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This study examines the formation of hydrophilic and superhydrophobic surfaces using atmospheric-pressure 
plasma jets, with a particular emphasis on developing durable waterproof coatings for textile materials. 
The effects of plasma treatment on the structural and chemical properties of the substrates were analyzed, 
along with the influence of key technological parameters such as discharge power and the composition 
of the plasma-forming gas. Argon (Ar) was used as the primary plasma gas, while hexamethyldisiloxane 
(HMDSO) vapor served as the precursor for hydrophobic coating formation. Surface hydrophilicity was 
evaluated after one and ten treatment cycles using Ar plasma at a flow rate of 40 mL/s and a discharge 
power of 200 W. Superhydrophobic coatings were produced under similar plasma conditions, with a gas 
mixture of Ar + HMDSO introduced at 20 mL/min. Contact angle measurements were performed to assess 
changes in wettability and to quantify the hydrophilic or superhydrophobic character of the treated surfaces. 
The results demonstrate that plasma treatment enables effective tuning of surface hydrophobicity and that 
the resulting coatings exhibit stable performance when exposed to various liquids.

Keywords: surface treatments, liquid-solid interfaces, superhydrophobic, hydrophilic, fabric.
PACS number(s): (81.65.-b), (68.08.-p).

1. Introduction

In recent years, plasma technologies have at-
tracted increasing attention due to their numerous 
advantages. Unlike traditional surface modification 
methods, plasma treatment does not require the use 
of liquid reagents and does not generate wastewa-
ter, making it an environmentally friendly approach. 
Moreover, the application of non-polymerizing plas-
ma enhances the adhesion properties of materials and 
increases their hydrophilicity [1].

Significant advancements in atmospheric-pres-
sure plasma processing technologies [2] have opened 
new opportunities for industrial implementation, 
making such processes more competitive compared 
to vacuum plasma methods [3]. These improvements 
enable processing under conditions typical of stan-
dard production equipment, without the need for 
vacuum generation or the use of expensive reactive 
gases such as argon or carbon tetrafluoride [4-8].

The application of plasma technologies allows 
for targeted modification of surface characteristics, 
including adhesion, surface energy, and wettability. 
However, despite substantial progress in atmospher-
ic-pressure plasma (APP) treatment [9], the develop-
ment of effective methodologies based on a single 
plasma source remains a critical challenge. Most 
studies to date have focused on individual aspects 
of surface modification, highlighting the need for a 
comprehensive approach to understanding the mech-
anisms that regulate surface properties. Controlling 
surface wettability plays a key role in various tech-
nological processes, including textile production [10-
12], packaging materials [13], biomedical hydropho-
bic coatings [14-16], and filtration systems [17]. One 
of the most promising surface modification methods 
is atmospheric-pressure plasma jet treatment, which 
enables changes in material hydrophilicity and hy-
drophobicity without the use of aggressive chemical 
reagents [18-20]. This method is characterized by 
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high efficiency, the ability to achieve localized ef-
fects, and environmental safety.

Despite the active development of this field, 
several challenges remain, including the durability 
of the obtained coatings [21-27], the optimization 
of processing parameters, and the adaptation of the 
technology for industrial applications. This study in-
vestigates the mechanisms of hydrophobic and hydro-
philic surface formation using atmospheric-pressure 
plasma jets, evaluates the effects of treatment condi-
tions on fabric properties, and analyzes the stability 
of modified materials under external influences. The 
results obtained may contribute to the development 
of innovative functional coatings for various indus-
trial applications.

2. Experimental section

The experimental setup designed for the study of 
hydrophilic and superhydrophobic coatings obtained 
using a plasma jet based on a high-frequency dis-
charge at atmospheric pressure is schematically pre-
sented in Figure 1. The formation of the plasma flow 
was carried out using an RF generator, which pro-

vided a discharge between a copper conductor, insu-
lated with quartz glass, and a grounded copper plate. 
A quartz tube with a length of 100 mm, an inner di-
ameter of 3 mm, and an outer diameter of 10 mm 
was used for plasma generation. The power source 
was a high-frequency generator Seren-R 301 operat-
ing at a frequency of 13.56 MHz. Argon (Ar) was 
used as the main gas supplied to the system, while 
hexamethyldisiloxane (Purity: ≥99.0%) was used as 
the precursor. Since HMDSO is in a liquid state at 
room temperature, its dosing was performed through 
a bubbler. Gas flow regulation was ensured by a mass 
flow controller.

Main provision: In this study, hydrophilic and 
hydrophobic coatings were formed using a radio-
frequency discharge method at atmospheric pres-
sure. An analysis of their wetting properties was 
performed, and the dynamics of changes in coating 
characteristics during operation were examined. At a 
fixed power of the setup, the degree of hydrophilicity 
and hydrophobicity was tested in various experimen-
tal cycles, and the stability of the coatings on fabrics 
was evaluated under exposure to different types of 
liquids.

Figure 1 – Scheme of experimental setup.
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3. Results an discussion

Experiments were conducted to determine the 
optimal conditions for the formation of hydrophilic 
and superhydrophobic coatings. In the initial stage, 
argon (Ar) was used as the sole gas medium to obtain 
hydrophilic surfaces. The dependence of the contact 
angle on the number of plasma treatment cycles was 
studied under the following parameters: a discharge 
power of 200 W, a pulse frequency of 1000 Hz, an Ar 
flow rate of 40 cm³/s, and a number of cycles ranging 

from 1 to 10. Figure 2a presents a graph of the rela-
tionship between the number of cycles and the con-
tact angle. It was established that as the number of 
cycles increased, the treated surface exhibited more 
pronounced hydrophilic properties. This can be ex-
plained by the fact that prolonged exposure to argon 
plasma enhances hydrophilicity due to the removal of 
organic contaminants, surface activation, and an in-
crease in the concentration of polar functional groups 
resulting from interactions with active plasma spe-
cies.

Figure 2 – Graphs of the dependence of the number of cycles for hydrophilic (a)  
and superhydrophobic (b) surfaces. SEM images of superhydrophobic coating after one (c) and ten (d) cycles.

In the study of the superhydrophobic properties 
of the coatings, the following parameters were used: 
a discharge power of 200 W, a pulse frequency of 
1000 Hz, a primary argon flow rate of 40 cm³/s, a 
secondary gas flow rate (Ar + HMDSO) of 20 cm³/
min, and exposure at room temperature. The effect 
of the number of deposition cycles on the contact 
angle was investigated. Varying the number of de-
position cycles from 1 to 10 (Figure 2b) showed that 

the contact angle increased from 164.25° to 171.35° 
with an increasing number of cycles. Thus, a single 
deposition cycle is sufficient to form a superhy-
drophobic coating. To assess the characteristics of 
the coating formed as a result of the interaction of 
precursors on the surface of a glass sample with a 
plasma flow after one (Figure 2c) and ten (Figure 
2d) cycles, the morphological properties were ana-
lyzed. The morphology of the synthesized coatings 
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was examined using a scanning electron microscope 
(SEM). The obtained data showed that the formed 
particles have various shapes, including spherical 
ones.

The effectiveness of modifying the surface prop-
erties of synthetic fabrics using atmospheric-pressure 
plasma treatment technology was further investigat-

ed. Synthetic fabrics were used as substrates, onto 
which a superhydrophobic coating was subsequently 
applied. As a result of the treatment, the water con-
tact angle of the surface reached 157.16° (Figure 3a), 
indicating a significant reduction in wettability and 
a transition of the material from a hydrophilic to a 
superhydrophobic state.

Figure 3 – Water contact angle on fabric coated with a superhydrophobic layer compared to plain clean fabric (a).  
Interaction of various types of liquids on fabric with a superhydrophobic coating (b) and clean fabric (c).

To evaluate the effectiveness of the obtained 
coating, experiments were conducted by applying 
various liquids to treated and untreated fabric sam-
ples. The tests demonstrated that the high contact 
angle promotes the formation of a superhydrophobic 
layer, preventing surface wetting (Figure 3b). In con-
trast, on untreated fabrics, liquid substances easily 
penetrated the material’s structure, leaving stains that 
hindered reuse and led to significant cleaning costs 
(Figure 3c).

Thus, the obtained results demonstrate the high 
efficiency of atmospheric-pressure plasma treatment 
for creating superhydrophobic coatings on textile 
materials. This technology has potential applications 
in various fields, including the production of water-
repellent clothing, protective coatings for textiles, 
and medical and industrial textiles requiring resis-
tance to contamination and moisture.

4. Conclusion

This study investigates the formation of hydro-
philic and superhydrophobic coatings using radio-
frequency (RF) plasma discharge at atmospheric 
pressure. The wettability of modified surfaces was 
analyzed, and the durability of the obtained coat-
ings under various conditions was evaluated. The 
results showed that increasing the number of plasma 
treatment cycles enhances hydrophilic properties 
by removing organic contaminants and activating 
the surface, thereby promoting the formation of po-
lar functional groups. Conversely, the deposition of 
low-surface-energy compounds led to the formation 
of superhydrophobic coatings, with contact angles 
reaching 171.35° after multiple deposition cycles.

The study also examined the effectiveness of 
plasma treatment for modifying synthetic textile sur-
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faces, achieving a significant reduction in wettability, 
with a water contact angle of 157.16°. The treated 
materials demonstrated strong resistance to liquid 
penetration, preventing staining and enabling self-
cleaning. Comparative tests confirmed that untreated 
fabrics readily absorb liquids, whereas plasma-modi-
fied textiles effectively repel them.

These findings highlight the potential of atmo-
spheric-pressure plasma treatment as an efficient 
and environmentally friendly method for control-
ling surface wettability without the use of haz-
ardous chemicals. The ability to precisely tailor 
hydrophilic and hydrophobic properties through 

plasma treatment opens new opportunities for var-
ious industrial applications, including waterproof 
textiles, protective coatings for packaging mate-
rials, biomedical coatings, and filtration systems. 
Further research is needed to optimize treatment 
parameters to enhance coating durability and to 
evaluate large-scale implementation strategies for 
industrial applications.
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Catalytic systems were made using Cu, Pd, and Pd-Cu nanoparticles (NPs) supported on modified activated 
carbon (ACm) of BAU-A grade, which had been modified with hydrochloric acid, for dehydrochlorination 
of chlorobenzene and 1,2-dichlorobenzene. Based on previous studies, the optimal content of metal NPs in 
the heterogeneous catalysts for the transformation of mono- and dichlorobenzene organochlorine pollutants 
utilizing the method of catalytic dehydrochlorination were determined to be: 5% for Pd; 10% for Cu; and, 
3% Pd and 7% Cu for the bimetallic variant. The metal NPs were determined to bond to the carboxyl 
and carbonyl functional groups of the ACm. The characteristics of the catalysts were studied using FTIR 
spectroscopy, differential thermogravimetric analysis, scanning electron microscopy and ad-sorption 
porosimetry. Finally, following dehydrochlorination, a chromatograph mass spectrometer was used to 
identify the products. These results on the pore structures of the catalysts demonstrate good development, 
allowing for an increased number of sites to adsorb persistent organic pollutants (POPs). Whereas all 
the catalysts showed effectiveness in dehydrochlorination of chlorobenzene and 1,2-dichlorobenzene, 
separately, into benzene, the bimetallic catalyst, 3Pd-7Cu/ACm, demonstrates the best results, with 
conversion rates of 93.94% and 89.79%, respectively.

Keywords: hydrodechlorination, copper nanoparticles, palladium nanoparticles (NPs), catalysis, bimetallic 
catalyst, organochlorine compounds, modified carbon, persistent organic pollutants (POPs).
PACS number(s): 82.65.+r, 68.43.–h, 81.05.U–, 82.20.–w, 81.07.–b.

1. Introduction

Halogen-containing organic compounds are ex-
tensively utilized in various industries and by consum-
ers, serving as coolants, medicines and their delivery 
systems, solvents, and plasticizers, and many other 
applications. Due to their high toxicity and chemical 
stability, numerous halogenated organic compounds 
are identified as persistent organic pollutants (POPs). 
Consequently, many of these compounds are banned 

by the World Health Organization (WHO). On May 
22, 2001, the Stockholm Convention on Persistent 
Organic Pollutants was signed. This agreement aims 
to reduce and eventually eliminate existing stocks of 
POPs, as well as to cease the production, use, and re-
lease of any new POPs [1]. The currently accumulated 
reserves of excessively produced halogen-containing 
by-products require environmentally safe handling. 
This necessitates the development of new methods 
for their conversion and disposal. Modern methods 
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of neutralizing waste containing POPs utilize reduc-
tive dechlorination. This process can be optimized to 
save more re-sources by using new types of nanocaa-
lysts that regenerate the hydrocarbon component of 
halogenated molecules [2].

The development of reductive methods for the 
dechlorination of organohalogen compounds is fa-
cilitated by the search for active, selective, and ef-
ficient catalysts. Several studies have demonstrated 
that catalysts based on palladium (Pd) and platinum 
(Pt) exhibit the highest activity and selectivity in the 
reductive transformation of chlorine-containing com-
pounds [3-7]. This is attributed to their capacity to 
facilitate the separation of H2, thereby promoting the 
cleavage of the C–Cl bond [8]. Many studies have 
been devoted to the analysis of catalysts based on Pd 
and Pt for the electrocatalytic reduction of haloge-
nated, specifically chlorine-containing, organic com-
pounds. Typically, the content of Pd and Pt in such 
catalysts reaches 10% by weight [9-12]. However, 
the utilization of noble metals increases the cost of 
catalysts and thus, the entire process. In recent years, 
there has been a trend to alleviate the cost of cata-
lysts by diluting or substituting these expensive noble 
metals with others that are more economical yet still 
exhibit acceptable characteristics.

Carbon carriers are highly promising for catalytic 
applications due to their purity, exceptional porous 
structure, and high specific surface area [13]. Acti-
vated carbon (AC), in particular, is extensively uti-
lized as a carrier material in the synthesis of cata-
lysts aimed at recycling persistent organic pollutants 
(POPs) [14-17]. Granular activated carbon (GAC) 
combined with bimetallic Pd and Fe nanoparticles 
(NPs) was used for the simultaneous adsorption and 
dehalogenation of polychlorinated biphenyl (PCB) 
[17]. For this purpose, the pore volume of granular 
activated carbon is impregnated with a solution of Fe 
(III) nitrate Fe(NO3)3, followed by heat treatment at 
a temperature of 3000C. Subsequent reduction with 
sodium borohydride (NaBH4) leads to the forma-
tion of zerovalent (ZVI) Fe0, with Fe NPs sizes in 
the range of 7-40 nm. Afterwards, the reduced Pd so-
lution (Pd(CH3CO2)2 is added to the surface of Fe 
NPs. As a result, small stable Fe NPs of 6-12 nm in 
size are formed in the mesopores of the granular AC, 
on which a 2-3 nm Pd nanolayer has been uniformly 
dis-tributed. The GAC/ZVI/Pd system demonstrated 
90% efficiency in the dechlorination of 2-chloro-
biphenyl to form the reaction product biphenyl. In 
previous studies, the hydrodechlorination of organo-
halogen substances with Pd catalysts supported on 
coal-based material was 80-100% [18-22]. Some re-

searchers developed na-nosized palladium catalysts 
for the reductive dechlorination of PCBs, achieving 
this at low temperatures and with a minimal amount 
of catalyst [23-26]. Fifteen PCB congeners, includ-
ing monochlorinated (PCB 1, PCB 2), dichlorinated 
(PCB 4, PCB 5, PCB 7, PCB 9, PCB 10, PCB 11, 
PCB 12, PCB 14, PCB 15), trichlorinated (PCB 29), 
tetrachlorinated (PCB 77), pentachlorinated (PCB 
126), and hexachlorinated (PCB 169), under-went 
complete decomposition. This process resulted in a 
100% yield of biphenyl using 10% Pd/C–Et3N as a 
catalyst [27]. In this case, the reductive dechlorina-
tion of PCBs was carried out at room temperature in 
MeOH, with bottled hydrogen as a reducing agent, 
Pd (10%)/C, and Et3N. 2.5 mg of catalyst was con-
sumed per 25 mg of PCB.

Despite the high catalytic activity of palladium, 
the high cost of noble metals limits the large-scale 
production of these catalysts. Recently, copper 
nanoparticles (Cu NPs) have garnered significant in-
terest in the devel-opment of new catalytic systems 
due to their high activity and selectivity [28, 33-35]. 
A study on copper catalysts, with metal contents 
ranging from 0.5% to 5.0% (wt.), demonstrated the 
significant impact of the carrier material on alachlor 
conversion, achieving conversion rates ranging from 
85.2% to 92.9% [34]. A catalytic system utilizing 
copper nanoparticles (Cu NPs) stabilized with poly-
vinylpyrrolidone (PVPD40) and deposited onto an 
activated carbon (AC) substrate achieved a chloro-
benzene conversion rate of 94.46% [14].

Considering that Cu catalysts for hydrodechlori-
nation have very often been used in conjunction with 
noble metals, the high conversion rate of alachlor 
hydrodechlorination is an interesting result from the 
point of view of scaling [29-32].

Compared to previously reported Pd–Cu cata-
lytic systems, the novelty of this work lies in the use 
of a Cu-rich composition, which makes it possible to 
significantly reduce the amount of expensive noble 
metal without loss of catalytic efficiency. Additional-
ly, the application of HCl-modified wood-based acti-
vated carbon as a support is an important distinguish-
ing factor, since chemical modification increases the 
number of oxygen-containing functional groups and 
improves the interaction of the metal nanoparticles 
with the surface, which can promote the formation 
of more homogeneous and stable Pd–Cu nanoalloys. 
These two factors together – optimized Pd/Cu ratios 
and targeted chemical modification of the carbon 
carrier – create conditions for enhanced Pd–Cu syn-
ergy and demonstrate that high hydrodechlorination 
efficiency can be achieved not only by increasing 
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Pd loading, but also by engineering the support and 
nanoalloy composition.

This study focuses on the synthesis and inves-
tigation of the physical and chemical properties of 
Cu, Pd, and Pd-Cu catalysts to evaluate their effec-
tiveness in the liquid-phase hydrodechlorination of 
mono- and dichlorobenzenes.

2. Materials and Methods

2.1. Materials
In this study, the following reagents were 

used: copper (II) nitrate Cu(NO₃)₂·3H₂O (99.9%), 
palladium(II) chloride PdCl₂ (99.9%), sodium tet-
rahydroborate NaBH₄ (99.9%), sodium hydroxide 
NaOH, chlorobenzene C₆H₅Cl (99.5%), and 1,2-di-
chlorobenzene C₆H₄Cl₂ (99%). All reagents were 
purchased from Sigma Aldrich and used without ad-
ditional purification. As a catalyst support, commer-
cial wood-based activated carbon BAU-A (GOST 
6217-74, Russia) was employed, which possessed 
the following characteristics: iodine adsorption ac-
tivity of not less than 60%, ash content not exceed-
ing 6%, and moisture content not exceeding 6%. For 
the modification of activated carbon, hydrochloric 
acid (GOST 11125-84, LLCMK MAGNA, Russia) 
was used according to the procedure described by 
Shaimardan et al [13].

2.2. Methods
2.2.1 Preparing the catalysts
In this study, the catalysts were synthesized us-

ing the wet impregnation method described by Hy-

eok et al. (Fig. 1) [32–34]. For the preparation of the 
Cu catalyst, 6.5 g of copper(II) nitrate was dissolved 
in 5 mL of deionized water, after which 10 g of ACm 
was introduced into the solution and stirred vigor-
ously for 10 minutes. The mixture was then placed 
in a desiccator for 4 hours to facilitate the sorption 
of Cu ions, followed by drying at 150 °C for 2 hours 
to remove excess water. To stabilize the Cu ions, the 
Cu²⁺/ACm sample was calcined at 330°C for 4 hours. 
Subsequently, the reduction of Cu²⁺ in ACm was car-
ried out by dissolving 1.6 g of sodium borohydride 
(NaBH₄) in 20 mL of distilled water. Subsequently, 
the NaBH4 solution was added to a 50 mL aqueous-
alcohol solution with a volume ratio of 30:70, and 
the mixture was stirred. To adjust the pH to ≤ 7, a 5 
N NaOH solution was introduced. The NaBH₄ solu-
tion was slowly added to the Cu²⁺/ACm suspension 
and stirred for 3 hours until the complete release of 
hydrogen. The resulting catalyst contained 10 wt.% 
of active Cu phase (10Cu/ACm).

The preparation of the Pd catalyst followed a simi-
lar procedure, where 20 mg of palladium (II) chloride 
was dissolved in 20 mL of an aqueous-alcoholic solu-
tion with a volume ratio of 30:70 (90% ethanol to wa-
ter), and then mixed with 1 g of ACm under vigorous 
stirring. The obtained catalyst contained 5 wt.% of ac-
tive Pd phase (5Pd/ACm). The bimetallic Pd–Cu cata-
lyst was synthesized using the same procedure, with 
the difference that Pd²⁺/ACm and Cu²⁺/ACm suspen-
sions were combined in a 3:7 ratio before the addition 
of the NaBH₄ solution. The final bimetallic catalyst 
contained 3 wt.% of active Pd phase and 7 wt.% of 
active Cu phase (3Pd–7Cu/ACm).

Figure 1 – Schematic for preparation of 10Cu/АСm, 5Pd/ACm and3Pd-7Cu/ACm catalysts.---
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2.2.2 FTIR analysis
Fourier-transform infrared (FTIR) spectroscopy 

was performed using an FTIR FT-801 spectrometer 
(Simex, Russia) with a resolution of 1 cm⁻¹ in the 
range of 500–4000 cm⁻¹. Measurements were con-
ducted at 25°C following the standard procedure, 
employing KBr pellets prepared at a 1:10 sample-
to-KBr ratio. A total of 100 scans were collected for 
each spectrum. Prior to use, potassium bromide was 
finely ground and calcined at 200°C for 3 hours.

2.2.3 X-ray diffraction (XRD) analysis
The crystal structure of the samples was ana-

lyzed using an X’PertPRO diffractometer (Malvern 
Panalytical Empyrean, Netherlands) equipped with 
monochromatized CuKα radiation. Data were col-
lected over the 2θ range of 10–45° with a step size 
of 0.02°. The operating conditions included an X-
ray tube voltage of 45 kV, a current of 30 mA, and a 
counting time of 0.5 s per step.

2.2.4 Thermogravimetric analysis (TGA)
Thermal stability and decomposition behavior of 

the catalysts were investigated using an STA449C si-
multaneous thermal analyzer (NETZSCH, Germany) 
under an argon atmosphere. Measurements were con-
ducted in the temperature range of 30–700°C with a 
heating rate of 10 ± 1°C/min. The initial sample mass 
was approximately 20 ± 2 mg.

