute data
of ∆Y, ∆Cb, and ∆Cr of the specimens of titanium phase down are 5~29, 7~63, and 3~29,
respectively, indicates that the difference in Y, Cb, and Cr data between the titanium phase
down specimen and the untreated specimen is small, and explains the hidden effect on the
IR imaging.

Table 5. Y, Cb, and Cr data of untreated and titanium sputter treated specimens.

Untreated Titanium Phase: Up Titanium Phase: Down

Y Cb Cr Y Cb Cr Y Cb Cr

TF1 228 −13 −4 55 52 35 199 −76 25
TA1 194 −83 29 113 −11 64 204 −68 20
TN1 217 −28 2 166 −89 57 212 −45 7
TN2 231 −32 7 176 −90 49 204 −72 19
TN3 223 −35 3 186 −94 37 201 −72 17
TN4 212 −49 12 181 −88 39 221 −42 9
TN5 202 −76 27 192 −90 32 216 −59 12

In the case of the Y value, the pore size of the specimen increased as it increased. The
absolute data (Table 6) of ∆Y, ∆Cb, and ∆Cr in the titanium phase up were 10~173, 14~72,
and 5~55, respectively. In the case of ∆T (Figure 12), when pore size was decreased, the
larger the amount of absolute data appeared. The large absolute data of ∆Y, ∆Cb, and ∆Cr
indicate that the difference in Y, Cb, and Cr data between titanium phase up samples and
untreated specimens are large. This indicates that dense titanium phase-up specimens have
an alternative hidden effect on IR imaging.
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Table 6. ∆Y, ∆Cr, ∆Cb, and ∆T data based on IR thermal images.

Titanium Phase: Up Titanium Phase: Down

∆Y ∆Cb ∆Cr ∆T ∆Y ∆Cb ∆Cr ∆T

TF1 −173 65 39 188.9 −29 −63 29 75.2
TA1 −81 72 35 113.9 10 15 −9 20.1
TN1 −51 −61 55 96.7 −5 −17 5 18.4
TN2 −55 −58 42 90.3 −27 −40 12 49.7
TN3 −37 −59 34 77.5 −22 −37 14 45.3
TN4 −31 −39 27 56.7 9 7 −3 11.8
TN5 −10 −14 5 17.9 14 17 −15 26.6
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4. Conclusions

In this study, titanium sputtered specimens were closely observed to determine their
electromagnetic blocking properties, hidden effect for IR cameras, electrical characteristics,
and thermal properties according to poresize (Table 7). Polyamide specimens with different
pore sizes were prepared (film, fabric, and mesh) as base materials for titanium sputtering
treatment. Moreover, stealth function for IR thermal imaging was evaluated with H, S, V, Y,
Cb, Cr, etc.

As a result of the electrical resistance experiment to observe the electrical conductivity,
all untreated specimens had a high amount of resistance data to the extent of overloading,
and no electrical conductivity was shown. However, titanium sputtered samples had
significantly less electrical resistance data. As a result of infrared transmittance experiments,
the infrared transmittance of the titanium sputtered specimens was significantly reduced
compared to the untreated specimens. In the results of untreated samples, the transmittance
was 95.1 to 65.0%. When the titanium surface faced the IR irradiator and pore size was
decreased, the IR transmittance was decreased (64.3 to 0.0%). In addition, when the titanium
surface faced the IR measuring device and pore size was decreased, the IR transmittance
was decreased (67.2 to 0.0%). That is, the change in the IR transmission data according
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to the direction of the titanium sputtered layer was not large. When the pore size of the
specimen is larger, the transmittance is higher. In the IR thermal imaging, in the case of the
mesh specimen, when the titanium sputtering layer faced the outside air and the mesh’s
pore size was larger (TN1 to TN5), the surface temperature was 41.4 to 43.4 ◦C, and hidden
characteristics were decreased. As the pore size of the mesh increases, the heat of the
human body escapes to the outside air, and the surface temperature is believed to be the
same as the heating source temperature. After taking IR thermal imaging, the data of H, S,
V, Y, Cb, and Cr were measured to confirm the stealth effect on the quantitative infrared
camera, and the values of ∆H, ∆V, ∆S, ∆Y, ∆Cr, and ∆Cb were calculated. The data of H,
V, and S of the “untreated sample” and “Titanium phase down” were very similar in all
samples, and the difference according to pore size was not significant. In this research, the
results indicate that dense titanium phase up samples have an alternative hidden effect on
IR cameras. This fact is interpreted as having little influence on the infrared transmittance
of the infrared thermal image, and changes in wearing direction, multi-layer manufacturing
depending on the purpose of wearing can be considered for compatibility depending on
external environmental factors.

Table 7. Comparative data according to pore size of sputtered specimens.

Pore Size of
Sputtered
Specimens

(µm2)

Electromagnetic
Field of

Titanium
Phase Up

(V/m)

Electrical
Resistance

(kΩ)

IR
Transmittance

of Titanium
Phase Front

(%)

Surface
Temperature of

Titanium
Phase Up (◦C)

∆E Value of
Titanium
Phase Up

∆T Value of
Titanium
Phase Up

0 64.0 2.4 0 32.5 214.6 188.9
1200 142.0 1000.0 0.7 38.5 298.9 113.9
3564 143.3 5.6 37.1 41.4 69.3 96.7

35,696 151.7 164.0 43.9 41.6 58.9 90.3
94,440 178.3 429.5 63.5 42.6 48.7 77.5
136,476 165.7 1.4 57.3 43.2 48.3 56.7

The titanium sputtering polyamide samples developed in this study showed excellent
electromagnetic wave blocking performance, stealth function for infrared thermal imaging
detectors, and IR-blocking characteristics. These findings are expected to be applicable to
high-functional clothing, sensors, stage costumes, batteries, and more.
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