2.2.5 Scanning and transmission electron mi-
croscopy (SEM and TEM)

The morphology and structure of the catalysts 
were characterized using a Crossbeam 540 high-vac-
uum scanning electron microscope (Zeiss, Germany). 
Elemental composition was determined by energy-
dispersive X-ray spectroscopy (EDS, Thermo Fisher 
Scientific, USA). Transmission electron microscopy 
(TEM) images were obtained with a JEM-1400 mi-
croscope (JEOL, Japan), operating at an accelerat-
ing voltage of 120 kV, with a resolution of 0.38 nm, 
equipped with a Morada high-resolution CCD digital 
camera (Olympus, Japan). Prior to TEM, samples 
were ground in an agate mortar, dispersed in ethanol, 
and sonicated at 44 kHz using an UZDN-2T ultra-
sonic generator (Electron, Russia). A drop of the sus-
pension was deposited on a perforated carbon-coated 
copper grid and dried before imaging. Particle size 
distributions and average particle diameters were de-
termined statistically from TEM micrographs.

2.2.6 Adsorption porosimetry
Textural properties of the catalysts were deter-

mined by low-temperature nitrogen adsorption–
desorption measurements using an Autosorb-1 
analyzer (Quantachrome Instruments, USA). Be-
fore analysis, the samples were degassed under 
vacuum at 200–250°C for 3 hours. The Brunauer–
Emmett–Teller (BET) method was applied to cal-
culate specific surface area, with a measurement 
error of ±2.8%. Pore size distribution and total 
pore volume were derived from desorption iso-
therms using the Barrett–Joyner–Halenda (BJH) 
method.

2.2.7 Catalytic activity
Catalytic hydrodechlorination of chloroben-

zene and 1,2-dichlorobenzene was carried out in 
an RVD-2-150 high-pressure reactor (Uoslab, 
Ukraine). The reaction mixture consisted of 1 mL 
of organochlorine compound, 0.1 g of catalyst, 3 
mL of NaOH solution, and 1 mL of ethanol in a 
two-neck round-bottom flask [30]. Hydrogen gas 
was introduced at 50°C under 10 atm pressure, 
with magnetic stirring for 5 hours. After comple-
tion, the reaction mixture was washed with 10 mL 
of magnesium sulfate solution to precipitate so-
dium salts. A 1 mL aliquot of the treated solution 
was diluted with 19 mL of hexane for subsequent 
analysis.

2.2.8 Gas chromatography–mass spectrometry 
(GC–MS)

The hydrodechlorination products were ana-
lyzed using a 5975C GC/MS system (Agilent, USA) 
equipped with a GC–MSD quadrupole mass spectro-
metric detector (Agilent, USA). Operating conditions 
were as follows: electron ionization energy of 70 
eV; HP-5MS quartz capillary column (30 m × 0.25 
mm × 0.25 µm); helium as carrier gas; split ratio of 
1:50; flow rate of 1.0 mL/min. The oven temperature 
program consisted of an initial temperature of 40°C 
(held for 3 min), followed by heating at 10°C/min to 
a maximum of 290°C, with a final holding time of 
30 min.

3. Results and discussion

Physical and chemical characteristics of the 5Pd/
ACm, 10Cu/ACm, and 3Pd–7Cu/ACm catalysts are 
presented below.
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3.1. FTIR spectroscopy
In the FTIR spectra of 5Pd/ACm, 10Cu/ACm and 

3Pd-7Cu/ACm, in comparison to unmodified AC, the 
appearance of intense peaks in the region of 600-750 
cm-1 and the absence of an absorption band in the re-
gion of 1713 cm-1, related to C=O, are observed, which 

indicates a new bond in the catalysts, as seen in Figure 
2.The data is in good agreement with previous studies.
The most important difference in the FTIR spectra of 
the catalytic systems is the absence of the C=O vibra-
tion at 1713 cm–1, which indicates the interaction of 
NPs and ACm through the C–OH functional group.

a b

c

Figure 2 – The FTIR spectra of catalytic systems:  
a) 5Pd/ACm; b) 10Cu/ACm; and, c) 3Pd-7Cu/ACm.

FTIR spectra demonstrate the disappearance 
of the C=O vibration at 1713 cm⁻¹ together with 
the appearance of new bands in the 600–750 cm⁻¹ 
region, which evidences chemical coordination 
of Pd and Cu nanoparticles specifically with car-
bonyl / carboxyl surface functionalities on ACm. 
XRD further confirms that the metals do not ex-
ist as independent separate phases: the presence 
of mixed reflections characteristic for Pd–Cu al-

loy formation shows that the two metals interact 
electronically at the atomic level, forming com-
mon crystallographic domains rather than isolated 
particles. Taken together, FTIR and XRD results 
indicate that the active phase is a true nanoalloy, 
strongly bonded to oxygen-containing anchoring 
sites of the HCl-modified carbon support, and this 
metal–metal–support coupling is the basis for the 
enhanced catalytic behavior observed.
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3.2. XRD analysis
The X-ray diffraction (XRD) analysis of the 5Pd/

ACm catalyst reveals three distinct diffraction peaks 
at 2θ values of 23.6°, 43.5°, and 72.5°, which cor-
respond to the Miller indices (003), (101), and (220), 

respectively. These peaks indicate that the catalyst 
exhibits a face-centered cubic lattice structure. This 
structural information is significant as it confirms the 
successful reduction of the PdCl2 precursor to Pd NPs 
(Fig. 3, Table 1).

Figure 3 – X-ray diffraction pattern of 5Pd/ACm catalyst.

Table 1 – Interplanar distance (d) of atoms in the 5Pd/ACm catalyst.

Pos. [°2Th.] Height [cts] FWHM Left [°2Th.] d-spacing [Å] Rel. Int. [%]

23.6308 4.90 0.0900 3.76197 4.52

43.4566 19.83 0.5904 2.08245 18.31

72.5528 108.30 0.1968 1.30296 100.00

XRD analysis of 10Cu/ACm revealed five 
diffraction peaks, with Miller indices at 2θ = 
26.47 (020), 36.31 (111), 42.34 (121), 49.96 
(020) and 72.58 (022) (Fig. 4, Table 2). The 
X-ray diffraction (XRD) pattern of the 10Cu/ACm 
catalyst provides critical structural information. 
In the 2θ angle range of 50-80°, the pattern 

exhibits a series of reflections characteristic 
of a face-centered cubic (FCC) lattice, thereby 
confirming the presence of metallic copper 
(Cu). Additionally, in the 2θ angle range of 20-
45°, the pattern reveals reflections indicative of 
cubic lattices, which demonstrate the presence 
of copper oxide (CuO).
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Figure 4 – X-ray diffraction pattern of 10Cu/ACm catalyst.

Table 2 – Interplanar distance (d) of atoms in the 10Cu/ACm catalyst.

Pos. [°2Th.] Height [cts] FWHM Left [°2Th.] d-spacing [Å] Rel. Int. [%]

26.4737 34.14 0.2952 3.36688 61.29

36.3197 17.76 0.2952 2.47358 31.89

42.3402 9.88 0.5904 2.13474 17.74

49.9641 55.70 0.1476 1.82542 100.00

72.5885 35.69 0.4920 1.30241 64.08

The crystal structure and phase characteristics of 
the 3Pd-7Cu/ACm bimetallic catalyst are elucidated 
by five diffraction peaks, corresponding to the follow-
ing Miller indices: 2θ = 26.49° (002), 36.88° (100), 
43.14° (111), 62.51° (213), and 72.63° (022) (Fig.5, 
Table 3). The lattice parameter for palladium (Pd) is 

determined to be 3.36421 Å, which is closely aligned 
with the literature value of 3.890 Å. The copper (Cu) 
component exhibits a face-centered cubic (FCC) lat-
tice, while the palladium (Pd) displays a hexagonal 
lattice structure. Moreover, the Pd-Cu alloy demon-
strates a tetragonal lattice structure (Table 3).
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Figure 5 – X-ray diffractionof3Pd-7Cu/ACm.

Table 3 – Interplanar distance (d) of atoms in the 3Pd-7Cu/ACm catalyst.

Pos. [°2Th.] Height [cts] FWHM Left [°2Th.] d-spacing [Å] Rel. Int. [%]

26.4950 40.78 0.1968 3.36421 100.00

36.8896 14.00 0.9840 2.43666 34.32

43.1491 28.14 0.9840 2.09658 69.01

62.5193 0.79 0.0900 1.48444 1.94

72.6397 12.30 0.4920 1.30161 30.16

3.3. Thermogravimetric analysis
Thermogravimetric analysis established a sharp 

decrease in the mass of all samples of catalysts, which 
occurred in the temperature range of 30-130°C, due 
to the evaporation of surface adsorbed water (Fig. 6). 
Furthermore, gradual decrease in the mass of 5Pd/
AСm, 10Cu/AСm and 3Pd-7Cu/AСm was observed 

in the temperature range of 450-700°С, which was 
caused by the combustion of carbonaceous com-
pounds (Figures 5a-d). The state of general equilib-
rium in the temperature range of 150-4500C indicates 
the stability of the carboxyl, carbonyl and lactone 
groups, which is likely due to the interaction of metal 
ions with these specified functional groups.
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Figure 6 –TGA curves of ACm alone and of the catalytic systems:  
a) ACm; b) 5Pd/АСm; c) 10Cu/ACm; and, d) 3Pd-7Cu/АСm.

3.4. SEM and EDX analysis
Figures 6-8 present scanning electron micro-

graphs of the 5Pd/ACm, 10Cu/ACm, and 3Pd-7Cu/
ACm catalysts. The 5Pd/ACm catalyst exhibits a rela-
tively smooth surface texture, spherical palladium 

nanoparticles (Pd NPs) with a uniform size distribu-
tion ranging from 18.04 to 19.50 nm (Fig. 7). Energy 
dispersive spectroscopy (EDX) analysis, integrated 
with SEM data, confirms that the palladium content 
in this catalyst is 3.9%.

Figure 7 – SEM image and energy-dispersive X-ray (EDX) spectrum 
 of the of 5Pd/ACm catalyst.
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Figure 8 – SEM image and energy-dispersive X-ray (EDX) spectrum  
of the 10Cu/AСmcatalyst

Figure 9 – SEM image and energy-dispersive X-ray (EDX) spectrum  
of the of 3Pd-7Cu/ACmcatalyst.

In the 10Cu/ACm catalyst, SEM imaging reveals 
a rougher surface texture with copper nanoparticles 
(Cu NPs) ranging in size from 18.58 to 29.56 nm 

(Fig. 8). EDX data indicate a high carbon content of 
79.9 wt.% and an oxygen content of 19.2 wt.%, while 
the copper content is measured at 10%

The 3Pd-7Cu/ACm bimetallic catalyst exhibits a 
more uniform texture compared to the monometal-
lic catalysts, with particle sizes approximately twice 
as large, ranging from 39.95 to 60.13 nm (Fig. 9). 

EDX analysis confirms the presence of copper (Cu) 
and palladium (Pd) at concentrations of 1.8 wt.% and 
0.7%, respectively. Figures 10-12 depict the TEM 
images of 5Pd/ACm, 10Cu/ACm, and 3Pd-7Cu/ACm.
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Figure 10 – TEM image of 5Pd/ACm catalyst. Figure 11 – TEM image of 10Cu/ACmcatalyst.

Figure 12 – TEM image of 3Pd-7Cu/ACm catalyst.

3.5. TEM analysis 
Transmission electron microscopy reveals that 

Pd nanoparticles form on the surface layer (Fig. 10) 
and exhibit diverse geometries and dimensions, rang-
ing from 5 to 15 nm. The 10Cu/ACm sample contains 
both small and large Cu nanoparticles, with sizes 
ranging from 8 to 19 nm, displaying various shapes 
and distributed uniformly across the entire surface of 
the catalyst (Fig. 11). The 3Pd-7Cu/ACm bimetallic 
catalyst features larger nanoparticles in the range of 
30 to 34 nm, which aggregate to form agglomerates 
(Fig. 12).

3.6. BET analysis
Table 4 shows the indicators of the specific sur-

face area of ACm alone and the three catalytic sys-
tems, calculated using the multipoint BET method, 

including the total pore volume and characteristics 
of the micropores. Further, the pore size distribution, 
surface area, and nitrogen adsorption-desorption iso-
therms of the catalytic systems are shown in Figures 
13-14.

The catalysts synthesized exhibit a specific sur-
face area ranging from 371.4 to 672.1 m²/g, which is 
1.6 to 2.9 times higher than that of the ACm support 
(Table 4). Additionally, there is a notable reduction 
in pore size accompanied by a substantial increase 
in total pore volume. Upon incorporation of Pd 
nanoparticles into the modified carrier, the specific 
surface area reaches 371.4 m²/g. In contrast, catalysts 
containing Cu nanoparticles show a specific surface 
area twice as large as that of Pd, at approximately 
672.1 m²/g. The 3Pd-7Cu/ACm catalytic system dem-
onstrates a significant nearly two-fold increase in 
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specific pore surface area compared to the modified 
carrier (Table 4), consistent with findings from prior 
research [12]. All catalysts exhibit an increase in total 
pore volume, measured at 36.6, 73.9, and 65.6 ml/g 
for 5Pd/ACm, 10Cu/ACm, and 3Pd-7Cu/ACm, respec-
tively, indicating a well-developed porous structure. 
This expansion suggests an enhanced capability for 
adsorbing pollutants due to an increase in available 
adsorption sites. The pore sizes (Dv(r)) of the cata-
lysts is seen to have decreased by 6.37-6.4 times, as 

compared to those of the ACm carrier [12]. The order 
of reduction is: 10Cu/ACm>3Pd-7Cu/ACm>5Pd/ACm 
(Table 4). The increase in the specific surface area 
and pore volume of all the catalysts is accompanied 
by a corresponding decrease in pore size, which is in 
the range of 19.084 nm, 19.168 nm and 19.070 nm 
for 5Pd/ACm, 10Cu/ACm and 3Pd-7Cu/ACm, respec-
tively, as compared to the carrier [12] (Table 4). This 
result may be due to the localization of Pd, Cu and 
Pd-Cu inside the pores of ACm.

Table 4 – Specific surface area, size, total pore volume of ACm; 5Pd/ACm,; 10Cu/ACm; 3Pd-7Cu/ACm.

Sample Surface area, m2/g Poresize, nm Porevolume, ml/g

АСm[12] 233.8 122.1 0.19

5Pd/AСm 371.4 19.0 36.6

10Cu/AСm 672.1 19.1 73.9

3Pd-7Cu/AСm 600.4 19.07 65.6

Figure 13 – Pore size distribution of different catalysts:  
a) ACm; b) 5Pd/ACm; c) 10Cu/ACm; and, d) 3Pd-7Cu/ACm.

Further examination of the textural properties 
of the synthesized catalysts reveals distinct pore 
structures compared to the ACm carrier (Fig. 13). 
The N2 adsorption isotherm for all catalysts exhib-
its a type IV behavior, characterized by rapid and 
uniform nitrogen adsorption. The initial curves of 
these isotherms indicate the presence of micropores 

in all samples. At higher P/Po values, a slight capil-
lary condensation appears on the isotherm, accom-
panied by a characteristic H4-type hysteresis loop. 
The pronounced wide hysteresis loop, classified as 
type IV according to IUPAC guidelines, reaffirms 
the uniform pore size and mesoporous nature of the 
materials.
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Figure 14 – N2 adsorption-desorption isotherms of catalysts:  
a) ACm; b) 5Pd/ACm; c) 10Cu/ACm; and d) 3Pd-7Cu/ACm.

3.7. Catalytic hydrodechlorination of chloro-
benzene and 1,2-dichlorobenzene

The 5Pd/ACm, 10Cu/ACm and 3Pd-7Cu/ACm cat-
alysts were tested using the model hydrodechlorina-
tion reactions of chlorobenzene and 1,2-dichloroben-

zene, separately, in 10 ml ethanol, at a temperature of 
500C and PH2 of 10 atm, over a period of 5 hrs. The 
data on the catalytic activity for the neutralization of 
the organohalogen substances are given in Table 5 
and Figures 15-17.

Table 5 – Hydrodechlorination of chlorobenzene and 1,2-dichlorobenzene, using the 5Pd/ACm, 10Cu/ACm and 3Pd-7Cu/ACm catalysts.

Sample
Chlorobenzene 1,2-dichlorobenzene

Conversionproduct Conversion, % Conversionproduct Conversion, %

5Pd/АCm Benzene 82,90 Benzene 86,74

10Cu/АCm Benzene 70,20 Benzene 80,30

3Pd-7Cu/АCm Benzene 93,94 Benzene 89,79

To further contextualize these results, Table 
6 compares the catalytic performance of the 3Pd–
7Cu/ACm catalyst with representative Pd-Cu based 
systems previously reported in the literature. This 

comparative overview clearly demonstrates that the 
Cu-rich 3Pd–7Cu/ACm composition provides com-
petitive or even superior hydrodechlorination activ-
ity, while maintaining significantly lower Pd loading.

Table 6 – Comparison of hydrodechlorination performance of Pd–Cu catalysts with previously reported systems.

Catalyst 
System

Metal 
Loading 
(wt%)

Support Type Chlorobenzene 
Conversion (%)

1,2-Dichlorobenzene 
Conversion (%)

Main 
Products Findings

3Pd–7Cu/
ACm 3 Pd, 7 Cu HCl-modified 

activated carbon 93.94 89.79 Benzene

Highest conversions with 
reduced Pd loading due to 

Cu-rich nanoalloy and modi-
fied support
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Catalyst 
System

Metal 
Loading 
(wt%)

Support Type Chlorobenzene 
Conversion (%)

1,2-Dichlorobenzene 
Conversion (%)

Main 
Products Findings

5Pd/ACm 5 Pd HCl-modified 
activated carbon 82.90 86.74 Benzene Monometallic Pd catalyst, 

moderate conversions

10Cu/ACm 10 Cu HCl-modified 
activated carbon 70.20 80.30 Benzene

Cu catalyst shows lower con-
version compared to Pd or 

bimetallic
Pd–Cu/

Coal-Based 
AC

~10 Pd Coal-based 
activated carbon 80–100 - - Previously reported high ac-

tivity with higher Pd content

Pd–Fe/
GAC

Pd ~2-3 nm 
layer on Fe 

NPs

Granular 
activated carbon ~90 for PCB - Biphenyl Bimetallic Pd-Fe catalysis, 

complex synthesis

Pd/C-Et3N 10 Pd Modified carbon 
(triethylamine) 100 for PCB - Biphenyl Complete decomposition of 

PCBs; high Pd loading

Cu/PVP–
AC ~5 Cu AC stabilized 

with PVP 94.46 - Benzene
Copper-only catalyst with 

stabilizer shows high conver-
sion

Pd/C 
(various) 10 Pd

Various 
activated 
carbons

80–100 - Various
Widely studied Pd catalysts 

for hydrodechlorination with 
high activity

Continuation of the table

3.8. Gas chromatography-mass spectrometry 
analysis

The conversion of chlorobenzene through 
hydrodechlorination using 5Pd/ACm, 10Cu/
ACm and 3Pd-7Cu/ACm is 82.9%, 70.20 and 
93.94%, respectively (Table 5, Figures 14a-16a). 
Hydrodechlorination of 1,2-dichlorobenzene 
using 5Pd/ACm, 10Cu/ACm and 3Pd-7Cu/ACm is 
86.74%, 80.30% and 89.79%, respectively (Table 

5, Figures 14b-16b). In both cases, the conversion 
product was benzene. The bimetallic catalyst, 
3Pd-7Cu/ACm, showed the greatest activity in the 
hydrodechlorination of both organohalogens, with a 
conversion rate of 93.94% and 89.79%, respectively. 
The order of increasing catalytic activity in the 
hydrodechlorination of organohalogen substances is 
10Cu/ACm<3Pd/ACm<3Pd-7Cu/ACm.

a b

Figure 15 – Chromatogram of the hydrodechlorination products of:  
a) chlorobenzene; b) 1,2-dichlorobenzene, using 5Pd/ACm (10 mg) at a temperature of 500C.
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a

aa

b

bb

Figure 16 – Chromatogram of the hydrodechlorination products of:  
a) chlorobenzene; b) 1,2-dichlorobenzene, using 10Cu/ACm catalyst (10.0 mg) at a temperature of 500C.

Figure 17 – Chromatogram of the hydrodechlorination products of: 
 a) chlorobenzene; b) 1,2-dichlorobenzene, using 3Pd-7Cu/ACm catalyst (10 mg) at a temperature of 500C.

4. Conclusions

Three dehydrochlorination catalysts were synthe-
sized on modified activated carbon (ACm), using Pd 
and Cu nanoparticles (NPs), both alone and as a bi-
metal. Based on prior research, the following combi-
nations were selected, using estimations of both cost 
and effectiveness: 5% Pd (5Pd/ACm), 10% Cu (10Cu/
ACm), and 3% Pd with 7% Cu (3Pd-7Cu/ACm). As 
per FTIR, TGA and EDX analyses, the NPs are able 

to connect with the ACm carrier at the carboxyl and 
carbonyl functional groups. The pore sizes of the re-
sulting catalysts have a range of 19.070 to 19,168 nm, 
which is 100 times smaller than that of the ACm car-
rier alone. Further, the surface areas of the catalysts 
were found to be in the range of 371.748 to 672,132 
m2/g, which is 1.6-2.9 times higher than that of ACm. 
These results on the pore structures of the catalysts 
demonstrate good development, allowing for an in-
creased number of sites to adsorb persistent organic 
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pollutants (POPs). Whereas all the catalysts showed 
effectiveness in dehydrochlorinating chlorobenzene 
and 1,2-dichlorobenzene, separately, into benzene, 
the bimetallic catalyst, 3Pd-7Cu/ACm, demonstrates 
the best results, with conversion rates of 93.94% and 
89.79%, respectively.

The usage of inexpensive metallic NPs, like Cu, 
as catalysts on an ACm carrier allows for a reduction 
in the amount of more expensive materials, such as 
Pd. The need for efficient and cost-effective catalysts 
to decrease the number of POPs is of great impor-
tance to all nations, especially in Kazakhstan, which 
faces serious problems created by both the industrial 
and agricultural sectors regarding POPs. This is in 
accordance with the WHO Convention on Persis-
tent Organic Pollutants, which targets the reduc-
tion of both existing and future halogenated organic 
compounds. Furthermore, as Kazakhstan is already 
known for its petroleum production, the use of new 
types of nanocatalysts that regenerate the hydrocar-
bon component of halogenated molecules can cre-
ate a synergistic relationship among the petroleum, 
agricultural, chemical and research sectors of the 
country. Finally, the current research team hopes to 
particularly find opportunities for this technology in 
the cleanup of hazardous areas that have been nega-
tively affected by both past and recent application of 
halogenated organic compounds.

A deeper mechanistic explanation of the catalytic 
pathway can be formulated by considering the spe-
cific roles of Pd, Cu, and the HCl-modified carbon 
surface. According to our FTIR results, both Pd and 
Cu nanoparticles are bound to carboxyl and carbonyl 
functionalities of the modified activated carbon. This 
anchoring not only stabilizes the nanoparticles, but 
also electronically couples them to the support, creat-
ing an interface that facilitates H2 activation and stabi-
lizes surface hydride species. XRD analysis confirms 
the formation of Pd–Cu alloy phases, which is a direct 
structural indicator of electronic interaction between 
the two metals at the atomic level. In Pd–Cu nanoal-
loys, the presence of Cu modifies the electronic den-
sity of Pd: electron donation from Cu to Pd shifts the 
d-band center of Pd to lower energy, which is known 

to weaken the Pd–Cl interaction. As a result, the C–Cl 
bond cleavage pathway becomes energetically more 
favorable, and surface poisoning by strongly adsorbed 
chlorides is reduced. Pd remains the primary site for 
H2 dissociation, while Cu facilitates electron transfer 
steps and stabilizes reactive intermediates, which to-
gether increases the overall turnover for hydrodechlo-
rination. The modified carbon support additionally 
contributes by providing high surface area mesoporos-
ity and a high density of oxygen-containing groups, 
which improves nanoparticle dispersion and suppress-
es sintering or growth during reaction.

Thus, the high activity of the 3Pd–7Cu/ACm cat-
alyst can be explained mechanistically by the com-
bination of (I) alloy-driven electronic tuning of Pd 
by Cu, (II) more efficient H2 activation–transfer se-
quence at the bimetallic interface, and (III) stronger 
metal–support interactions induced by HCl modifica-
tion of the carbon. These three effects act synergisti-
cally, and this explains why a Cu-rich formulation 
with reduced Pd loading can achieve higher conver-
sion than monometallic Pd or Cu catalysts.
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Porous silicon (PS) samples were fabricated using electrochemical etching and characterized by atomic 
force microscopy, which showed that the surface roughness increases with porosity. The optical properties 
and the influence of porosity were investigated through specular and diffuse reflectance, transmission, and 
absorption measurements. Analysis of the diffuse reflectance spectra using the Kubelka–Munk function 
revealed that the optical band gap widens as porosity increases, indicating modifications in the electronic 
structure due to pore formation. The Urbach energy, determined from the absorption edge, also increases 
with porosity as a result of the higher density of unsaturated surface bonds. The dielectric constant, 
calculated via the Kramers–Kronig method, shows an increase in both its real and imaginary components 
with higher porosity, confirming the enhanced energy-storage capability of PS. Thermal energy-loss values 
likewise rise with pore content. Overall, the results demonstrate that increasing porosity significantly alters 
the optical and dielectric properties of porous silicon, supporting its potential applications in optoelectronic 
and energy-storage devices.

Keywords: Porous silicon, Kubelka–Munk function, Urbach energy, dielectric constant, Kramers–Kronig 
method, refractive index.
PACS number(s): 78.20.Ci, 78.40.-q -, 02.30.-f, 81.07.-b -, 78.30.-j.

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
1. Introduction 
 
Porous silicon (PS) has attracted substantial 

interest in recent years owing to its remarkable 
physicochemical and optoelectronic characteristics, 
including visible luminescence, tunable refractive 
index, adjustable energy band gap, and low optical 
absorption in the visible range [1]. Its high internal 
surface area, variable surface chemistry, and 
morphology-dependent porosity, along with its 
strong light–matter interaction [2] and controllable 
thermal properties [3], further enhance its 
technological relevance. These attributes, combined 
with the relative ease of fabricating well-defined 
layered structures, have enabled the development of 
a wide range of PS-based optoelectronic devices, 
such as light-emitting components, wavelength-
selective photodetectors, optical sensors, and Bragg 
reflectors [4]. Carbon-coated PS has also been 
incorporated into palladium-based catalysts for safe 
hydrogen storage, demonstrating improved 
efficiency and humidity tolerance compared to  
 

existing commercial alternatives [5]. Moreover, PS 
has been explored as a means of enhancing solar-cell 
efficiency [6,7]. 

Diffuse reflectance spectra have been widely 
used to estimate the optical band gap by fitting it to 
multiple absorption mechanisms for different 
materials, while Kramers–Kroning transformation 
has enabled the extraction of dielectric constants 
from the same measurements [8]. The Urbach tail, 
which characterizes the degree of disorder near the 
band edge, has been evaluated via the generalized 
Tauc–Lorentz method [9]. PS can exhibit extremely 
high optical absorption, with reported values 
approaching 99.75% absorption at selected 
frequencies; this absorption can be dynamically 
tuned by varying external parameters such as pump-
beam fluence [10]. Integration of PS with materials 
like Vanadium dioxide (VO2) further enhances its 
tunability, enabling phenomena such as 
electromagnetically induced transparency (EIT) and 
narrow-band absorption that are controllable through 
temperature or optical pumping [11]. Such hybrid  
 

systems are compatible with modern semiconductor 
processing techniques, expanding their potential for 
advanced optoelectronic applications [12]. 

Although several studies have investigated the 
physical properties of PS and the influence of 
individual fabrication [13], the literature lacks a 
systematic, comparative analysis of how different 
manufacturing conditions simultaneously affect key 
optical descriptors–namely, the band gap derived 
from the Kubelka–Munk function, the degree of 
band-edge disorder assessed through the Urbach 
energy, and the dielectric response obtained from the 
Kramers–Kronig method. Similarly, a coherent 
examination of surface roughness, its dependence on 
porosity, and its relationship to fabrication 
parameters across two groups of samples within a 
single study has not yet been reported. 

This work provides a comprehensive analysis 
that systematically correlates the optical properties of 
porous silicon with key fabrication parameters, 
including current density and HF concentration, as 
well as surface roughness and porosity. By preparing 
samples under controlled variations of these 
parameters, the study establishes quantitative 
relationships and offers deeper insight into how 
different manufacturing conditions influence the 
resulting optical behavior. The findings presented 
here serve as a valuable reference for future 
researchers and designers developing hybrid 
optoelectronic systems, providing an essential 
materials database for advanced device engineering. 

 
2. Theoretical basis for optical and structural 

parameter calculations 
 
2.1. Porosity and film thickness 
The influence of the HF concentration and 

current density on the porosity was studied by 
performing anodic etching under various 
combinations of these parameters and characterizing 
the resulting PS samples. The porosity P of PS is 
defined as the fraction of void volume within the 
porous layer and can be easily determined via using 
standard gravimetric measurements [14] 

 
𝑃𝑃𝑃𝑃(%) = 𝑚𝑚𝑚𝑚1−𝑚𝑚𝑚𝑚2

𝑚𝑚𝑚𝑚1−𝑚𝑚𝑚𝑚3
                         (1) 

 
where m1 is mass of the pristine silicon wafer prior 
anodization, m2 is the mass immediately after 
anodization, m3 is the mass after complete dissolution 
of the porous layers in a molar NaOH aqueous 

solution. The selective removal of the PS layer is 
achieved by immersing the sample for several 
minutes in a 3% NaOH solution, which dissolves the 
porous silicon without affecting the underlying 
crystalline substrate. 

The thickness L of the porous layer was also 
determined gravimetrically using: 

  
 𝐿𝐿𝐿𝐿 = 𝑚𝑚𝑚𝑚1−𝑚𝑚𝑚𝑚3

𝜌𝜌𝜌𝜌𝜌𝜌𝜌𝜌
                                (2) 

 
where ρ is the density of bulk silicon and S is the 
etched surface area [14]. 

Additionally, the film thickness L was calculated 
from the reflectance spectrum using Eq. (3), based on 
the separation between two adjacent interference 
peaks with refractive indices of  𝑛𝑛𝑛𝑛1 and  𝑛𝑛𝑛𝑛2 and 
corresponding wavelengths of 𝜆𝜆𝜆𝜆1 and 𝜆𝜆𝜆𝜆2 [13]: 

 
𝐿𝐿𝐿𝐿 = 𝜆𝜆𝜆𝜆1𝜆𝜆𝜆𝜆2
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2.2. Diffuse reflectance spectroscopy (DR) and 

the Kubelka-Munk function 
Diffuse refraction spectra (DRS) were converted 

into equivalent absorption spectra using the 
Kubelka–Munk formalism, which is widely 
employed for determining the optical band gap of 
porous and powdered materials [15-18]. 

 
𝐹𝐹𝐹𝐹(𝑅𝑅𝑅𝑅) = 𝐾𝐾𝐾𝐾
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2𝑅𝑅𝑅𝑅
                       (4) 

 
where F(R) is the Kubelka–Munk function, R is the 
diffuse reflectance of the film as a function of the 
wavelength, S and K denote the scattering and 
absorption Kubelka–Munk coefficients, respectively. 

The energy band gap was then extracted by 
plotting (𝐹𝐹𝐹𝐹(𝑅𝑅𝑅𝑅) ∗ ℎ𝑓𝑓𝑓𝑓)𝑛𝑛𝑛𝑛 as a function of photon energy 
(ℎ𝑓𝑓𝑓𝑓), where the exponent 𝑛𝑛𝑛𝑛 takes the value of 2 for 
direct allowed transitions and 1/2 for indirect allowed 
transitions [16]. The linear portion of the resulting 
Tauc plot was extrapolated to the energy axis to 
obtain the corresponding band gap. 

 
2.3. Urbach energy tail 𝑬𝑬𝑬𝑬𝒖𝒖𝒖𝒖 
The Urbach energy is an important parameter that 

characterizes the density of localized defect states 
within the band-gap region. These defect states–
arising from structural disorder, lattice imperfections, 
and incomplete surface passivation–give rise to an 
exponential absorption tail in the sub-band-gap 
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1. Introduction 
 
Porous silicon (PS) has attracted substantial 

interest in recent years owing to its remarkable 
physicochemical and optoelectronic characteristics, 
including visible luminescence, tunable refractive 
index, adjustable energy band gap, and low optical 
absorption in the visible range [1]. Its high internal 
surface area, variable surface chemistry, and 
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such as light-emitting components, wavelength-
selective photodetectors, optical sensors, and Bragg 
reflectors [4]. Carbon-coated PS has also been 
incorporated into palladium-based catalysts for safe 
hydrogen storage, demonstrating improved 
efficiency and humidity tolerance compared to  
 

existing commercial alternatives [5]. Moreover, PS 
has been explored as a means of enhancing solar-cell 
efficiency [6,7]. 
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systems are compatible with modern semiconductor 
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manufacturing conditions simultaneously affect key 
optical descriptors–namely, the band gap derived 
from the Kubelka–Munk function, the degree of 
band-edge disorder assessed through the Urbach 
energy, and the dielectric response obtained from the 
Kramers–Kronig method. Similarly, a coherent 
examination of surface roughness, its dependence on 
porosity, and its relationship to fabrication 
parameters across two groups of samples within a 
single study has not yet been reported. 

This work provides a comprehensive analysis 
that systematically correlates the optical properties of 
porous silicon with key fabrication parameters, 
including current density and HF concentration, as 
well as surface roughness and porosity. By preparing 
samples under controlled variations of these 
parameters, the study establishes quantitative 
relationships and offers deeper insight into how 
different manufacturing conditions influence the 
resulting optical behavior. The findings presented 
here serve as a valuable reference for future 
researchers and designers developing hybrid 
optoelectronic systems, providing an essential 
materials database for advanced device engineering. 

 
2. Theoretical basis for optical and structural 

parameter calculations 
 
2.1. Porosity and film thickness 
The influence of the HF concentration and 

current density on the porosity was studied by 
performing anodic etching under various 
combinations of these parameters and characterizing 
the resulting PS samples. The porosity P of PS is 
defined as the fraction of void volume within the 
porous layer and can be easily determined via using 
standard gravimetric measurements [14] 
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where m1 is mass of the pristine silicon wafer prior 
anodization, m2 is the mass immediately after 
anodization, m3 is the mass after complete dissolution 
of the porous layers in a molar NaOH aqueous 

solution. The selective removal of the PS layer is 
achieved by immersing the sample for several 
minutes in a 3% NaOH solution, which dissolves the 
porous silicon without affecting the underlying 
crystalline substrate. 

The thickness L of the porous layer was also 
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where ρ is the density of bulk silicon and S is the 
etched surface area [14]. 

Additionally, the film thickness L was calculated 
from the reflectance spectrum using Eq. (3), based on 
the separation between two adjacent interference 
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into equivalent absorption spectra using the 
Kubelka–Munk formalism, which is widely 
employed for determining the optical band gap of 
porous and powdered materials [15-18]. 

 
𝐹𝐹𝐹𝐹(𝑅𝑅𝑅𝑅) = 𝐾𝐾𝐾𝐾

𝜌𝜌𝜌𝜌
= (1−𝑅𝑅𝑅𝑅)2

2𝑅𝑅𝑅𝑅
                       (4) 

 
where F(R) is the Kubelka–Munk function, R is the 
diffuse reflectance of the film as a function of the 
wavelength, S and K denote the scattering and 
absorption Kubelka–Munk coefficients, respectively. 

The energy band gap was then extracted by 
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direct allowed transitions and 1/2 for indirect allowed 
transitions [16]. The linear portion of the resulting 
Tauc plot was extrapolated to the energy axis to 
obtain the corresponding band gap. 
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The Urbach energy is an important parameter that 

characterizes the density of localized defect states 
within the band-gap region. These defect states–
arising from structural disorder, lattice imperfections, 
and incomplete surface passivation–give rise to an 
exponential absorption tail in the sub-band-gap 
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region of the optical spectrum, known as the Urbach 
tail. This tail reflects absorption contributions from 
both the crystalline lattice and dopant-related states. 
The magnitude of this tail, quantified as the Urbach 
energy, provides insight into the degree of disorder 
present in the material. The Urbach energy can be 
extracted from absorption spectra using the empirical 
relation [9,17,19]: 

 
𝛼𝛼𝛼𝛼 = 𝛼𝛼𝛼𝛼𝑜𝑜𝑜𝑜𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸( 𝐸𝐸𝐸𝐸

𝐸𝐸𝐸𝐸𝑢𝑢𝑢𝑢
)                       (5) 

 
where Eu is the Urbach energy, 𝛼𝛼𝛼𝛼 is the absorption 
coefficient and 𝛼𝛼𝛼𝛼𝑜𝑜𝑜𝑜 is a material-dependent constant. 
The incident photon energy is given by 𝐸𝐸𝐸𝐸 = ℎ𝑓𝑓𝑓𝑓, 
where h is a Plank’s constant and f is photon 
frequency. 

The absorption coefficient can also be calculated 
from equation [17]: 

 
 𝛼𝛼𝛼𝛼 = A

𝐿𝐿𝐿𝐿
                                    (6) 

 
where L is the thickness of the film and A is the 
absorption. 

According to the Beer–Lambert’s law [20]:  
 

 𝐴𝐴𝐴𝐴 = −𝐿𝐿𝐿𝐿𝑛𝑛𝑛𝑛(𝑇𝑇𝑇𝑇)                               (7) 
 
Therefore, equation (6) can be written as [15]: 
 

 𝛼𝛼𝛼𝛼 = − ln (𝑇𝑇𝑇𝑇)
𝐿𝐿𝐿𝐿

                                 (8) 
 

The refractive index 𝑛𝑛𝑛𝑛 and extinction coefficient 
𝑘𝑘𝑘𝑘 can be calculated as follows [19-21]: 

 
 𝑛𝑛𝑛𝑛 = 1−𝑅𝑅𝑅𝑅𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠

1+𝑅𝑅𝑅𝑅𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠−2�𝑅𝑅𝑅𝑅𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠  𝑐𝑐𝑐𝑐𝑜𝑜𝑜𝑜𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐
                      (9) 

 

𝑘𝑘𝑘𝑘 =
2�𝑅𝑅𝑅𝑅𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 𝑐𝑐𝑐𝑐𝑠𝑠𝑠𝑠𝑛𝑛𝑛𝑛𝑐𝑐𝑐𝑐

1+𝑅𝑅𝑅𝑅𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠−2�𝑅𝑅𝑅𝑅𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 𝑐𝑐𝑐𝑐𝑜𝑜𝑜𝑜𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐
                     (10) 

 
where 𝑅𝑅𝑅𝑅𝑐𝑐𝑐𝑐𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑐𝑐𝑐𝑐 represents the specular reflectance of 
the PS. 

The dielectric constant describes the ability of a 
material to store electrical energy when subjected to 
an external electric field. It is expressed as a complex 
quantity comprising two components: a real part and 
an imaginary part. The real component represents the 
amount of energy stored elastically within the 
material; thus, higher values of the real dielectric 

constant indicate greater energy-storage capability. 
In contrast, the imaginary component corresponds to 
dielectric losses, reflecting the amount of energy 
dissipated as heat. Consequently, an increase in the 
imaginary dielectric constant signifies greater 
thermal energy loss under an applied electric field 
[21,22]. 

The complex dielectric function can be calculated 
using the following relations [20]: 

 
𝜀𝜀𝜀𝜀𝜀 = 𝜀𝜀𝜀𝜀𝑟𝑟𝑟𝑟 + 𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑠𝑠𝑠𝑠 

 
 𝜀𝜀𝜀𝜀𝑟𝑟𝑟𝑟 = 𝑛𝑛𝑛𝑛2 − 𝑘𝑘𝑘𝑘2                        (11) 

 
 𝜀𝜀𝜀𝜀𝑠𝑠𝑠𝑠 = 2𝑛𝑛𝑛𝑛𝑘𝑘𝑘𝑘                              (12) 

 
where 𝜀𝜀𝜀𝜀𝜀 is a complex dielectric constant, 𝜀𝜀𝜀𝜀𝑟𝑟𝑟𝑟 and  𝜀𝜀𝜀𝜀𝑠𝑠𝑠𝑠 
are its real and imaginary components, and 𝑛𝑛𝑛𝑛 and 𝑘𝑘𝑘𝑘 
are the refractive index and extinction coefficient, 
respectively. 

 
3. Materials and methods 
 
Two groups of n-type crystalline silicon (c-Si) 

wafers with a (100) orientation were 
electrochemically etched in hydrofluoric acid (HF) 
solutions of varying concentrations. In the first group 
samples were etched in 20% HF (by volume) at 
different current densities of 30, 40, and 50 mA/cm² 
for 5 minutes. The second group was fabricated using 
HF solutions of 25%, 30%, and 35% (by volume) at 
a fixed current density of 20 mA/cm² for 10 minutes. 
After anodization, all the samples of PS were gently 
removed, rinsed in deionized water, and dried. The 
presence of PS was initially confirmed through its 
characteristic photoluminescence under UV 
illumination [1–3, 23]. The full set of fabrication 
parameters is summarized in Table 1. 

Atomic force microscopy (AFM) was employed 
to accurately assess both porosity and surface 
roughness. Optical scattering measurements were 
conducted using an integrating sphere attached to a 
spectrophotometer operating over the 350–2500 nm 
wavelength range.  

A central objective of this study is to examine 
how the porosity of silicon influences its optical 
properties–most notably the energy band gap and 
dielectric constant–and to establish quantitative 
relationships between structural parameters and 
optical responses. 

 

Table 1 – Fabrication parameters of the PS samples. 
  

PS n-type Samples  HF concentration (%) Anodization time(min) Current density 
(mA/cm2) Porosity% 

 S1 20 5 30 30.8 ± 0.05 
 S2 20 5 40 32.28 ± 0.05 
 S3 20 5 50 33 ± 0.05 
 S4 25 10 20 17 ± 0.05 
 S5 30 10 20 14 ± 0.05 
 S6 35 10 20 9 ± 0.05 

 
 
4. Results and discussion 
 
The porosity (p%) increases with increasing 

current density, as shown in Fig.1a. At low current 
densities, the number of charge carriers is limited, 
resulting in minimal silicon dissolution along the 
current path and, consequently, low porosity. At 
higher current densities, the increased availability of 
charge carriers enhances dissolution, leading to 
higher porosity [24]. 

Similarly, the porosity (p%) increases as the HF 
concentration decreases, as shown in Fig.1b. Lower 
HF concentrations promote greater silicon 

dissolution, effectively increasing the critical current 
density at the oxide–silicon interface. As the HF 
concentration increases, the pore structure becomes 
finer and the pore walls thicken, resulting in a 
reduction in overall porosity [25]. 

Atomic force microscopy (AFM) was employed 
to examine the surface morphology of the PS samples 
and to quantify their surface roughness. Fig. 2 
presents 2D AFM images of the investigated 
samples. These measurements were used to establish 
the relationship between surface roughness and the 
fabrication conditions applied during sample 
preparation. 

 

  
a) 
 b) 

Figure 1 – (a) Porosity (p%) of the PS layers as a function of current density for samples etched at 20% HF. 
(b) Porosity (p%) of the PS layers as a function of HF concentration for samples etched at a fixed time and current density. 
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region of the optical spectrum, known as the Urbach 
tail. This tail reflects absorption contributions from 
both the crystalline lattice and dopant-related states. 
The magnitude of this tail, quantified as the Urbach 
energy, provides insight into the degree of disorder 
present in the material. The Urbach energy can be 
extracted from absorption spectra using the empirical 
relation [9,17,19]: 

 
𝛼𝛼𝛼𝛼 = 𝛼𝛼𝛼𝛼𝑜𝑜𝑜𝑜𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸( 𝐸𝐸𝐸𝐸

𝐸𝐸𝐸𝐸𝑢𝑢𝑢𝑢
)                       (5) 

 
where Eu is the Urbach energy, 𝛼𝛼𝛼𝛼 is the absorption 
coefficient and 𝛼𝛼𝛼𝛼𝑜𝑜𝑜𝑜 is a material-dependent constant. 
The incident photon energy is given by 𝐸𝐸𝐸𝐸 = ℎ𝑓𝑓𝑓𝑓, 
where h is a Plank’s constant and f is photon 
frequency. 

The absorption coefficient can also be calculated 
from equation [17]: 

 
 𝛼𝛼𝛼𝛼 = A

𝐿𝐿𝐿𝐿
                                    (6) 

 
where L is the thickness of the film and A is the 
absorption. 

According to the Beer–Lambert’s law [20]:  
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Therefore, equation (6) can be written as [15]: 
 

 𝛼𝛼𝛼𝛼 = − ln (𝑇𝑇𝑇𝑇)
𝐿𝐿𝐿𝐿

                                 (8) 
 

The refractive index 𝑛𝑛𝑛𝑛 and extinction coefficient 
𝑘𝑘𝑘𝑘 can be calculated as follows [19-21]: 
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where 𝑅𝑅𝑅𝑅𝑐𝑐𝑐𝑐𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑐𝑐𝑐𝑐 represents the specular reflectance of 
the PS. 

The dielectric constant describes the ability of a 
material to store electrical energy when subjected to 
an external electric field. It is expressed as a complex 
quantity comprising two components: a real part and 
an imaginary part. The real component represents the 
amount of energy stored elastically within the 
material; thus, higher values of the real dielectric 

constant indicate greater energy-storage capability. 
In contrast, the imaginary component corresponds to 
dielectric losses, reflecting the amount of energy 
dissipated as heat. Consequently, an increase in the 
imaginary dielectric constant signifies greater 
thermal energy loss under an applied electric field 
[21,22]. 

The complex dielectric function can be calculated 
using the following relations [20]: 

 
𝜀𝜀𝜀𝜀𝜀 = 𝜀𝜀𝜀𝜀𝑟𝑟𝑟𝑟 + 𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑠𝑠𝑠𝑠 

 
 𝜀𝜀𝜀𝜀𝑟𝑟𝑟𝑟 = 𝑛𝑛𝑛𝑛2 − 𝑘𝑘𝑘𝑘2                        (11) 

 
 𝜀𝜀𝜀𝜀𝑠𝑠𝑠𝑠 = 2𝑛𝑛𝑛𝑛𝑘𝑘𝑘𝑘                              (12) 

 
where 𝜀𝜀𝜀𝜀𝜀 is a complex dielectric constant, 𝜀𝜀𝜀𝜀𝑟𝑟𝑟𝑟 and  𝜀𝜀𝜀𝜀𝑠𝑠𝑠𝑠 
are its real and imaginary components, and 𝑛𝑛𝑛𝑛 and 𝑘𝑘𝑘𝑘 
are the refractive index and extinction coefficient, 
respectively. 

 
3. Materials and methods 
 
Two groups of n-type crystalline silicon (c-Si) 

wafers with a (100) orientation were 
electrochemically etched in hydrofluoric acid (HF) 
solutions of varying concentrations. In the first group 
samples were etched in 20% HF (by volume) at 
different current densities of 30, 40, and 50 mA/cm² 
for 5 minutes. The second group was fabricated using 
HF solutions of 25%, 30%, and 35% (by volume) at 
a fixed current density of 20 mA/cm² for 10 minutes. 
After anodization, all the samples of PS were gently 
removed, rinsed in deionized water, and dried. The 
presence of PS was initially confirmed through its 
characteristic photoluminescence under UV 
illumination [1–3, 23]. The full set of fabrication 
parameters is summarized in Table 1. 

Atomic force microscopy (AFM) was employed 
to accurately assess both porosity and surface 
roughness. Optical scattering measurements were 
conducted using an integrating sphere attached to a 
spectrophotometer operating over the 350–2500 nm 
wavelength range.  

A central objective of this study is to examine 
how the porosity of silicon influences its optical 
properties–most notably the energy band gap and 
dielectric constant–and to establish quantitative 
relationships between structural parameters and 
optical responses. 

 

Table 1 – Fabrication parameters of the PS samples. 
  

PS n-type Samples  HF concentration (%) Anodization time(min) Current density 
(mA/cm2) Porosity% 

 S1 20 5 30 30.8 ± 0.05 
 S2 20 5 40 32.28 ± 0.05 
 S3 20 5 50 33 ± 0.05 
 S4 25 10 20 17 ± 0.05 
 S5 30 10 20 14 ± 0.05 
 S6 35 10 20 9 ± 0.05 

 
 
4. Results and discussion 
 
The porosity (p%) increases with increasing 

current density, as shown in Fig.1a. At low current 
densities, the number of charge carriers is limited, 
resulting in minimal silicon dissolution along the 
current path and, consequently, low porosity. At 
higher current densities, the increased availability of 
charge carriers enhances dissolution, leading to 
higher porosity [24]. 

Similarly, the porosity (p%) increases as the HF 
concentration decreases, as shown in Fig.1b. Lower 
HF concentrations promote greater silicon 

dissolution, effectively increasing the critical current 
density at the oxide–silicon interface. As the HF 
concentration increases, the pore structure becomes 
finer and the pore walls thicken, resulting in a 
reduction in overall porosity [25]. 

Atomic force microscopy (AFM) was employed 
to examine the surface morphology of the PS samples 
and to quantify their surface roughness. Fig. 2 
presents 2D AFM images of the investigated 
samples. These measurements were used to establish 
the relationship between surface roughness and the 
fabrication conditions applied during sample 
preparation. 

 

  
a) 
 b) 

Figure 1 – (a) Porosity (p%) of the PS layers as a function of current density for samples etched at 20% HF. 
(b) Porosity (p%) of the PS layers as a function of HF concentration for samples etched at a fixed time and current density. 
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Figure 2 – 2D AFM images (10 × 10 µm2) of PS. 

 
 

The introduction of pores into crystalline silicon 
inherently increases surface roughness, as greater 
porosity corresponds to a larger number of pores that 
disrupt the initially smooth surface. As shown in 

Fig.3, the surface roughness increases systematically 
with increasing porosity, consistent with the 
accompanying increase in effective surface  
area. 

 
 

Figure 3 – Surface roughness vs porosity of PS samples:  
(a) PS samples prepared at different current densities; 

(b) PS samples prepared at different HF concentrations. 
 
 
The optical properties of the PS samples were 

studied using a UV–Vis–NIR spectrophotometer to 
record diffuse reflectance (DR) spectra (Fig. 4). Due 
to the roughened surface of PS, incident light is 
primarily scattered rather than specularly reflected. 
The nanoscale features within the porous layer give 

rise to distinct light–matter interactions, including 
interference effects in both the ultraviolet and visible 
regions of the spectrum, whereas the infrared region 
remains relatively flat. When light interacts with pores 
whose dimensions are comparable to the incident 
wavelength, resonant scattering occurs, producing 

constructive or destructive interference with the 
scattered waves. This process strongly influences the 
transmittance, absorption, and reflectance properties 
of the material. Small pores preferentially scatter 
shorter wavelengths, while larger pores are more 

effective at scattering longer wavelengths. 
Furthermore, the presence of pores facilitates partial 
confinement of light within the silicon matrix, thereby 
modifying the effective optical path and altering the 
measured reflectance and absorption values [26].

 
 

 
  

Figure 4 – DR spectra (expressed in %) of the PS samples recorded across  
the 350–2500 nm wavelength range. 

 
 
Fig. 5 shows the spectra of the transmittance (T) 

as a function of the wavelength. The transmittance 
increases as the porosity increases because more 
pores make silicon more transparent. 

 
 

  
  
Figure 5 – Transmittance spectra of the PS samples measured 

over the wavelength range of 350–2500 nm. 
Figure 6 – Absorbance spectra of the PS samples recorded 

across the 350–2500 nm wavelength range. 
 
 
The transmittance (𝑇𝑇𝑇𝑇) spectra of the PS samples 

were used to calculate the absorption coefficient 
using Eq. (8). As shown in Fig. 6, the absorbance 

increases with increasing porosity. This behavior 
arises because pores partially trap incoming light: a 
portion of the light is transmitted through the porous 
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network, while the remainder is absorbed by the 
silicon walls surrounding the pores. 

Using Eq. (9), the refractive index of the PS 
samples at a fixed wavelength of 808 nm was 
determined. As illustrated in Fig. 7, the refractive 
index increases with increasing porosity. This 
trend occurs because light propagates more 

rapidly through air-filled pores than through 
dense silicon; thus, a higher pore fraction results 
in an overall effective refractive index governed 
by an effective medium approximation. The 
refractive index of porous silicon therefore differs 
substantially from that of bulk crystalline silicon 
[1].

 
 

 
 

Figure 7 – Refractive index of PS samples at 808 nm as a function of porosity.  
(a) PS samples prepared at different current densities; 

 (b) PS samples prepared at different HF concentration. 
 

 
The energy band gap 𝐸𝐸𝐸𝐸𝑔𝑔𝑔𝑔 was calculated using the 

Kubelka‒Munk function, by plotting (𝐹𝐹𝐹𝐹(𝑅𝑅𝑅𝑅) ∗ ℎ𝑓𝑓𝑓𝑓)𝑛𝑛𝑛𝑛 
versus (ℎ𝑓𝑓𝑓𝑓) for n =2, corresponding to a direct 
allowed transition (Figure 8). The energy gap value 
was extracted from the intercept of the linear portion 
of the plot with the energy axis. The 𝐸𝐸𝐸𝐸𝑔𝑔𝑔𝑔 values for PS 
samples are larger than that of bulk silicon, consistent 
with the presence of nanoscale silicon structures. As 
porosity increases, the remaining silicon frameworks 
become thinner and approach characteristic 
dimensions where quantum confinement becomes 
significant, leading to a widening of the energy band 
gap [26]. 

Fig. 9 shows the dependence of the optical band 
gap on porosity. For samples prepared at different 

current densities, the band gap increases from 1.87 
eV to 3.26 eV as the porosity increases from 30.8% 
to 33%. Similarly, for samples fabricated at different 
HF concentrations, the band gap increases from 1.76 
eV to 3.30 eV as porosity rises from 9% to 17%. 
When pores form within silicon at dimensions 
comparable to the de Broglie wavelength of charge 
carriers (electrons and holes), quantum confinement 
effects emerge. This confinement restricts carrier 
motion, discretizes the energy levels, and prevents 
the formation of a continuous energy band structure, 
thereby widening the band gap. The formation of 
localized energy states near the porous silicon surface 
also modifies the electronic properties and influences 
the carrier concentration [24]. 

 

 
 

Figure 8 – Plots of (𝐹𝐹𝐹𝐹(𝑅𝑅𝑅𝑅) ∗ ℎ𝑓𝑓𝑓𝑓)𝑛𝑛𝑛𝑛 versus (ℎ𝑓𝑓𝑓𝑓), used to determine  
the optical band gap of PS samples based on the Kubelka–Munk function. 

 
 

 
 

Figure 9 – Optical band gap as a function of porosity (p%) for the PS samples.  
(a) Samples prepared at different current densities. (b) Samples prepared at different HF concentrations. 

 
 
The absorption coefficient was calculated from 

the transmittance spectrum using Eq. (8), and the 
Urbach energy (𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸) was then determined using Eq. 
(5) by plotting ln(𝛼𝛼𝛼𝛼) versus ℎf. The inverse of the 
slope of linear region of this plot (illustrated for 
sample S1 in Fig. 10) yields the Urbach energy for 
each sample. 

As shown in Fig. 11, the Urbach energy increases 
from 0.311 eV to 0.93 eV as porosity rises from 
30.8% to 33% for samples prepared at different 
current densities. For samples prepared at varying HF 
concentrations, 𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸 increases from 0.1136 eV to 
0.6696 eV as porosity increases from 9% to 17%. All 
values were obtained using identical procedures. 
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Figure 10 – Plot of ln(𝛼𝛼𝛼𝛼) versus ℎf for determining the Urbach energy of sample S1. 
 

 
The Urbach energy, often referred to as 

correlation energy, represents the energy required to 
break chemical bonds at the material surface and is 
closely associated with structural disorder and the 

presence of dangling or incomplete bonds [27]. As 
porosity increases, the number of such defect states 
grows, resulting in a corresponding increase in the 
Urbach energy. 

 
 

 
 

Figure 11 – Urbach energy as a function of porosity (𝑃𝑃𝑃𝑃%P%) for the PS samples.  
(a) Samples prepared at different current densities.  

(b) Samples prepared at different HF concentrations. 
 

 
The real part of the dielectric constant was 

calculated using Eq. (11), while the imaginary part 
was obtained using Eq. (12). At a wavelength of 808 
nm, both components of the dielectric constant for 
the PS samples are shown in Figures 12 and 13. The 
results demonstrate that both the real and imaginary 
parts of the dielectric constant increase with 
increasing porosity. The incorporation of pores 
enhances the overall polarity of the material, thereby  
 

increasing the real dielectric constant. At the same 
time, the presence of pores promotes stronger 
scattering and confinement of electromagnetic 
waves, which leads to higher dielectric losses and 
thus a larger imaginary component. As shown 
previously in Fig. 11, higher porosity also 
corresponds to increased Urbach energy, indicating a 
greater density of defect states. These surface states 
may serve as active sites for interactions with  
 

particles such as protons or secondary ions, making 
porous silicon a promising candidate for catalytic and 
biosensing applications [28]. 

The increase in the real part of the dielectric 
constant with porosity is particularly relevant for 
applications requiring materials with tunable 
dielectric behavior. High-dielectric porous layers 
can function as active components in ferroelectric 
capacitors, ferroelectric field-effect transistors 

(FeFETs), and ferroelectric tunneling junctions 
(FTJs), or as low-index interlayers in optical and 
electronic device architectures [29]. Conversely, a 
higher imaginary dielectric constant reflects 
increased energy dissipation, which is undesirable 
in photonic circuits where losses must be 
minimized, but advantageous in photothermal 
processing, where efficient heat generation is 
required.

 
 

  
Figure 12 – Real part of the dielectric constant (𝜀𝜀𝜀𝜀𝑟𝑟𝑟𝑟) of the PS samples at 808 nm  

as a function of porosity. (a) Samples prepared at different current densities.  
(b) Samples prepared at different HF concentrations. 

   

 Porosity also directly influences the specific 
surface area of PS; as the surface area increases, the 
material exhibits enhanced responsiveness under an 
applied electric field [26]. Furthermore, the 
emergence of additional defect levels modifies the 
polarization behavior of the material [30]. Previous 
results have shown that changes in the energy band 
gap due to porosity alter the electronic structure and 
optical transitions within the material [31], which in 
turn impacts the dielectric response. As silicon 
transitions from a bulk semiconductor to a porous 
structure with a wider band gap, its absorption and 
transmission characteristics change accordingly, 
leading to corresponding variations in the dielectric 
constant [32]. 

Table 2 summarizes the results obtained in this 
study. Samples S1, S2, and S3 were fabricated by 
varying the current density while keeping the HF 
concentration and etching time constant. Their 
porosity increased from 30.8% to 33% with 

increasing current density. Correspondingly, the 
optical band gap expanded from 1.87 eV to 3.26 
eV, while the Urbach energy increased from 0.649 
eV to 0.930 eV. Surface roughness showed a 
pronounced rise, from 44.3 nm to 316.0 nm. The 
real part of the dielectric constant increased from 
3.838 to 6.733, and the imaginary part increased 
from 0.745 to 2.47. 

Samples S4, S5, and S6–prepared by varying the 
HF concentration while maintaining constant current 
density and etching time–showed the expected trend 
that higher HF concentrations yield lower porosity. 
When the samples are ranked by increasing porosity, 
they similarly show an increase in band gap from 
1.76 eV to 3.30 eV and a rise in Urbach energy from 
0.114 eV to 0.669 eV. Surface roughness increased 
from 11.1 nm to 131.6 nm. The real part of the 
dielectric constant increased from 2.99 to 4.148, 
while the imaginary part increased from 0.427 to 
0.836. 
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Figure 13 – Imaginary part of the dielectric constant (εi) of the PS samples  

at 808 nm as a function of porosity. (a) Samples prepared at different current densities.  
(b) Samples prepared at different HF concentrations. 

 
 

Table 2 – Summary of optical and structural properties of PS samples. 

 
 
5. Conclusion 
 
This study demonstrates clear correlations between 

fabrication parameters and the fundamental optical and 
dielectric properties of porous silicon. By varying current 
density and HF concentration across two groups of 
samples, we observed systematic increases in porosity, 
which in turn led to higher optical band gaps, larger 
Urbach energies, increased surface roughness, and 
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Sample S1 S2 S3 S4 S5 S6 
Porosity% ∓0.05 30.8 32.28 33 17 14 9 
Refractive index nps ∓0.001 1.97 2.24 2.63 2.05 1.98 1.74 
Eg (ev) ∓0.0002 1.87 2.81 3.26 3.3 3.09 1.76 
Roughness (nm) (∓0.005) 44.30 290.06 316.03 131.57 24.51 11.14 
Eu (ev) (0.001) 0.649 0.795 0.930 0.669 0.417 0.114 

𝜀𝜀𝜀𝜀𝑠𝑠𝑠𝑠 ∓ 0.001 0.745 1.178 2.477 0.836 0.765 0.427 
𝜀𝜀𝜀𝜀𝑟𝑟𝑟𝑟 ∓ 0.001 3.838 4.959 6.733 4.148 3.757 2.991 

Film thickness(nm)∓5𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛 13620 14274 14592 948.63 781.22 502.22 
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Figure 13 – Imaginary part of the dielectric constant (εi) of the PS samples  

at 808 nm as a function of porosity. (a) Samples prepared at different current densities.  
(b) Samples prepared at different HF concentrations. 
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This work presents the synthesis of highly active electrode materials for the electrolytic production of 
hydrogen from aqueous solutions, which can also serve as photocatalysts. Composite coatings produced by 
plasma–electrolytic oxidation on aluminum and titanium alloy substrates, doped with vanadium and tungsten 
compounds, were investigated. The electrolysis processes of aqueous solutions using these composites as 
electrode materials were analyzed. Linear voltammetry was applied to determine the Tafel equation constants 
for the systems WO3 – V2O5 – Al2O3 / Al and WO3 – V2O5 – TiO2 / Ti, which are proposed as electrode 
materials for hydrogen evolution reactions. The study found that the dopant content, the metallic substrate 
characteristics, and surface morphology strongly influence the coatings’ functional properties. The Tafel 
coefficients a and b indicate a high level of electrocatalytic activity for the synthesized coatings, confirming 
their suitability as electrode materials for electrolytic hydrogen production. A comparison of photocatalytic 
activity in the methyl orange degradation reaction revealed higher activity of the aluminum-based coating 
than the titanium-based coating, highlighting the relevance of these materials for ecological technologies. 
The presence of nonstoichiometric oxides, compositional variability, morphological differences, and the 
developed surface area accounts for their exceptionally high electrocatalytic activity and, therefore, their 
strong potential for functional applications.

Keywords: plasma electrolytic oxidation, composite coatings, metallic substrates, vanadium and tungsten 
oxides, photocatalysis, electrocatalysis, hydrogen evolution reaction, degradation.
PACS number(s): 68.37.-d, 81.65.-b, 81.05.Bx.

1. Introduction

Plasma electrolytic oxidation (PEO) is a well-es-
tablished surface treatment technique for the forma-
tion of oxide coatings on valve metals such as Al, Ti, 
Zr, Ta, and Nb. This method enables the synthesis of 
multicomponent surface layers incorporating transi-
tion metal oxides, thereby offering broad possibilities 
for tailoring functional properties [1]. A key char-
acteristic of the PEO process is the continuous and 
dynamic restructuring of the coating across the en-
tire metal surface. Under PEO anodizing conditions, 
dielectric breakdown events give rise to numerous 
transient microdischarges that are repeatedly gener-

ated over the surface of the substrate. These localized 
discharge channels are associated with extreme tem-
perature gradients, reaching approximately 2000–10 
000 K, which facilitate the transformation of initially 
amorphous oxide phases into crystalline structures. 
As a result, PEO-derived coatings exhibit highly tun-
able morphologies, strong interfacial adhesion, ele-
vated microhardness, and excellent resistance to wear 
and corrosion. In recent years, significant research 
attention has focused on the photocatalytic perfor-
mance of modified coatings based on titanium (IV) 
and aluminum oxides. Although alternative semicon-
ductor materials, including α-Fe₂O₃, CdS, SnO₂, and 
SrTiO₃, have been explored for photocatalytic ap-
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plications, their widespread implementation is often 
constrained by toxicity and environmental concerns. 
In contrast, titanium (IV) and aluminum oxides are 
non-toxic, chemically stable, cost-effective, and 
readily produced on an industrial scale, making them 
particularly attractive for sustainable and large-scale 
technological applications.

Photocatalytic performance of semiconductor 
materials can be enhanced through several approach-
es: doping with transition metals (Pt, Pd, Au, Ni, Cr, 
Mo, Nb, W, Mn, Fe, Ce, Co, etc.), modifying surfaces 
with polymers or dyes, or employing mixed binary 
and ternary metal oxide systems [2]. A critical fac-
tor in improving coating performance is the incor-
poration of d- and p-elements into the oxide matrix 
[3]. In this regard, particular attention is directed to 
electrode materials based on vanadium and tungsten 
oxides [4–7]. These systems hold great promise for 
diverse applications, including heterogeneous ca-
talysis, photocatalysis, semiconductor devices, and 
as electrode materials for electrolytic hydrogen and 
oxygen evolution reactions [8–10]. This context has 
defined the focus of the present study. The purpose of 
this study is to investigate the properties of hetero-
oxide coatings formed on titanium and aluminum 
substrates, with the aim of expanding their use as 
photocatalytic and electrode materials. This requires 
examining the positive effects of incorporating com-
plex vanadium and tungsten oxides into titanium and 
aluminum oxide films.

It is well established that the crystal lattices of 
tungsten and vanadium oxides often deviate from ide-
al stoichiometry, resulting in oxygen deficiencies that 
significantly enhance their electrochemical activity 
[11]. The high concentration of oxygen vacancies, to-
gether with the existence of multiple structural poly-
morphs–including cubic, hexagonal, orthorhombic, 
and monoclinic phases–suggests that coatings based 
on these oxides can exhibit pronounced catalytic and 
photocatalytic behavior. The efficiency of photocata-
lytic processes is strongly influenced by several fac-
tors, such as the specific surface area of the catalyst, 
the nature and density of surface-active sites, and the 
spatial localization and lifetime of photogenerated 
charge carriers. These properties are, in turn, gov-
erned by the crystalline structure of the material, the 
synthesis route employed, and any subsequent post-
treatment of the active layer [12,13].

2. Experimental

PEO coatings were prepared on titanium alloy 
VT1-0 and aluminum A0 (Al – 99 wt.%). Sample 

preparation for anodizing included degreasing in a 
sodium carbonate solution at 40–60 °C, followed by 
etching: titanium samples in a nitric acid–hydrofluor-
ic acid mixture (1:3) and aluminum samples in nitric 
acid at room temperature. Samples were then rinsed 
in running and distilled water.

Previous studies [14] indicated that coatings 
formed in potassium pyrophosphate solutions with 
concentrations ≥0.5 mol/dm³ exhibit optimal func-
tional properties. Therefore, further experiments 
were carried out using electrolytes with constant 
pyrophosphate content and varying Na₂WO₄ (0.05–
0.15 M) and NH₄VO₃ (0.1–0.15 M) concentrations. 
Electrolytes were prepared by dissolving tungsten 
and vanadium salts in distilled water, mixing them, 
and gradually adding the mixture to the base pyro-
phosphate solution under stirring. The pH was moni-
tored with a pH-meter pH-150M and glass electrode 
ESL-6307. Due to vanadate’s low solubility, dissolu-
tion was performed at 40–50 °C. At pH 8–10, sodi-
um tungstate and ammonium metavanadate are fully 
hydrolyzed, with the [HVO₄]²⁻ anion in equilibrium 
with the pervanadate ion [V₂O₇]⁴⁻. Under PEO con-
ditions, high temperatures induce transformations of 
these anions into V₂O₅ and WO₃, which are incorpo-
rated into the coating surface layers [15].

Oxidation was performed in a single stage at 
current densities of 10–40 A/dm² and a maximum 
voltage Uphase = 80–140 V for 10–20 min, with con-
tinuous stirring and electrolyte cooling. A B5-50 DC 
power supply was used for polarization. After anod-
izing, samples were rinsed with distilled water and 
dried at room temperature.

The chemical composition of the coatings was 
determined by X-ray fluorescence using a portable 
“SPRUT” spectrometer, with a relative standard de-
viation of 10⁻³–10⁻². Measurements were taken at a 
minimum of three points per sample and averaged, 
with an error of ±1 wt.%. For verification, energy-
dispersive X-ray spectroscopy was performed using 
an Oxford INCA Energy 350 electron probe micro-
analyzer (15 keV electron beam). Surface morphol-
ogy was examined using a ZEISS EVO 40XVP scan-
ning electron microscope (G.V. Karpenko Institute 
of Physics, NASU). Secondary electron imaging 
allowed high-resolution and high-contrast visualiza-
tion at 100–5000× magnification. Images were pro-
cessed with SmartSEM software [16].

Photocatalytic activity was tested via the mod-
el oxidation of methyl orange (MO) in a 50 mL 
thermostatic glass photoreactor with magnetic stir-
ring (100 rpm) at room temperature under air. Ini-
tial MO concentrations ranged from (0.02–2.0) × 
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10⁻⁴ mol/dm³. Samples coated with hetero-oxide 
films were irradiated with a UV lamp DRT-125-1 
(230–400 nm, 125 W) placed 5 cm above the so-
lution. Solutions were pre-equilibrated in the dark 
for 60 min to establish adsorption equilibrium, 
then irradiated for 80 min. MO concentration was 
measured every 10 min using a KFK-2 spectropho-
tometer at λ = 490 nm. The degree of MO decom-
position was calculated as (C₀–Cₜ)/C₀, where Cₜ 
is the current concentration and C₀ is the initial 
concentration.

Electrocatalytic properties were studied by lin-
ear voltammetry in a neutral model medium (1 M 
Na₂SO₄, pH 7) using a MTech PGP-550S potentio-
stat–galvanostat in a thermostated three-electrode 
cell. A platinum mesh was used as the auxiliary elec-
trode, and a saturated Ag/AgCl electrode (EVL-1M1) 
as the reference. All potentials were converted to the 
standard hydrogen electrode (SHE) scale. Electrocat-
alytic activity in hydrogen evolution was character-
ized by the exchange current density j₀(H₂), deter-
mined from linearized Tafel plots. 

3. Results and discussion

Previous studies have demonstrated that the in-
corporation of d-block elements into metal oxide 
matrices significantly enhances the catalytic per-
formance of hetero-oxide coatings [17–19]. In the 
present work, the observed synergistic interaction 
between tungsten and vanadium oxides in improving 
the photo- and electrocatalytic activity of oxide films 
motivated a detailed investigation into the influence 
of electrolysis conditions, electrolyte composition, 
and substrate material on these properties.

The formation mechanisms of the composite ox-
ides can be rationalized by considering the atomic ra-
dii of the constituent elements: titanium (0.068 nm), 
aluminum (0.143 nm), vanadium (0.052 nm), and 
tungsten (0.135 nm). Owing to its relatively small 
atomic radius, vanadium can readily incorporate into 
the TiO₂ lattice, partially substituting titanium ions 
within the oxide structure [20–23]. In contrast, the 
larger atomic radius of tungsten restricts its incorpo-

ration into the bulk oxide lattice, leading to its pref-
erential localization in the near-surface region of the 
coating.

The presence of tungsten oxides in the surface 
layer, which are intrinsically less catalytically active, 
facilitates the formation of vanadium-rich oligomer-
ic domains and intermediate oligomeric structures. 
These species enhance catalytic performance primar-
ily through structural rather than electronic effects. 
As a result, tungsten oxides are stabilized in the sur-
face layer in the form of WₓOᵧ, enabling the forma-
tion of multicomponent heterostructured systems 
such as WO₃–V₂O₅–TiO₂/Ti and WO₃–V₂O₅–Al₂O₃/
Al. Previous investigations [24–27] have shown that 
the emergence of highly reactive surface sites arises 
from the combined effect of tungsten and vanadium 
oxides, leading to the generation of surface centers 
with enhanced catalytic activity.

During PEO of aluminum, high-temperature re-
gions form at breakdown sites, where γ-Al₂O₃ trans-
forms into α-Al₂O₃ (corundum) with a stable cubic 
lattice, increasing the spark-discharge voltage. Elec-
trolyte penetration into the aluminum matrix at these 
sites is slower than in titanium, yet the resulting coat-
ings still contain vanadium and tungsten oxides [28, 
29].

The formation of complex oxides differs between 
the two metals, likely due to the differing electrical 
resistivities of the oxide layers: Al₂O₃ films have re-
sistivity in the range 10¹²–10¹⁸ Ω·cm, while titanium 
films are 10¹⁰–10¹² Ω·cm. At temperatures above 
400 °C, Al₂O₃ resistivity decreases by several orders 
of magnitude [30-38]. PEO monitoring shows that 
discharge intensity is lower on aluminum samples 
than on titanium. For titanium, sparking begins at 
Uₛₚₐᵣₖ = 60–70 V within 30 s, and the transition to 
the microarc regime occurs faster at lower voltages 
(105–120 V) than for aluminum, where Uₛₚₐᵣₖ = 80–
100 V after 60–90 s.

The presence of α-Al₂O₃ complicates the incor-
poration of electrolyte components into the oxide 
film, resulting in a lower amount of incorporated ele-
ments (Table 1) and influencing the surface morphol-
ogy of the coatings (Figures 1 and 2).

Table 1 – Composition of hetero-oxide coatings on aluminum and titanium substrates.

Composition of the oxide 
coating

Elemental mass fraction, %
V W Al Ti О P K

WO3 – V2O5 / Al2O3 0,29 0,12, 46,35 - 52,65 0,59 -
WO3 – V2O5 / TiO2 1,51 2,83 - 27,59 60,99 6,76 0,32
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Figure 1 shows that the surface of the WO₃ – 
V₂O₅ – Al₂O₃ / Al composite is uneven, with crater-
like inclusions. In contrast, increasing the tungsten 

content in the WO₃ – V₂O₅ – TiO₂ / Ti coating pro-
duces a uniform, fine-grained structure without large 
agglomerates (Figure 2).

a) b)

Figure 1 – Morphology (a) and X-ray spectrum (b) of the composite surface on an aluminum substrate.

a) b)

Figure 2 – Morphology (a) and X-ray spectrum (b) of the composite surface on a titanium substrate.

The photocatalytic performance of the hetero-
oxide coatings was assessed by tracking the temporal 
degradation of methyl orange (MO) in aqueous solu-
tions. The results of these photocatalytic activity tests 
are presented as histograms in Figure 3.

The results indicate that the ratio of dopant metals 
has a significant impact on the photocatalytic activ-
ity of hetero-oxide coatings on aluminum substrates. 
Increasing the vanadium content in the electrolyte, 
however, reduces the photocatalytic activity of the 
hetero-oxide coatings on both aluminum and tita-
nium. This effect can be explained by the sequence 

of oxide layer formation on the metal surfaces. V₂O₅ 
forms much more rapidly than WO₃ during oxida-
tion reactions [22]. At high VO₃⁻ concentrations in 
the electrolyte, the accelerated formation of V₂O₅ 
hinders the uniform deposition of WO₃ on the coat-
ing surface, while WO₃ predominantly forms inside 
pores, reducing the exposed catalytically active sur-
face area. Therefore, the optimal dopant ratio is 1:1.

The time-dependent degradation profiles of MO 
for mono-oxide coatings and hetero-oxide coatings 
prepared from electrolytes with a V:W ratio of 1:1 are 
shown in Figure 4.
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Figure 3 – Photocatalytic properties of coatings on aluminum and titanium substrates: mono-oxide coatings (ox)  
and hetero-oxide coatings obtained by PEO in electrolytes with V/W ratios of 1:3 (1), 1:1 (2), 2:1 (3), and 3:1 (4).

Figure 4 – Time-dependent profiles of photocatalytic degradation of MO in contact with mono-  
and hetero-oxide coatings (V:W ratio = 1:1).

Comparison of the coatings in the MO degrada-
tion reaction shows that doped hetero-oxide coatings 
exhibit significantly higher photocatalytic activity 
than mono-oxide coatings, demonstrating their po-
tential for eco-technological applications.

The electrocatalytic activity of the hetero-oxide 
coatings was assessed using kinetic parameters from 
a model hydrogen evolution reaction. The hydrogen 
reduction potential and polarization behavior were 
found to depend on the coating composition, the na-
ture of the substrate metal, and the pH of the medium. 

The presence of non-stoichiometric oxides, composi-
tional variability, surface morphology, and the degree 
of surface development result in electrocatalytic prop-
erties of the hetero-oxide coatings that differ markedly 
from those of the pure metals (Figure 5).In a neutral 
medium, hydrogen evolution begins at –1.15 V on alu-
minum coatings and at –0.95 V on titanium coatings, 
indicating a reduction in hydrogen overpotential. The 
electrocatalytic activity of the coatings is characterized 
by the Tafel slope (b), determined from the linear por-
tion of the Tafel plot (Figure 5, Table 2).
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Lower b values indicate faster reaction kinetics. 
In this study, the observed b values differ from classi-
cal trends relating hydrogen evolution overpotential 

to current density and electrode material, reflecting 
the unique electrocatalytic behavior of the hetero-
oxide coatings.

 a) b)

Figure 5 – Linear regions of the polarization curves for the hydrogen evolution reaction  
in Tafel coordinates on WO₃ – V₂O₅ – TiO₂ / Ti (a)  

and WO₃ – V₂O₅ – Al₂O₃ / Al (b) coatings in a neutral 1 M Na₂SO₄ solution. Scan rate: 2 mV/s.

Table 2 – Electrocatalytic parameters of the coatings for hydrogen evolution.

Electrode material –а, В –b, В

Pt 0,31 0,10

Ti 0,82 0,14

Al 0,64 0,14

WO3 – V2O5 – Al2O3 / Аl 0,26 0,11

WO3 – V2O5 – TiO2 / Ті 0,23 0,20

In multicomponent oxide systems, unlike pure 
metals, the Tafel slope (b) can exceed 0.12 V. In this 
study, b for the WO₃ – V₂O₅ – TiO₂ / Ti composites 
was –0.20 V. For many metals, b is higher in alkaline 
solutions than in acidic media during hydrogen evolu-
tion; to avoid this effect, a neutral electrolyte was used.

The variation in b is influenced by several factors: 
the compositional diversity of non-stoichiometric ox-
ides, differences in hydrogen adsorption on the oxide 
matrix (which can slow electrochemical desorption), 
and the formation of active centers from dopants (va-
nadium and tungsten). These factors complicate the 
hydrogen evolution mechanism on hetero-oxide sur-
faces and merit further investigation.

The Tafel constant a for WO₃ – V₂O₅ – Al₂O₃ / Al 
was –0.26 V (Table 2), close to that of WO₃ – V₂O₅ 
– TiO₂ / Ti (–0.23 V), and both values fall within the 

range typical for catalytically active materials. The 
slight difference in a arises from variations in the 
hetero-oxide matrix and the tungsten and vanadium 
oxide content. A higher proportion of non-stoichio-
metric tungsten and vanadium oxides in titanium-
based coatings further lowers a. Overall, these results 
indicate the exceptionally high electrocatalytic activ-
ity of the hetero-oxide composites in hydrogen evo-
lution, confirming their strong potential for practical 
applications.

4. Conclusion

Highly active hetero-oxide photocatalytic coat-
ings were successfully synthesized on aluminum- 
and titanium-based substrates via plasma electrolytic 
oxidation incorporating vanadium and tungsten spe-
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cies. The resulting materials demonstrated excellent 
functional performance across multiple application 
domains.

Evaluation of photocatalytic activity using 
methyl orange degradation revealed significantly en-
hanced reaction rates, confirming the strong potential 
of these coatings for environmentally oriented and 
eco-technological applications.

Electrochemical studies of hydrogen evolution 
reactions showed that the synthesized hetero-oxide 
composites exhibit exceptionally high electrocata-

lytic activity, underscoring their promise as efficient 
electrode materials for electrolytic hydrogen produc-
tion. 

The functional properties of the coatings exhib-
ited a strong dependence on the dopant content, the 
characteristics of the metallic matrix, and the surface 
morphology. 

(iv) Analysis of the Tafel parameters further con-
firmed the superior electrocatalytic characteristics of 
the coatings, supporting their applicability in practi-
cal hydrogen generation systems.
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Enzyme-free electrochemical glucose sensors attract the attention of researchers due to their high 
reproducibility and stability compared to enzymatic sensors, which is of practical importance for both 
clinical diagnostics and the food industry. The development of an economical, controlled method for the 
synthesis of a multicomponent composite used to determine glucose is an urgent task for the prevention and 
treatment of diabetes. In this work, zinc cobaltite ZnCo2O4 nanostructures on nickel foam were synthesized 
using a simple hydrothermal method. The possibility of using the grown structures as a basis for enzyme-
free electrochemical sensors for determining glucose is shown. It was revealed that the concentration 
of the growth solution affects the morphology of the synthesized structures and their electrochemical 
properties. The highest sensitivity to glucose 18.65 mA·mM-1·cm-2 in an alkaline solution of 0.1 M KOH 
was demonstrated by ZnCo2O4 samples grown in an aqueous solution containing 40 mM zinc nitrate and 
400 mM cobalt nitrate. The results of the study show that the molar predominance of cobalt nitrate in the 
growth solution contributes to an increase in the electrochemical sensitivity of Ni-ZnCo2O4 electrodes. The 
obtained samples can be used as highly sensitive electrodes used both in medical applications and for the 
needs of the food industry.

Keywords: nanostructured composites, electrochemical biosensor, hydrothermal method, glucose, cyclic 
voltammetry, oxide semiconductors.
PACS number(s): 61.46.+w, 61.46.−w, 61.82.Fk, 68.37.Lp, 81.07.Bc, 81.10.Dn, 82.47.Rs.

1. Introduction

Diabetes, a serious chronic disease, is a public 
health problem. The number of recorded cases of 
this disease is steadily increasing. In this regard, 
the development of efficient, cost-effective, and 
highly glucose-sensitive biosensors is an urgent 
task [1-5]. Due to instability, high cost and com-
plexity of immobilization in the development of 
enzyme sensors, the development of enzyme- free 
glucose sensors attract special interest of research-
ers [6-9]. Nanostructured noble metals such as Pt, 
Au, etc. are actively used for non-enzymatic glu-
cose sensing [10-13]. The disadvantage of these 
sensors is that some noble metals are easily poi-

soned by intermediates formed during glucose 
oxidation, as well as chlorine ions in the test so-
lution. An alternative to noble metals for glucose 
electrooxidation is transition metal nanostructures 
and their oxides, which are promising due to their 
large surface area, low cost, and unique electro-
catalytic properties [14-16]. In particular, bimetal-
lic oxide NiCo2O4 has been actively used because 
of its high electrical conductivity as well as high 
electrocatalytic activity compared to single metal 
oxides such as NiO, Co3O4 and CuO [17-20]. How-
ever, disadvantages such as brittle structure, easy 
self-agglomeration and dissolution on the elec-
trode surface make it very difficult to use NiCo2O4 
for glucose determination [17, 21 – 23]. 
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Zinc cobaltite ZnCo2O4 is a well-known ternary 
spinel oxide possessing a high degree of cation disor-
der in two types of lattice sites tetrahedrally or octa-
hedrally coordinated by oxygen [23]. It is a promis-
ing p-type functional material attracting considerable 
interest in potential applications such as lithium ion 
batteries, electrocatalysts, supercapacitors, etc. due 
to its electrochemical and catalytic properties [24-
27]. In the ZnCo2O4 crystal Zn cations occupy tet-
rahedral positions, Co cations are uniformly distrib-
uted throughout the octahedral positions, and anions 
O2 tend to coordinate both Zn2+ and Co3+ cations tet-
rahedrally and octahedrally, respectively, forming a 
closely packed structure [28, 29]. 

The fabrication of nanoparticle arrays is relevant 
in applications where important electrochemical pro-
cesses take place. The morphology of the electrodes 
having a strong influence on their properties [30 – 34]. 
Nanostructured samples have enhanced reactivity 
and stability, providing pathways for electrolyte ions 
and electrons, thereby realizing maximum utilization 
of the electrochemical properties of the material [32 
– 39]. The hydrothermal method is an inexpensive 
low-temperature synthesis method of nanostructured 
materials based on oxide semiconductors, which are 
promising for use in biosensors for solving health-
care problems, for chemical and biological analysis, 
monitoring of the ecological state of the environ-
ment, and in the food industry [9, 40]. To create a 
highly sensitive enzyme-free electrochemical sensor 
for the detection of glucose in alkaline solution, the 
use of nanostructured materials is promising [7, 14, 
21, 22]. 

This paper presents the results of a study of the 
electrochemical properties of nanostructured com-
posite materials based on ZnCo₂O₄ spinel synthe-
sized by a low-cost hydrothermal method on nickel 
foam substrates. The study is aimed at assessing their 
potential as sensitive electrodes at electrochemical 
glucose (gl) detection.

2. Materials and methods

Zinc cobaltite samples were obtained by hydro-
thermal method on nickel foam. The growth solu-
tion contained cobalt nitrate Co(NO3)2·6H2O (Sigma 
Aldrich, 99% purity), zinc nitrate Zn(NO3)2·6H2O 
(Sigma Aldrich, 99% purity), and urea CH4N2O (Sig-
ma Aldrich, 99% purity). Urea acts as a precipitat-
ing agent during hydrothermal synthesis. Six types 
of samples with different molar concentration ratios 

of zinc nitrate (NZn) / cobalt nitrate (NCo) are con-
sidered in this work: ZC1 (NZn40mM/NCo40mM), 
ZC2 (NZn60mM/NCo60mM), ZC3 (NZn40mM/
NCo400mM), ZC4 (NZn60mM/NCo600mM), 
ZC5 (NZn400mM/NCo40mM), ZC6 (NZn600mM/
NCo60mM) (see Table 1). The hydrothermal synthe-
sis of nanostructures was carried out in a hermeti-
cally sealed autoclave at 140 °C for 4 hours. During 
the synthesis, the nickel foam substrate was placed 
vertically in the autoclave. At the end of the synthe-
sis, all samples were washed with distilled water and 
air-dried at 80 °C.

The surface morphology of prepared samples 
was studied with transmission electron microscope 
(TEM, JEOL, JEM-1400 plus, Japan) (Fig. 1). 
The morphology of the sample ZC2 (NZn60mM/
NCo60mM) presented in Figure 1a is characterised 
by nanoparticles in the form of plates or nanorods. 
The average particle size is of the order of 10-20 
nm, which is characteristic of the formation of nano-
crystalline spinel structure ZnCo₂O₄ during hydro-
thermal growth. A relatively homogeneous disper-
sion of crystallites is observed, indicating a close to 
stoichiometric ratio, as well as balanced conditions 
of nucleation and growth in solution at a molar ratio 
of Zn:Co = 1:1. This morphology is favourable for 
the formation of a developed specific surface area, 
which is critical for applications in sensing devices 
and electrochemical systems. Figure 1b shows a 
snapshot of sample ZC6 (NZn600mM/NCo60mM) 
synthesised at a precursor ratio of Zn:Co = 10:1. In 
contrast to sample ZC2, this material shows more 
pronounced aggregation and formation of larger 
crystallites (⁓ 30-40 nm), indicating enhanced 
crystallite growth under zinc excess conditions. Ap-
parently, high Zn²⁺ content leads to a change in the 
kinetics of hydrolysis and precipitation, while main-
taining the nanocrystalline structure characteristic 
of spinels, but with a lower specific surface area 
compared to the ZC2 sample.

3. Results and discussion 

Thus, by varying the molar ratios of Zn²⁺/Co²⁺ 
in the growth solution, the morphology of ZnCo₂O₄ 
nanostructures can be controlled. At a stoichiometric 
ratio (1:1), the formation of uniform nanoparticles 
with high dispersion is observed, whereas at a signifi-
cant excess of zinc (10:1), aggregation and crystallite 
growth are enhanced, leading to enlarged nanostruc-
tures.
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(a) (b)

Figure 1 – TEM of ZnCo2O4 samples: (a) ZC2, (b) ZC6.

The electrochemical properties of the obtained 
samples were investigated on a Corrtest CS310 sin-
gle-channel potentiostat using a three-electrode elec-
trochemical glass cell in 0.1M KOH alkaline solu-
tion at a scan rate of 25 mV/s. Cyclic voltammetry 
(CV) was measured at room temperature at potential 
changes from -0.1 to 0.65 V. An Ag/AgCl reference 
electrode was used for electrochemical measure-
ments in a three-electrode setup.

The concentration of glucose in the alkaline solu-
tion varied from 0.2 mM to 2 mM. Figure 2 shows the 
CVs of the synthesized samples. It is observed that 
maximum oxidation currents are observed at ~0.6 
V and maximum reduction currents are observed at 
~0.3 V. The peaks of oxidation and reduction cur-
rents gradually increase with increasing concentra-
tion of glucose in solution.

The corresponding redox potentials indicate that 
the synthesised material is ZnCo2O4 [41]. It is ob-
served that the anodic and cathodic peak potentials 
shift to the positive and negative side, respectively, 
with increasing glucose concentration in solution, in-
dicating increasing concentration polarization.

The most pronounced anodic currents are ob-
served for samples ZC3 and ZC4 synthesised at 
excess of cobalt ions (Zn:Co = 1:10). In particular, 

sample ZC3 (Zn:Co = 40:400 mM) exhibits the high-
est anodic current upon addition of glucose, indicat-
ing high catalytic activity. In contrast, the samples 
with excess zinc (ZC5 and ZC6) show significantly 
weaker current responses, indicating that the cata-
lytic efficiency decreases as the proportion of Zn²⁺ 
in the growth solution increases. To compare the 
sensitivity of the samples, calibration plots were con-
structed for the oxidation current peaks as a function 
of glucose concentration in solution (Figure 3). On 
the graph R2=0.99, linear range 0–2 mM. All depen-
dences have a linear character in the investigated 
range, which confirms the suitability of these materi-
als for quantitative determination of glucose. 

On the basis of these dependences the sensi-
tivity of each sample was calculated (Table 1). It 
was observed that the highest sensitivity (18.65 
mА·mМ⁻¹·сm⁻²) is demonstrated by sample ZC3, ob-
tained at low concentration of zinc nitrate and high 
concentration of cobalt nitrate. Sample ZC4, similar 
to ZC3 in terms of Zn:Co ratio but with higher con-
centrations of all reagents, also shows high sensitivi-
ty: 15.40 mА·mМ⁻¹·сm⁻². This indicates that the high 
cobalt content of ZnCo₂O₄ promotes the formation of 
active centres that efficiently catalyse glucose oxida-
tion.
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(a) (b)

(c) (d)

(e) (f)

Figure 2 – Cyclic voltammetry patterns of ZnCo2O4 samples: 
(a) ZC1, (b) ZC2, (c) ZC3, (d) ZC4, (e) ZC5, (f) ZC6
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In contrast, the samples with excess zinc (ZC5 
and ZC6) have the lowest sensitivity: 4.55 and 3.75 
mA·mM-¹cm-², respectively. This may be due to both 
less favourable morphology (larger aggregates, lower 
specific surface area) and lower catalytic activity of 
Zn-containing phases compared to Co-containing 

phases. Samples with equimolar ratio of Zn:Co (ZC1 
and ZC2) occupy an intermediate position, but at the 
same ratio the sensitivity decreases with increasing 
total precursor concentration, possibly due to the 
densification of the structure and decreased availabil-
ity of active centres.

Figure 3 – Plots of variation of peak current density CV at different glucose concentration  
in alkaline solution of 0.1 M KOH at scanning speed of 25mV/s.

Table 1 – Sensitivity of ZnCo2O4 samples for glucose detection.

Sample
name Composition of the growth solution Sensitivity,

mА·mМ-1·сm-2

ZC1 NZn40mM / NCo40mM, urea 100mM 12.05

ZC2 NZn60mM / NCo60mM, urea 150mM 5.25

ZC3 NZn40mM / NCo400mM, urea 100mM 18.65

ZC4 NZn60mM / NCo600mM, urea 150mM 15.40

ZC5 NZn400mM / NCo40mM, urea 100mM 4.55

ZC6 NZn600mM / NCo60mM, urea 150mM 3.75

To obtain more information about the charge 
transfer efficiency and charge separation at the 
ZnCo2O4/Ni interface, electrochemical impedance 
(EIS) measurement was performed in the range of 
0.1÷105 Hz at a bias voltage of +0.1 V. Figure 4 
shows Nyquist plots between imaginary and real 

impedance for all ZnCo2O4 samples of the consid-
ered series in 0.1M KOH. The inset of Fig. 4a shows 
the equivalent Randle circuit, where R1 represents 
the equivalent series resistance of the electrolyte so-
lution, R2 is the charge transfer resistance and Ws is 
the Warburg impedance. 
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(a) (b)

(c) (d)

(e) (f)

Figure 4 – Nyquist diagrams of ZnCo2O4 samples:
(a) ZC1, (b) ZC2, (c) ZC3, (d) ZC4, (e) ZC5, (f) ZC6.
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CPE (constant phase element) is the circuit ele-
ment used to describe the capacitance exhibited in 
real electrochemical systems due to surface rough-
ness or reaction rate distribution. The R2 value for 
samples ZC2 and ZC4 were compared and found to 
be 1.21 Ohm and 0.18 Ohm respectively. From Table 
1 it can be seen that sample ZC4 with a lower R2 
value has a sensitivity 2.5 times higher than sample 
ZC2. This shows the importance of achieving low R2 
values to achieve high sensitivity.

Analysis of Nyquist diagrams shows that all 
dependences are characterised by the presence of a 
semicircle in the high-frequency region and a linear 
section in the low-frequency region. The radius of 
the semicircle directly correlates with the value of 
R2: the smaller the radius, the lower the resistance 
to charge transfer and the higher the kinetics of the 
electrochemical reaction. The most pronounced 
small semicircle is observed in the ZC3 sample, in-
dicating the lowest charge transfer resistance among 
all samples. This is in agreement with the previously 
obtained cyclic voltammetry data, where sample ZC3 
showed the highest sensitivity to glucose. The low 
R2 indicates high interface conductivity and efficient 
separation of electron-hole pairs, which is probably 
due to the high concentration of Co³⁺/Co⁴⁺ centres 
acting as active catalytic sites, as well as favour-
able morphology promoting rapid charge transfer. 
The ZC4 sample recorded a close half-circle radius, 
which also corresponds to a low charge transfer re-
sistance. On the contrary, samples with excess zinc: 
ZC5 and ZC6 have the largest half-circle radii, in-
dicating high charge transfer resistance and less ef-
ficient conduction at the interface, which is consis-
tent with their low sensitivity (Table 1). Apparently, 
excess Zn²⁺ leads to the formation of less conductive 
phases or impairs electronic cohesion in the coating, 
and may also promote particle aggregation, reduc-
ing the availability of active centres. Meanwhile, 
samples with equimolar Zn:Co ratios (ZC1 and ZC2) 
occupy an intermediate position in terms of half-
circle radius value and charge transfer resistance, re-
spectively. The low-frequency linear sections of the 
diagrams corresponding to the diffusion region also 
differ in slope. Samples ZC3 and ZC4 show steeper 
slopes, indicating more efficient mass transfer asso-
ciated with the diffusion of glucose and OH- ions to 
the electrode surface, which also confirms their high 
electrochemical activity.

Thus, the excess of cobalt in the composition pro-
motes the formation of conductive and catalytically 
active Co³⁺/Co⁴⁺ centres, improving the kinetics of 
the oxidation reaction. The EIS results confirm that 
controlling the composition of the growth solution 

allows not only controlling the morphology but also 
directly influencing the electronic and kinetic charac-
teristics of ZnCo₂O₄. The ZC3 sample is of most in-
terest for applications in electrochemical sensors and 
energy storage devices due to its low charge transfer 
resistance and high reactivity.

4. Conclusion

The hydrothermal method allowed the prepara-
tion of ZnCo₂O₄ nanostructures on nickel foam with 
controlled morphology. Transmission electron mi-
croscopy showed that at a molar ratio of Zn:Co = 1:1, 
uniform nanoparticles with a developed surface are 
formed. When the zinc content increases, crystallite 
enlargement and particle aggregation occur, leading 
to a decrease in the specific surface area of the mate-
rial. It is shown that the optimal morphological char-
acteristics of ZnCo₂O₄ are achieved when the ratio of 
zinc and cobalt is close to stoichiometric. The elec-
trochemical activity of ZnCo₂O₄ nanostructures in 
the reaction of glucose oxidation in alkaline medium 
depends significantly on the molar ratio of Zn:Co in 
the initial growth solution. The samples with excess 
cobalt (Zn:Co = 1:10) show the highest sensitivity to 
glucose, which is due to the high catalytic activity 
of Co³⁺/Co⁴⁺ redox couples and, probably, to a more 
developed surface morphology. Samples with excess 
zinc show low sensitivity, which is due to the less 
favourable structure and lower activity of the zinc-
containing phases. At higher salt concentrations in 
the growth solution, a decrease in sensitivity was ob-
served, possibly due to greater particle aggregation. 
The ZC3 sample (Zn:Co = 40:400 mM) is the most 
promising for application in non-enzymatic glucose 
sensors due to its high sensitivity (18.65 mA·mM-

¹cm-²). The electrochemical impedance spectroscopy 
method showed that the charge transfer resistance 
R2 depends significantly on the molar ratio of Zn:Co 
in the growth solution. The lowest R2 was recorded 
for the ZC3 sample, which correlates with its highest 
sensitivity to glucose and indicates efficient charge 
transfer and high catalytic activity.

The results obtained confirm the possibility of 
controlling the electrochemical properties of ZnCo₂O₄ 
by controlling the composition of the growth solu-
tion, which opens prospects for the development of 
highly sensitive and stable non-enzymatic biosensors 
based on transition oxides.
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A predictive methodology was developed to estimate the pitting growth rate on AISI 304 steel surfaces 
operating in industrial circulating waters. The approach is based on the observation that most pits formed 
near oxide inclusions are metastable and repassivate within minutes; therefore, corrosion losses of Cr, 
Ni, and Fe are attributed primarily to stable pits. Stable pits were identified using selective dissolution 
coefficients for chromium (ZCr) and nickel (ZNi). Second-order regression models were established to 
correlate corrosion losses (ΔCr, ΔNi, ΔFe) with steel composition, structural features, and water parameters 
such as chloride concentration and pH. Results show that ΔCr is mainly influenced by chloride content 
and microstructural factors, including the number of oxides (1.98–3.95 μm), average austenite grain size, 
and δ-ferrite volume. Factors reducing ΔFe losses follow the order: chloride concentration < Ni content < 
acidity < grain size < number of 1.98–3.95 μm oxides; whereas smaller oxides, inter-oxide spacing, and 
δ-ferrite promote higher losses. ΔNi primarily depends on structural heterogeneity rather than chemical 
composition or water parameters. The resulting model enables prediction of average pitting growth rates 
on AISI 304 steel in circulating waters with an accuracy of ±19%, providing a practical tool for assessing 
corrosion resistance in heat exchanger applications.

Keywords: pittings growth rate, model circulating waters, corrosion losses of metals in pittings.
PACS number(s): 81.65.Kn; 82.45.Bb.

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
1. Introduction 
 
Nowadays, heat exchange equipment is widely 

used in various technological processes for the 
production of industrial products [1]. Therefore, 
many designs of heat exchangers have been 
developed by engineers and researchers, with 
different materials selected depending on the 
corrosive aggressiveness of the media. In practice, 
circulating waters containing chlorides and other 
anions are often used for cooling technological 
products. The heat exchange components of such 
equipment are made from stainless austenitic steels 
of the 18-10 type [2–4] and the alloy 06KhN28МDT 
(analogue to AISI 904L steel) [5, 6]. These materials 
are resistant to general corrosion in many media but 
can be susceptible to pitting corrosion in chloride-
containing media, particularly in industrial 
circulating waters [7, 8]. It is generally known [9, 11] 
that passivated steels and alloys often undergo pitting 

in the presence of chlorides in the media. Therefore, 
the assessment and prediction of their resistance to 
pitting corrosion during equipment operation is a 
relevant issue. In low-mineralized solutions, such as 
industrial circulating waters, the resistance of 
stainless steels and alloys to pitting corrosion is 
evaluated based on their critical pitting temperatures 
[2–4, 12, 13]. This parameter characterizes the 
resistance of passive films on the surface of steels and 
alloys to pitting corrosion at a given chloride 
concentration and medium acidity. It is very 
convenient for practical use during the operation of 
heat exchangers, since by adjusting the flow rate of 
circulating water, it is possible to influence this 
parameter, provided that the chloride concentration 
increases or the acidity of the circulating water 
changes. Such an approach makes it possible to 
counteract pitting corrosion of steels during the 
operation of heat exchangers in recirculating water 
systems in the event of parameter changes. However, 

this may contribute to a reduction in production 
efficiency, since their operating modes are altered. 
Therefore, during the operation of heat exchangers in 
industrial process lines at enterprises, even in the 
event of pitting corrosion caused by changes in 
recirculating water parameters, it is not possible to 
immediately change their operational regimes. Thus, 
a question arises in industrial practice: “How much 
time remains until perforation of heat exchange 
elements (plate, tube) of specified thickness (from 
0.2 to 2.0 mm)?”. To answer this question, a 
methodology has been developed for calculating the 
pitting growth rate on the surface of AISI 304 steel in 
model circulating waters. This methodology is based 
on previously established patterns and mechanisms 
of pitting corrosion of austenitic stainless steels and 
chromium-nickel-molybdenum alloys in chloride-
containing media [2–8, 14], as well as on widely 
known information about the theory of localized 
corrosion [15–20]. 

 
2. Materials and methods 
 
To develop a methodology for calculating the 

pitting corrosion growth rate on the surface of AISI 
304 stainless steel exposed to model circulating 
waters with pH values ranging from 4 to 8 and 
chloride concentrations between 300 and 600 mg/L, 
mathematical models were constructed based on 
experimental data on corrosion losses of chromium 
(ΔCr), nickel (ΔNi), and iron (ΔFe) associated with 
pitting corrosion [21,22]. 

The developed mathematical models were based 
on second-order regression dependencies. In 
particular, the mathematical model (1) can be written 
in the form: 

 
𝑌𝑌𝑌𝑌(𝛥𝛥𝛥𝛥𝛥𝛥𝛥𝛥𝛥𝛥𝛥𝛥;𝛥𝛥𝛥𝛥𝛥𝛥𝛥𝛥𝛥𝛥𝛥𝛥;𝛥𝛥𝛥𝛥𝛥𝛥𝛥𝛥𝛥𝛥𝛥𝛥) = 

𝑀𝑀𝑀𝑀0 + ∑ 𝑀𝑀𝑀𝑀𝑗𝑗𝑗𝑗 × 𝑥𝑥𝑥𝑥𝑗𝑗𝑗𝑗 +𝑁𝑁𝑁𝑁
𝑗𝑗𝑗𝑗𝑗𝑗 ∑ 𝑀𝑀𝑀𝑀(𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁) × х𝑗𝑗𝑗𝑗2𝑁𝑁𝑁𝑁

𝑗𝑗𝑗𝑗𝑗𝑗 ,       (1) 
 

where: Y is the corrosion loss ΔCr, ΔNi or ΔFe of 
AISI 304 steel in pittings, mg for 240 hours of testing 
in model recycled water with pH 4-8 (x1) and chloride 
concentration (x2) of 300 and 600 mg/l [21, 22]. Here 
M is a mass coefficient of components xj, and xj is 
variables, in particular: x3 – Vоx, vol. %; x4 – the 
number of oxides up to 1.98 μm in size at 100 fields 
of view of an optical microscope (×320) in steel, pcs; 
x5 – the number of oxides from 1.98 up to 3.95 μm in 
size, pcs; x6 – Lox, μm (mean distance between oxides 
in steel); x7 – dg, μm (mean grain diameter of 

austenite in steel); x8 – volume of δ-ferrite vol. %; x9 
– C, wt. % (carbon content in steel); x10 – Mn; x11 – 
Si; x12 – Cr; x13 – Ni; x14 – N; x15 – Ti; x16 – S; x17 – 
P; х18 – χ0, m3/kg (specific magnetic susceptibility of 
steel). The chemical composition and structural 
constituents of the investigated AISI 304 steel heats 
were determined previously [23]. The specific 
paramagnetic susceptibility of austenite and the 
volume fraction of δ-ferrite were established in [24]. 

To build the second-order regressions (1), we 
used the analysis of the influence of individual 
factors X = {x1, x2, ..., x18} on the resultant (output – 
Y = {y1, y2, ..., y7} indicators [25, 26]. The dependent 
variables are: Y₁ = ΔCr, mg (10-5) – chromium loss 
in pittings, Y₂ = ΔFe, mg (10-5) – iron loss in pittings, 
Y₃ = ΔNi, mg (10-5) – nickel loss in pittings, 
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where: Y4 is the coefficient of selective dissolution of 
Cr in pittings, 
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- if ZCr < 1, then steel in a solution with such 

parameters (variables (x1 (pH);) x2 (CCl-, mg/l)) 
undergoes pitting corrosion with the formation of 
stable pittings, otherwise, steel in a solution with such 
parameters (variables x1, x2) pits with the formation 
of metastable pittings [22]. 

The coefficient of selective nickel dissolution 
from pittings, ZNi, is determined according to 
equation (4): 
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If ZNi < 1, then the pittings are growing 

intensively, otherwise, the pittings are not growing 
intensively [22].  

The developed mathematical models based on the 
second-order regressions Y = {y1, y2,…, y7} were 
used to determine the corrosion losses ΔCr, ΔN, and 
and ΔFe in pittings, identify metastable and stable 
pittings, and the intensity of their growth. At the same  
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production of industrial products [1]. Therefore, 
many designs of heat exchangers have been 
developed by engineers and researchers, with 
different materials selected depending on the 
corrosive aggressiveness of the media. In practice, 
circulating waters containing chlorides and other 
anions are often used for cooling technological 
products. The heat exchange components of such 
equipment are made from stainless austenitic steels 
of the 18-10 type [2–4] and the alloy 06KhN28МDT 
(analogue to AISI 904L steel) [5, 6]. These materials 
are resistant to general corrosion in many media but 
can be susceptible to pitting corrosion in chloride-
containing media, particularly in industrial 
circulating waters [7, 8]. It is generally known [9, 11] 
that passivated steels and alloys often undergo pitting 

in the presence of chlorides in the media. Therefore, 
the assessment and prediction of their resistance to 
pitting corrosion during equipment operation is a 
relevant issue. In low-mineralized solutions, such as 
industrial circulating waters, the resistance of 
stainless steels and alloys to pitting corrosion is 
evaluated based on their critical pitting temperatures 
[2–4, 12, 13]. This parameter characterizes the 
resistance of passive films on the surface of steels and 
alloys to pitting corrosion at a given chloride 
concentration and medium acidity. It is very 
convenient for practical use during the operation of 
heat exchangers, since by adjusting the flow rate of 
circulating water, it is possible to influence this 
parameter, provided that the chloride concentration 
increases or the acidity of the circulating water 
changes. Such an approach makes it possible to 
counteract pitting corrosion of steels during the 
operation of heat exchangers in recirculating water 
systems in the event of parameter changes. However, 

this may contribute to a reduction in production 
efficiency, since their operating modes are altered. 
Therefore, during the operation of heat exchangers in 
industrial process lines at enterprises, even in the 
event of pitting corrosion caused by changes in 
recirculating water parameters, it is not possible to 
immediately change their operational regimes. Thus, 
a question arises in industrial practice: “How much 
time remains until perforation of heat exchange 
elements (plate, tube) of specified thickness (from 
0.2 to 2.0 mm)?”. To answer this question, a 
methodology has been developed for calculating the 
pitting growth rate on the surface of AISI 304 steel in 
model circulating waters. This methodology is based 
on previously established patterns and mechanisms 
of pitting corrosion of austenitic stainless steels and 
chromium-nickel-molybdenum alloys in chloride-
containing media [2–8, 14], as well as on widely 
known information about the theory of localized 
corrosion [15–20]. 

 
2. Materials and methods 
 
To develop a methodology for calculating the 

pitting corrosion growth rate on the surface of AISI 
304 stainless steel exposed to model circulating 
waters with pH values ranging from 4 to 8 and 
chloride concentrations between 300 and 600 mg/L, 
mathematical models were constructed based on 
experimental data on corrosion losses of chromium 
(ΔCr), nickel (ΔNi), and iron (ΔFe) associated with 
pitting corrosion [21,22]. 

The developed mathematical models were based 
on second-order regression dependencies. In 
particular, the mathematical model (1) can be written 
in the form: 
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where: Y is the corrosion loss ΔCr, ΔNi or ΔFe of 
AISI 304 steel in pittings, mg for 240 hours of testing 
in model recycled water with pH 4-8 (x1) and chloride 
concentration (x2) of 300 and 600 mg/l [21, 22]. Here 
M is a mass coefficient of components xj, and xj is 
variables, in particular: x3 – Vоx, vol. %; x4 – the 
number of oxides up to 1.98 μm in size at 100 fields 
of view of an optical microscope (×320) in steel, pcs; 
x5 – the number of oxides from 1.98 up to 3.95 μm in 
size, pcs; x6 – Lox, μm (mean distance between oxides 
in steel); x7 – dg, μm (mean grain diameter of 

austenite in steel); x8 – volume of δ-ferrite vol. %; x9 
– C, wt. % (carbon content in steel); x10 – Mn; x11 – 
Si; x12 – Cr; x13 – Ni; x14 – N; x15 – Ti; x16 – S; x17 – 
P; х18 – χ0, m3/kg (specific magnetic susceptibility of 
steel). The chemical composition and structural 
constituents of the investigated AISI 304 steel heats 
were determined previously [23]. The specific 
paramagnetic susceptibility of austenite and the 
volume fraction of δ-ferrite were established in [24]. 

To build the second-order regressions (1), we 
used the analysis of the influence of individual 
factors X = {x1, x2, ..., x18} on the resultant (output – 
Y = {y1, y2, ..., y7} indicators [25, 26]. The dependent 
variables are: Y₁ = ΔCr, mg (10-5) – chromium loss 
in pittings, Y₂ = ΔFe, mg (10-5) – iron loss in pittings, 
Y₃ = ΔNi, mg (10-5) – nickel loss in pittings, 
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where: Y4 is the coefficient of selective dissolution of 
Cr in pittings, 
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- if ZCr < 1, then steel in a solution with such 

parameters (variables (x1 (pH);) x2 (CCl-, mg/l)) 
undergoes pitting corrosion with the formation of 
stable pittings, otherwise, steel in a solution with such 
parameters (variables x1, x2) pits with the formation 
of metastable pittings [22]. 

The coefficient of selective nickel dissolution 
from pittings, ZNi, is determined according to 
equation (4): 
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If ZNi < 1, then the pittings are growing 

intensively, otherwise, the pittings are not growing 
intensively [22].  

The developed mathematical models based on the 
second-order regressions Y = {y1, y2,…, y7} were 
used to determine the corrosion losses ΔCr, ΔN, and 
and ΔFe in pittings, identify metastable and stable 
pittings, and the intensity of their growth. At the same  
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time, Y1 – Y5 were used to determine the rate of 
growth of stable pittings on the surface of AISI 304 
steel in model recycled water with pH 4-8 and 
chloride concentration from 300 up to 600 mg/l, 
based on established approaches and analytical 
dependencies for determining the coefficients of 
participationof inclusions in pitting of steel [27]. 

The main approaches to calculating the average 
growth rate of pittings on the surface of AISI 304 
steel are based on the fact that pittings nucleate and 
develop in the vicinity of inclusions [8, 28–30]. They 
are predominantly metastable and, therefore, 
repassivate within several minutes [31]. 
Consequently, it was assumed that all corrosion 
losses, ΔCr, ΔNi, and ΔFe, are concentrated only in 
stable pittings. These were identified using the 
coefficients of selective chromium dissolution from 
pittings (ZCr) [22]. It was also assumed that stable 
pittings form in the vicinity of inclusions located at 
the intersections with austenite grain boundaries in 
AISI 304 steel. 

The quality of the developed methodology for 
calculating the growth rate of stable pittings on the 
surface of AISI 304 steel during pitting in model 
circulating waters with pH values from 4 up to 8 and 
chloride concentrations ranging from 300 up to 600 
mg/l was evaluated using equation (6), based on the 
sum of squared instantaneous errors [32]. 
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where: yS is the actual depth of stable pittings 
measured with an MMP-2R optical microscope, μm; 
yS* is the calculated depth of stable pittings on the 
surface of AISI 304 steel, μm. 

The quality of each developed mathematical 
model (1–5) was evaluated based on the sum of 
squared errors (SSE) and the mean squared error 
(MSE) [32]. 

 
3. Results and discussion 
 
To calculate the average growth rate of pittings 

on the surface of AISI 304 steel, it is proposed to use 
the calculated values of ΔCr, ΔNi, and ΔFe from 
pittings (1–5), depending on the parameters of the 
model circulating waters within the pH range of 4 up 
to 8 and chloride concentrations from 300 up to 600 
mg/l. 

In particular, for the mathematical model Y₁ 
(∆Cr) (1), based on data [21-24, 27, 33, 34], the 
regression coefficients were determined (Table 1). 

 
 

Table 1 – Regression coefficients for Y1. 

 
 
According to the data (Table 1), it 

was established that chromium corrosion losses 
(ΔCr) from pitting of AISI 304 steel decrease with 
increasing alkalinity of model recirculating waters, δ-
ferrite volume fraction, and average spacing between 
oxide inclusions. In particular, it was found that the 
ΔCr parameter of AISI 304 steel from pitting 
decreases by 20×10⁻⁶ mg with an increase in pH of 
model recirculating waters from 4 up to 8. It should 
be noted that the effect of δ-ferrite volume fraction 
in the investigated steel on its ΔCr from pitting was 
considerably less pronounced, as these values 
decreased by 0.00083×10⁻⁶ mg with an increase in 
its volume from 50×10⁻³ up to 168×10⁻³ vol. %. 
However, it can be stated that the size of oxide 
inclusions in AISI 304 steel has the greatest effect on 
its ΔCr from pitting. Indeed, these increase by 
487.3×10⁻⁶ mg with an increase in average 
spacing between oxide inclusions from 150 up to 173 
μm. From the analysis of regression coefficients M₂₁ 
(x22) and M₂₃ (x42), it follows that ΔCr of AISI 304 
steel from pitting weakly depends on chloride 
concentration (x₂) in model recirculating waters and 
the quantity of fine oxides (x₄) therein. It was 
revealed that ΔCr of steel from pitting increases by 
9797×10⁻⁵ mg with an increase in chloride 
concentration in model recirculating waters 
within the investigated range. In this case, the 
indicators of structural heterogeneity of AISI 304 
steel have an effect that is more than an order of 
magnitude smaller on this parameter. Indeed, it was 
determined that ΔCr of AISI 304 steel from pitting 
increases by only 160×10⁻⁵ mg with  
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increasing quantity of oxides sized 1.98 … 3.95 μm 
within the investigated range and by 89×10⁻⁵ mg 
with an increase in average austenite grain diameter 
from 49 up to 86 μm. At the same time, it has been 
proven that the chemical composition of the 
investigated steel practically does not affect 
chromium corrosion losses in pitting within the 
investigated model recirculating waters. 

Summarizing the foregoing, it can be noted that 
ΔCr of AISI 304 steel from pitting depends mainly 
on the media parameter (x₂) and its structural 
heterogeneity. Moreover, parameter (x₂) has 32.9 
times stronger effect on ΔCr from pitting than x₅, x₇, 
x₈ taken together. 

For the mathematical model Y₂ (ΔFe), based on 
data [21-24, 27, 33, 34], its coefficients were 
established (Table 2). From the analysis of data 
(Table 2), it can be noted that Y₂ decreases with 
increasing pH (x₁) of model recirculating waters, 
chloride concentration therein (x₂), quantity of 
oxides in steel sized from 1.98 up to 3.95 μm (x₅), 
mean austenite grain diameter (x₇), and nickel 
content therein. 

 
 

Table 2 – Coefficients of mathematical model Y2. 

 
 

According to the analysis of Eq. (1) and data 
(Table 2), it has been established that ΔFe losses from 
pitting in steel decrease by 19.063×10⁻⁵ mg with an 
increase in pH (x₁) of the media from 4 up to 8, by 
0.6367×10⁻⁵ mg with an increase in chloride 
concentration (x₂) within the range of 300–600 mg/l, 
by 155.4×10⁻⁵ mg with an increase in the quantity of 
oxides of the aforementioned size (x₅) in the steel, by 
62.7×10⁻⁵ mg with an increase in the mean austenite 
grain diameter (x₇) from 49 up to 86 μm, and by 
9.7×10⁻⁵ mg with an increase in nickel content (x₁₃) 
in the steel from 8.1 up to 9.3 wt. %. It should be 
noted that ΔFe of steel from pitting increases 
with increasing pH (x₁), volume of δ-ferrite  
 

inclusions (x₈), quantity of oxides sized up to 1.98 
μm (x₄), and mean distance between oxides 
(x₆) (Table 2). Calculation of the effect of X = {x₁, 
x₄, x₆, x₈} on ΔFe showed that ΔFe of AISI 304 steel 
from pitting increases by 18.2726×10⁻⁵ mg with 
increasing pH (x₁) of the media from 4 up to 8, by 
7.5523×10⁻⁵ mg with increasing quantity of fine 
oxides (x₄) from 300 up to 425, by 18×10⁻⁵ mg with 
increasing mean distance between oxides (x₆) from 
150 up to 173 μm, and by 152.4×10⁻⁵ mg with 
increasing volume of δ-ferrite inclusions (x₈) from 
0.014 up to 0.113 vol. %. 

Summarizing the effect of parameters X = {x₁, 
x₂, x₄, x₅, x₆, x₇, x₈, x₁₃} on ΔFe of AISI 304 steel 
from pitting, it should be noted that the significance 
of factors causing a decrease in Y₂ increases in the 
following sequence: x₂, x₁₃, x₁, x₇, x₅, while those 
causing an increase in Y₂ are: x₄, x₆, x₁, x₈. Thus, it 
can be noted that the parameters of model 
recirculating waters – pH (x₁) and chloride content 
therein (x₂) – have weak effect on ΔFe of AISI 304 
steel from pitting. However, the structural 
constituents of AISI 304 steel primarily determine 
corrosion losses ΔFe from pitting. These decrease 
with increasing quantity of oxides sized 1.98 up to 
3.95 μm, mean austenite grain diameter, and increase 
if the mean distance between oxide inclusions and 
volume of δ-ferrite inclusions in steel increase. A 
hypothesis has been proposed that stable pittings 
nucleate and grow in the vicinity of large oxides at 
their intersection with austenite grain boundaries. 
Indeed [22], it has been established that the greater 
the quantity of large-sized oxides in whose vicinity 
pittings nucleate and grow, the lower the current 
density of anodic currents therein due to their 
redistribution among pittings and the lower the 
intensity of ΔFe dissolution. Obviously, the greater 
the mean distance between oxides, the larger they are. 
According to the data presented in reference [22], in 
the vicinity of larger inclusions, there are more 
structural defects in the steel, which accelerates 
selective dissolution of ΔFe. 

It should be noted that ΔCr from pitting of AISI 
304 steel depends more on the parameters of model 
recirculating waters (x₁, x₂) than on the constituents 
of its structure X = {x₃…x₈}, whereas ΔFe correlates 
predominantly with the elements of its structure X = 
{x₅, x₆, x₇, x₈}. Most likely, this is related to the more 
negative value of the standard electrode potential of 
Cr compared to Fe [31]. 
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time, Y1 – Y5 were used to determine the rate of 
growth of stable pittings on the surface of AISI 304 
steel in model recycled water with pH 4-8 and 
chloride concentration from 300 up to 600 mg/l, 
based on established approaches and analytical 
dependencies for determining the coefficients of 
participationof inclusions in pitting of steel [27]. 

The main approaches to calculating the average 
growth rate of pittings on the surface of AISI 304 
steel are based on the fact that pittings nucleate and 
develop in the vicinity of inclusions [8, 28–30]. They 
are predominantly metastable and, therefore, 
repassivate within several minutes [31]. 
Consequently, it was assumed that all corrosion 
losses, ΔCr, ΔNi, and ΔFe, are concentrated only in 
stable pittings. These were identified using the 
coefficients of selective chromium dissolution from 
pittings (ZCr) [22]. It was also assumed that stable 
pittings form in the vicinity of inclusions located at 
the intersections with austenite grain boundaries in 
AISI 304 steel. 

The quality of the developed methodology for 
calculating the growth rate of stable pittings on the 
surface of AISI 304 steel during pitting in model 
circulating waters with pH values from 4 up to 8 and 
chloride concentrations ranging from 300 up to 600 
mg/l was evaluated using equation (6), based on the 
sum of squared instantaneous errors [32]. 
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where: yS is the actual depth of stable pittings 
measured with an MMP-2R optical microscope, μm; 
yS* is the calculated depth of stable pittings on the 
surface of AISI 304 steel, μm. 

The quality of each developed mathematical 
model (1–5) was evaluated based on the sum of 
squared errors (SSE) and the mean squared error 
(MSE) [32]. 

 
3. Results and discussion 
 
To calculate the average growth rate of pittings 

on the surface of AISI 304 steel, it is proposed to use 
the calculated values of ΔCr, ΔNi, and ΔFe from 
pittings (1–5), depending on the parameters of the 
model circulating waters within the pH range of 4 up 
to 8 and chloride concentrations from 300 up to 600 
mg/l. 

In particular, for the mathematical model Y₁ 
(∆Cr) (1), based on data [21-24, 27, 33, 34], the 
regression coefficients were determined (Table 1). 

 
 

Table 1 – Regression coefficients for Y1. 

 
 
According to the data (Table 1), it 

was established that chromium corrosion losses 
(ΔCr) from pitting of AISI 304 steel decrease with 
increasing alkalinity of model recirculating waters, δ-
ferrite volume fraction, and average spacing between 
oxide inclusions. In particular, it was found that the 
ΔCr parameter of AISI 304 steel from pitting 
decreases by 20×10⁻⁶ mg with an increase in pH of 
model recirculating waters from 4 up to 8. It should 
be noted that the effect of δ-ferrite volume fraction 
in the investigated steel on its ΔCr from pitting was 
considerably less pronounced, as these values 
decreased by 0.00083×10⁻⁶ mg with an increase in 
its volume from 50×10⁻³ up to 168×10⁻³ vol. %. 
However, it can be stated that the size of oxide 
inclusions in AISI 304 steel has the greatest effect on 
its ΔCr from pitting. Indeed, these increase by 
487.3×10⁻⁶ mg with an increase in average 
spacing between oxide inclusions from 150 up to 173 
μm. From the analysis of regression coefficients M₂₁ 
(x22) and M₂₃ (x42), it follows that ΔCr of AISI 304 
steel from pitting weakly depends on chloride 
concentration (x₂) in model recirculating waters and 
the quantity of fine oxides (x₄) therein. It was 
revealed that ΔCr of steel from pitting increases by 
9797×10⁻⁵ mg with an increase in chloride 
concentration in model recirculating waters 
within the investigated range. In this case, the 
indicators of structural heterogeneity of AISI 304 
steel have an effect that is more than an order of 
magnitude smaller on this parameter. Indeed, it was 
determined that ΔCr of AISI 304 steel from pitting 
increases by only 160×10⁻⁵ mg with  
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increasing quantity of oxides sized 1.98 … 3.95 μm 
within the investigated range and by 89×10⁻⁵ mg 
with an increase in average austenite grain diameter 
from 49 up to 86 μm. At the same time, it has been 
proven that the chemical composition of the 
investigated steel practically does not affect 
chromium corrosion losses in pitting within the 
investigated model recirculating waters. 

Summarizing the foregoing, it can be noted that 
ΔCr of AISI 304 steel from pitting depends mainly 
on the media parameter (x₂) and its structural 
heterogeneity. Moreover, parameter (x₂) has 32.9 
times stronger effect on ΔCr from pitting than x₅, x₇, 
x₈ taken together. 

For the mathematical model Y₂ (ΔFe), based on 
data [21-24, 27, 33, 34], its coefficients were 
established (Table 2). From the analysis of data 
(Table 2), it can be noted that Y₂ decreases with 
increasing pH (x₁) of model recirculating waters, 
chloride concentration therein (x₂), quantity of 
oxides in steel sized from 1.98 up to 3.95 μm (x₅), 
mean austenite grain diameter (x₇), and nickel 
content therein. 

 
 

Table 2 – Coefficients of mathematical model Y2. 

 
 

According to the analysis of Eq. (1) and data 
(Table 2), it has been established that ΔFe losses from 
pitting in steel decrease by 19.063×10⁻⁵ mg with an 
increase in pH (x₁) of the media from 4 up to 8, by 
0.6367×10⁻⁵ mg with an increase in chloride 
concentration (x₂) within the range of 300–600 mg/l, 
by 155.4×10⁻⁵ mg with an increase in the quantity of 
oxides of the aforementioned size (x₅) in the steel, by 
62.7×10⁻⁵ mg with an increase in the mean austenite 
grain diameter (x₇) from 49 up to 86 μm, and by 
9.7×10⁻⁵ mg with an increase in nickel content (x₁₃) 
in the steel from 8.1 up to 9.3 wt. %. It should be 
noted that ΔFe of steel from pitting increases 
with increasing pH (x₁), volume of δ-ferrite  
 

inclusions (x₈), quantity of oxides sized up to 1.98 
μm (x₄), and mean distance between oxides 
(x₆) (Table 2). Calculation of the effect of X = {x₁, 
x₄, x₆, x₈} on ΔFe showed that ΔFe of AISI 304 steel 
from pitting increases by 18.2726×10⁻⁵ mg with 
increasing pH (x₁) of the media from 4 up to 8, by 
7.5523×10⁻⁵ mg with increasing quantity of fine 
oxides (x₄) from 300 up to 425, by 18×10⁻⁵ mg with 
increasing mean distance between oxides (x₆) from 
150 up to 173 μm, and by 152.4×10⁻⁵ mg with 
increasing volume of δ-ferrite inclusions (x₈) from 
0.014 up to 0.113 vol. %. 

Summarizing the effect of parameters X = {x₁, 
x₂, x₄, x₅, x₆, x₇, x₈, x₁₃} on ΔFe of AISI 304 steel 
from pitting, it should be noted that the significance 
of factors causing a decrease in Y₂ increases in the 
following sequence: x₂, x₁₃, x₁, x₇, x₅, while those 
causing an increase in Y₂ are: x₄, x₆, x₁, x₈. Thus, it 
can be noted that the parameters of model 
recirculating waters – pH (x₁) and chloride content 
therein (x₂) – have weak effect on ΔFe of AISI 304 
steel from pitting. However, the structural 
constituents of AISI 304 steel primarily determine 
corrosion losses ΔFe from pitting. These decrease 
with increasing quantity of oxides sized 1.98 up to 
3.95 μm, mean austenite grain diameter, and increase 
if the mean distance between oxide inclusions and 
volume of δ-ferrite inclusions in steel increase. A 
hypothesis has been proposed that stable pittings 
nucleate and grow in the vicinity of large oxides at 
their intersection with austenite grain boundaries. 
Indeed [22], it has been established that the greater 
the quantity of large-sized oxides in whose vicinity 
pittings nucleate and grow, the lower the current 
density of anodic currents therein due to their 
redistribution among pittings and the lower the 
intensity of ΔFe dissolution. Obviously, the greater 
the mean distance between oxides, the larger they are. 
According to the data presented in reference [22], in 
the vicinity of larger inclusions, there are more 
structural defects in the steel, which accelerates 
selective dissolution of ΔFe. 

It should be noted that ΔCr from pitting of AISI 
304 steel depends more on the parameters of model 
recirculating waters (x₁, x₂) than on the constituents 
of its structure X = {x₃…x₈}, whereas ΔFe correlates 
predominantly with the elements of its structure X = 
{x₅, x₆, x₇, x₈}. Most likely, this is related to the more 
negative value of the standard electrode potential of 
Cr compared to Fe [31]. 
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For mathematical model Y₃ (1), using data  
Y = Y₃ [24] and X = {x₁…x₁₈} [26], regression 
coefficients for Y₃ were established (Table 3). 

 
 

Table 3 – Coefficients of mathematical model Y3. 
 

 
Analysis of Table 3 data demonstrates that Y₃ 

(ΔNi) decreases with increasing pH (x₁) of model 
recirculating waters, volume of δ-ferrite inclusions in 
AISI 304 steel (x₈), quantity of oxide inclusions sized 
1.98–3.95 μm (x₅), and with decreasing chloride 
content in model recirculating waters (x₂), number of 
oxides sized up to 1.98 μm (x₄), mean 
distance between oxides (x₆), mean diameter of 
austenite grains (x₇), and Ni concentration (x₁₃). 
Assessment of the significance of parameters X = 
{x₁, x₂, x₄, x₅, x₆, x₇, x₁₃} on Y₃ was performed 
using mathematical model (1), with utilization of 
data from Table 3 and results from references [22, 
24]. It was established that Y₃ decreases by 
13.59×10⁻⁵ mg upon increasing pH (x₁) 
of recirculating waters from 4 up to 8, by 26.01×10⁻⁵ 
mg upon increasing volume of δ-ferrite inclusions in 
steel from 0.050 up to 0.168 vol. %, by 1.88513×10⁻³ 
mg upon increasing the number of inclusions sized 
1.98–3.95 μm from 46 up to 240 per 100 microscope 
fields of view (×320). At the same time, it was 
calculated that Y₃ increases by 8.92×10⁻⁵ mg upon 
increasing pH (x₁) from 4 up to 8, by 0.35×10⁻⁵ mg 
upon increasing chloride concentration (x₂) from 300 
up to 600 mg/l, by 0.2×10⁻⁵ mg upon increasing the 
number of fine oxides sized up to 1.98 μm (x₄) from 
300 up to 425, by 22.14×10⁻⁵ mg upon increasing 
mean distance between oxides (x₆) from 150 up to 
173 μm, by 1.3924×10⁻³ mg upon increasing mean 
austenite grain diameter (x₇) from 49 up to 86 μm, 
and by 47.43×10⁻¹¹ mg upon increasing Ni content in 
steel (x₁₃) from 8.09 to 9.34 wt. %. 

Based on the analysis performed, the significance 
of parameters X = {x₁, x₅, x₈} that contribute to the 
decrease in Y₃ upon their increase is arranged in the 

following order: x₁, x₈, x₅, whereas parameters that 
contribute to the increase in Y₃, X = {x₁, x₂, x₄, x₆, 
x₇, x₁₃}, are: x₁₃, x₄, x₇. This demonstrates that Y₃ 
in AISI 304 steel decreases upon increasing the 
number of large oxide inclusions sized 1.98–3.95 μm, 
in the vicinity of which stable pittings nucleate at 
their intersection with austenite grain boundaries, 
upon increasing volume of δ-ferrite inclusions, and 
upon decreasing the mean austenite grain diameter. 

Summarizing the foregoing, it can be stated that 
corrosion losses ΔNi from pitting are determined 
predominantly by the structural heterogeneity of the 
steel and are practically independent of changes in its 
chemical composition within standard ranges and 
parameters of model recirculating waters that 
promote pittings formation. 

To identify metastable and stable pittings on the 
surface of the investigated AISI 304 steel in model 
recirculating waters, mathematical model (2) was 
developed, whose regression coefficients are 
presented in Table 4. 

Analysis of Table 4 data demonstrates that the 
selective dissolution coefficient of Cr from pitting 
decreases with increasing chloride concentration 
(x₂), quantity of oxide inclusions sized up to 1.98 μm 
(x₄), mean distance between them (x₆), volume of δ-
ferrite inclusions in AISI 304 steel (x₇), and with 
decreasing quantity of oxides sized 1.98–3.95 μm 
(x₅) and Ni concentration therein. At the same time, 
it should be emphasized that the regression 
coefficients M₂ (x₁) and M₂₀ of model (2) are 7.107 
and –11.8736, respectively. Thus, the coefficient ZCr 
decreases with increasing pH (x₁) of model 
recirculating waters from 4 up to 8 by only 4.77. 

 
 

Table 4 – Coefficients of mathematical model Y4 = ZCr. 
 

М2 (x1) 7276907⋅10-6 
М9 (x8) –1020086466⋅10-6 
М20 (x12) –593681⋅10-6 
М21 (x22) –4,02701⋅10-6 

М23 (x42) –6,66467⋅10-6 
М24 (x52) 1834⋅10-6 
М25 (x62) –1790⋅10-6 
М26 (x72) –8099⋅10-6 
М32 (x132 ) 280000⋅10-6 

 
Thus, pH (x₁) of the media has practically no 

effect on the coefficient ZCr. At the same time, based 
on the results of analysis of the effects of parameters 
X = {x₁, x₂, x₄, x₅, x₆, x₇, x₈, x₁₃} on Y₄, it was 

М2 (x1) –3977620⋅10-6 
М9 (x8) –2367054950⋅10-6 

М20 (x122 ) 278768⋅10-6 
М21 (x22) 1,94385⋅10-6 

М23 (x42) 3,74289⋅10-6 
М24 (x52) –3397620⋅10-6 
М25 (x62) 2980⋅10-6 
М27 (x72) 278770⋅10-6 
М32 (x132 ) 1,94385⋅10-6 

established that these decrease by 101; 19; 1.09; 6.04; 
13.3; 40.45 upon increasing volume of δ-ferrite 
inclusions in steel (x₈), chloride concentration in 
model recirculating waters (x₂), quantity of oxide 
inclusions sized up to 1.98 μm (x₄), mean distance 
between oxides (x₆), and mean diameter of austenite 
grains (x₇) within the specified ranges indicated 
above. At the same time, Y₄ increases by 101.76 and 
6.08 upon increasing in the steel the quantity of 
oxides sized 1.98–3.95 μm (x₅), and by 6.08 upon 
increasing the Ni content therein within the 
aforementioned ranges. 

Based on the analysis performed, it can be stated 
that the coefficient ZCr decreases with increasing 
volume of δ-ferrite inclusions (x₈) in steel, mean 
diameter of austenite grains (x₇), and with decreasing 
quantity of oxide inclusions sized 1.98–3.95 μm, in 
the vicinity of which pittings nucleate at their 
intersection with austenite grain boundaries. Thus, 
the results of previous investigations and the 
hypothesis regarding the effect of volume of δ-ferrite 
inclusions in steel on selective dissolution of metals 
from stable pittings are confirmed. In this connection, 
it is important to note that the specific magnetic 
susceptibility of austenite (χ₁₈) has no effect on the 
process of selective metal dissolution in pittings. 

To identify metastable and stable pittings on the 
surface of AISI 304 steel, using computer processing 
Y₅ = (Y₄ ≥ 1) = {1/Y₄ ≥ 1} as a function of variables 
X = {x₁, x₂, ..., x₁₈}, a mathematical model was 
constructed that is based on formula (3) and data from 
references [21, 27, 35]. The calculated coefficients of 
this mathematical model are presented in Table 5. 

The proposed mathematical model (3) (Table 5) 
provides the ability to very rapidly calculate ZCr and 
assess the nature of pittings on the surface of AISI 
304 steel as a function of recirculating water 
parameters and steel properties. 

 
Table 5 – The coefficients of mathematical model Y5 = (Y4 ≥ 1) 
= {1/ZCr ≥ 1}. 

 
 

To determine the coefficient ZNi for selective 
dissolution of nickel from pitting, a mathematical 
model was constructed using formula (4), and the 
established coefficients of this model are presented in 
Table 6.  

 
 

Table 6 – The coefficients of mathematical model 
 Y6 = Y3

Y2
= ZNi. 

 
According to the data in Table 6, Y₆ (ZNi) 

decreases by 1471.82; 4.39; 22.29; 156.06 with 
increasing parameters X = {x₃, x₂, x₄, x₆} within the 
ranges specified above. At the same time, Y₆ (ZNi) 
increases by 1530.02; 602.76; 8983 with increasing 
parameters X = {x₅, x₇, x₁₃} within the ranges 
specified above. 

Summarizing the foregoing, it can be noted that 
the coefficients ZNi depend predominantly on 
variables x₈, x₅, x₆, x₇, x₁₃. Moreover, their influence 
increases in the following sequence: x₁₃, x₆, x₇, x₈, 
x₅. At the same time, the effect of x₇, x₈, x₅ is most 
substantial; therefore, volume of δ-ferrite inclusions, 
mean austenite grain diameter, and quantity of large 
oxides have the greatest effect on the process of 
selective nickel dissolution from pitting. 

A mathematical model (5) was constructed that 
enables assessment of the intensity of pittings 
propagation on the surface of AISI 304 steel in model 
recirculating waters. The coefficients of 
mathematical model (5) are presented in Table 7. 

Summarizing the foregoing, it can be noted that 
by applying information technologies and 
mathematical model (5), it is possible to rapidly 
assess the intensity of pitting propagation on the 
surface of AISI 304 steel. At the same time, analysis 
of model (5) showed that the ZNi coefficients of AISI 
304 steel decrease with increasing volume of δ-ferrite 
inclusions (x₈) and with decreasing mean austenite 
grain diameter (x₇) and quantity of oxides  
(1.98–3.95 μm) (x₅). The influence of parameters  
 

М2 (x1) 1966477⋅10-6 
М9 (x8) 293560606⋅10-6 
М20 (x21) –159659⋅10-6 
М21 (x22) –1,18519⋅10-6 

М23 (x42) –93,15195⋅10-6 
М24 (x52) –581⋅10-6 
М25 (x62) 269⋅10-6 
М26 (x72) –2465⋅10-6 
М32 (x132 ) –63424⋅10-6 

М2 (x1) 16792025⋅10-6 
М9 (x8) –14718238697⋅10-6 
М20 (x21) –1374383⋅10-6 
М21 (x22) –16,2513⋅10-6 

М23 (x42) –246⋅10-6 
М24 (x52) 27576⋅10-6 
М25 (x62) –20603⋅10-6 
М26 (x72) 120672⋅10-6 
М32 (x132 ) 3481913⋅10-6 
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For mathematical model Y₃ (1), using data  
Y = Y₃ [24] and X = {x₁…x₁₈} [26], regression 
coefficients for Y₃ were established (Table 3). 

 
 

Table 3 – Coefficients of mathematical model Y3. 
 

 
Analysis of Table 3 data demonstrates that Y₃ 

(ΔNi) decreases with increasing pH (x₁) of model 
recirculating waters, volume of δ-ferrite inclusions in 
AISI 304 steel (x₈), quantity of oxide inclusions sized 
1.98–3.95 μm (x₅), and with decreasing chloride 
content in model recirculating waters (x₂), number of 
oxides sized up to 1.98 μm (x₄), mean 
distance between oxides (x₆), mean diameter of 
austenite grains (x₇), and Ni concentration (x₁₃). 
Assessment of the significance of parameters X = 
{x₁, x₂, x₄, x₅, x₆, x₇, x₁₃} on Y₃ was performed 
using mathematical model (1), with utilization of 
data from Table 3 and results from references [22, 
24]. It was established that Y₃ decreases by 
13.59×10⁻⁵ mg upon increasing pH (x₁) 
of recirculating waters from 4 up to 8, by 26.01×10⁻⁵ 
mg upon increasing volume of δ-ferrite inclusions in 
steel from 0.050 up to 0.168 vol. %, by 1.88513×10⁻³ 
mg upon increasing the number of inclusions sized 
1.98–3.95 μm from 46 up to 240 per 100 microscope 
fields of view (×320). At the same time, it was 
calculated that Y₃ increases by 8.92×10⁻⁵ mg upon 
increasing pH (x₁) from 4 up to 8, by 0.35×10⁻⁵ mg 
upon increasing chloride concentration (x₂) from 300 
up to 600 mg/l, by 0.2×10⁻⁵ mg upon increasing the 
number of fine oxides sized up to 1.98 μm (x₄) from 
300 up to 425, by 22.14×10⁻⁵ mg upon increasing 
mean distance between oxides (x₆) from 150 up to 
173 μm, by 1.3924×10⁻³ mg upon increasing mean 
austenite grain diameter (x₇) from 49 up to 86 μm, 
and by 47.43×10⁻¹¹ mg upon increasing Ni content in 
steel (x₁₃) from 8.09 to 9.34 wt. %. 

Based on the analysis performed, the significance 
of parameters X = {x₁, x₅, x₈} that contribute to the 
decrease in Y₃ upon their increase is arranged in the 

following order: x₁, x₈, x₅, whereas parameters that 
contribute to the increase in Y₃, X = {x₁, x₂, x₄, x₆, 
x₇, x₁₃}, are: x₁₃, x₄, x₇. This demonstrates that Y₃ 
in AISI 304 steel decreases upon increasing the 
number of large oxide inclusions sized 1.98–3.95 μm, 
in the vicinity of which stable pittings nucleate at 
their intersection with austenite grain boundaries, 
upon increasing volume of δ-ferrite inclusions, and 
upon decreasing the mean austenite grain diameter. 

Summarizing the foregoing, it can be stated that 
corrosion losses ΔNi from pitting are determined 
predominantly by the structural heterogeneity of the 
steel and are practically independent of changes in its 
chemical composition within standard ranges and 
parameters of model recirculating waters that 
promote pittings formation. 

To identify metastable and stable pittings on the 
surface of the investigated AISI 304 steel in model 
recirculating waters, mathematical model (2) was 
developed, whose regression coefficients are 
presented in Table 4. 

Analysis of Table 4 data demonstrates that the 
selective dissolution coefficient of Cr from pitting 
decreases with increasing chloride concentration 
(x₂), quantity of oxide inclusions sized up to 1.98 μm 
(x₄), mean distance between them (x₆), volume of δ-
ferrite inclusions in AISI 304 steel (x₇), and with 
decreasing quantity of oxides sized 1.98–3.95 μm 
(x₅) and Ni concentration therein. At the same time, 
it should be emphasized that the regression 
coefficients M₂ (x₁) and M₂₀ of model (2) are 7.107 
and –11.8736, respectively. Thus, the coefficient ZCr 
decreases with increasing pH (x₁) of model 
recirculating waters from 4 up to 8 by only 4.77. 

 
 

Table 4 – Coefficients of mathematical model Y4 = ZCr. 
 

М2 (x1) 7276907⋅10-6 
М9 (x8) –1020086466⋅10-6 
М20 (x12) –593681⋅10-6 
М21 (x22) –4,02701⋅10-6 

М23 (x42) –6,66467⋅10-6 
М24 (x52) 1834⋅10-6 
М25 (x62) –1790⋅10-6 
М26 (x72) –8099⋅10-6 
М32 (x132 ) 280000⋅10-6 

 
Thus, pH (x₁) of the media has practically no 

effect on the coefficient ZCr. At the same time, based 
on the results of analysis of the effects of parameters 
X = {x₁, x₂, x₄, x₅, x₆, x₇, x₈, x₁₃} on Y₄, it was 

М2 (x1) –3977620⋅10-6 
М9 (x8) –2367054950⋅10-6 

М20 (x122 ) 278768⋅10-6 
М21 (x22) 1,94385⋅10-6 

М23 (x42) 3,74289⋅10-6 
М24 (x52) –3397620⋅10-6 
М25 (x62) 2980⋅10-6 
М27 (x72) 278770⋅10-6 
М32 (x132 ) 1,94385⋅10-6 

established that these decrease by 101; 19; 1.09; 6.04; 
13.3; 40.45 upon increasing volume of δ-ferrite 
inclusions in steel (x₈), chloride concentration in 
model recirculating waters (x₂), quantity of oxide 
inclusions sized up to 1.98 μm (x₄), mean distance 
between oxides (x₆), and mean diameter of austenite 
grains (x₇) within the specified ranges indicated 
above. At the same time, Y₄ increases by 101.76 and 
6.08 upon increasing in the steel the quantity of 
oxides sized 1.98–3.95 μm (x₅), and by 6.08 upon 
increasing the Ni content therein within the 
aforementioned ranges. 

Based on the analysis performed, it can be stated 
that the coefficient ZCr decreases with increasing 
volume of δ-ferrite inclusions (x₈) in steel, mean 
diameter of austenite grains (x₇), and with decreasing 
quantity of oxide inclusions sized 1.98–3.95 μm, in 
the vicinity of which pittings nucleate at their 
intersection with austenite grain boundaries. Thus, 
the results of previous investigations and the 
hypothesis regarding the effect of volume of δ-ferrite 
inclusions in steel on selective dissolution of metals 
from stable pittings are confirmed. In this connection, 
it is important to note that the specific magnetic 
susceptibility of austenite (χ₁₈) has no effect on the 
process of selective metal dissolution in pittings. 

To identify metastable and stable pittings on the 
surface of AISI 304 steel, using computer processing 
Y₅ = (Y₄ ≥ 1) = {1/Y₄ ≥ 1} as a function of variables 
X = {x₁, x₂, ..., x₁₈}, a mathematical model was 
constructed that is based on formula (3) and data from 
references [21, 27, 35]. The calculated coefficients of 
this mathematical model are presented in Table 5. 

The proposed mathematical model (3) (Table 5) 
provides the ability to very rapidly calculate ZCr and 
assess the nature of pittings on the surface of AISI 
304 steel as a function of recirculating water 
parameters and steel properties. 

 
Table 5 – The coefficients of mathematical model Y5 = (Y4 ≥ 1) 
= {1/ZCr ≥ 1}. 

 
 

To determine the coefficient ZNi for selective 
dissolution of nickel from pitting, a mathematical 
model was constructed using formula (4), and the 
established coefficients of this model are presented in 
Table 6.  

 
 

Table 6 – The coefficients of mathematical model 
 Y6 = Y3

Y2
= ZNi. 

 
According to the data in Table 6, Y₆ (ZNi) 

decreases by 1471.82; 4.39; 22.29; 156.06 with 
increasing parameters X = {x₃, x₂, x₄, x₆} within the 
ranges specified above. At the same time, Y₆ (ZNi) 
increases by 1530.02; 602.76; 8983 with increasing 
parameters X = {x₅, x₇, x₁₃} within the ranges 
specified above. 

Summarizing the foregoing, it can be noted that 
the coefficients ZNi depend predominantly on 
variables x₈, x₅, x₆, x₇, x₁₃. Moreover, their influence 
increases in the following sequence: x₁₃, x₆, x₇, x₈, 
x₅. At the same time, the effect of x₇, x₈, x₅ is most 
substantial; therefore, volume of δ-ferrite inclusions, 
mean austenite grain diameter, and quantity of large 
oxides have the greatest effect on the process of 
selective nickel dissolution from pitting. 

A mathematical model (5) was constructed that 
enables assessment of the intensity of pittings 
propagation on the surface of AISI 304 steel in model 
recirculating waters. The coefficients of 
mathematical model (5) are presented in Table 7. 

Summarizing the foregoing, it can be noted that 
by applying information technologies and 
mathematical model (5), it is possible to rapidly 
assess the intensity of pitting propagation on the 
surface of AISI 304 steel. At the same time, analysis 
of model (5) showed that the ZNi coefficients of AISI 
304 steel decrease with increasing volume of δ-ferrite 
inclusions (x₈) and with decreasing mean austenite 
grain diameter (x₇) and quantity of oxides  
(1.98–3.95 μm) (x₅). The influence of parameters  
 

М2 (x1) 1966477⋅10-6 
М9 (x8) 293560606⋅10-6 
М20 (x21) –159659⋅10-6 
М21 (x22) –1,18519⋅10-6 

М23 (x42) –93,15195⋅10-6 
М24 (x52) –581⋅10-6 
М25 (x62) 269⋅10-6 
М26 (x72) –2465⋅10-6 
М32 (x132 ) –63424⋅10-6 

М2 (x1) 16792025⋅10-6 
М9 (x8) –14718238697⋅10-6 
М20 (x21) –1374383⋅10-6 
М21 (x22) –16,2513⋅10-6 

М23 (x42) –246⋅10-6 
М24 (x52) 27576⋅10-6 
М25 (x62) –20603⋅10-6 
М26 (x72) 120672⋅10-6 
М32 (x132 ) 3481913⋅10-6 
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X = {x₅, x₇, x₈} on ZNi was found to be most 
significant, while the influence of parameters X = 
{x₁, x₂, x₄, x₆, x₁₃} was found to be insignificant. 

 
 

Table 7 – Coefficients of the mathematical model (5). 

 
Analysis of the indicated models demonstrates 

that ΔCr from pitting depends primarily on chloride 
concentration in model recirculating waters and such 
steel parameters as oxide quantity, mean austenite 
grain diameter, and δ-ferrite content. A hypothesis 
has been proposed that pitting nucleation and 
propagation are caused by the intensity of chloride 
ion adsorption on structural imperfections of AISI 
304 steel in the vicinity of these oxides at their 
intersection with austenite grain boundaries. It was 
established that ΔFe from pitting decreases with 
increasing oxide quantity in the steel (sized 
1.98…3.95 μm), mean austenite grain diameter, and 
increases when δ-ferrite quantity and mean distance 
between steel oxides increase. It has been proven that 
ΔNi from pitting decreases with increasing oxide 
quantity in the steel (1.98…3.95 μm) and δ-ferrite 
content, and with decreasing mean austenite grain 
diameter. It was established that coefficients ZCr 

decrease with increasing δ-ferrite quantity in the 
steel, mean austenite grain diameter, and with 
decreasing oxide quantity (sized 1.98…3.95 μm). 
This may also contribute to the transition of 
metastable pittings to stable pittings. It was found 
that coefficients ΔNi decrease with increasing oxide 
and δ-ferrite quantity, and mean austenite grain 
diameter of the steel. At the same time, it was 
established that media pH, steel chemical 
composition within standard ranges, fine oxides, their 
volume, and specific paramagnetic susceptibility do 
not affect selective dissolution of ΔCr, ΔFe, and ΔNi 
from pitting on AISI 304 steel. The proposed models 
provide the ability to assess the pitting character of 
AISI 304 steel, calculate ΔCr, ΔFe, ΔNi from pitting 
and their propagation rates, which is important in 
heat exchanger operation. 

Taking into account the approaches mentioned 
above and the constructed mathematical models (1–
5), the determination of the average pittings growth 
rate on the surface of AISI 304 steel has been justified 
using formula (7): 

,
τ
hv p =                             (7) 

 
where: pv is mean pittings growth rate, μm/h; h  is 

mean pitting depth, µm; τ is a test time, hours (is a 
constant value equal to 240 hours). 

 The average pitting depth h  is calculated using 
the next equation: 

 
.

.. psN
Rh =                       (8) 

where: R is the radius of the conditional layer of 
metal dissolved from the steel during the test, µm; 
Ns.p. is the number of stable pittings on the steel 
surface. 

The parameter R is proposed to be determined by 
relation: 

,
4
3

3
π
VR =                            (9) 

 
where V is a volume of metal dissolved in pittings, 
µm3. 

The volume of metal dissolved in pittings is 
determined by: 

 
,NiCrFe VVVV ++=                  (10) 

 
where V(Fe, Cr, Ni) is a volume of Fe, Cr, Ni dissolved 
on the pittings surface of, µm3. 

The volume of metals dissolved from the pitting 
surface is determined by equation (11): 

 

,
),,(

),,(
),,(

FeNiCr

FeNiFe
FeNiCr

mV ρ=         (11) 

 
where m(Cr, Ni, Fe) is the mass of Cr, Ni, Fe dissolved 
on the surface of the pittings, g; ρ (Fe, Cr, Ni) is the 
density of Fe, Cr, Ni, g/µm3. 

According to [36], with densities ρFe = 7.874⋅10-

12 g/µm3, ρCr = 7.19⋅10-12 g/µm3, ρNi = 8.9⋅10-12 g/µm3, 
the values m(Cr, Fe, Ni) can be identified with ∆Cr, ∆Fe, 
and ∆Ni of steel from stable pittings, the calculation 
of which is performed using mathematical model (1). 

М2 (x1) 1525000⋅10-6 
М9 (x8) –416666667⋅10-6 

М20 (x12) –125000⋅10-6 
М21 (x22) –5,92596⋅10-7 

М23 (x24) –1,85183⋅10-5 
М24 (x25) 765⋅10-6 
М25 (x26) –659⋅10-6 
М26 (x27) 3418⋅10-6 
М32 (x213) 116313⋅10-6 

As shown above, formation of stable pittings on 
the surface of the investigated AISI 304 steel occurs 
predominantly in the vicinity of the largest oxide 
inclusions sized up to 4 μm at their intersection points 
with austenite grain boundaries. Around smaller 
oxides (up to 1.98 μm), metastable pittings 
predominantly nucleate, characterized by rapid 
repassivation. In connection with this, the 
coefficients of oxide participation in the pitting-
forming process of AISI 304 steel were determined 
exclusively for stable pittings with size exceeding 5 
μm [37]. It was previously established [22] that the 
coefficients of oxide inclusion participation in pitting 
of AISI 304 steel do not depend on variations in its 
chemical composition within standard ranges, but are 
determined by pH and chloride concentration in 
chloride-containing recirculating waters. Thus, the 
role of oxides in pitting formation of AISI 304 steel 
correlates with the pitting potential. Based on this, to 
calculate the coefficients of oxide participation in 
pitting of AISI 304 steel in model recirculating 
waters with pH 4–8 and chloride concentration 300–
600 mg/l, the following relationships (12–16) are 
proposed: 

 
К = 0,341 – 3,7·10-4 CCl

-, at рН 8;        (12) 
  

К = 0,081 + 1,20·10-4 CCl
-, at рН 7;          (13)  

 
К = 0,082 + 1,42·10-4 CCl

-, at рН 6;         (14) 
 

К = 0,085 + 1,40·10-4 CCl
-, at рН 5;         (15) 

 
К = 0,048 + 2,10·10-4 CCl

-, at рН 4.          (16) 
 

Where CCl
- is a concentration of chloride ions in 

the model recirculating water. 
Relationships (12–16) enable determination of 

the fraction of oxide inclusions in AISI 304 steel that 
participate in the pitting-forming process. 
Calculations are conducted on a defined metal area, 
namely on 100 fields of view of an optical 
microscope (×320). In this case, the total number of 
oxides on the surface of AISI 304 steel is determined 
by metallographic analysis method [38]. It should be 
noted that modern optical microscopes are equipped 
with software that allows more rapid and more 
accurate determination of the quantity and size of 
inclusions in steels and alloys. 

In model recirculating waters with pH 4–8 and 
chloride concentration 300–600 mg/l, fine oxide 
inclusions (up to 1.98 μm) in AISI 304 steel 

participated in the pittings-forming process in the 
range of 8.53–11.68 % of their total number on the 
sample surfaces, whereas oxides sized 1.98–3.95 μm 
were involved in pitting in the amount of 3.1–5.76 % 
of their total quantity [39]. Simultaneously, pittings 
that form in the vicinity of fine oxides rapidly 
repassivate because their sizes do not exceed 2 μm 
[40-45]. As a result, the parameters ∆Fe, ∆Cr, ∆Ni 
obtained from such pittings are not taken into account 
in the calculation of the volume (V) of metal 
dissolved from stable pittings (10). 

It is important to note that on mean, 4.43 % of 
oxide inclusions sized 1.98–3.95 μm were involved 
in nucleation of stable pittings. Taking this into 
account, the number of stable pittings per area of 100 
microscope fields of view (×320) is recommended to 
be calculated using formula (17): 

 
Ns,p = 0,0443× K× Nоx,                (17) 

 
where К is the participation of oxides involved in 
pitting, determined by formulas (12-16); Nоx is the 
total amount of oxides on the surface of AISI 304 
steel per 100 microscope fields of view (×320). 

Based on the analysis performed, it can be stated 
that the application of formulas (1–17) enables 
calculation of the mean growth rate of stable pittings 
on the surface of AISI 304 steel in model 
recirculating waters with pH 4–8 and chloride 
content 300–600 mg/l. At the same time, it should be 
emphasized that the pitting propagation rates of 
stable pittings on the surface of AISI 304 steel in 
recirculating waters calculated in this manner are 
characterized by a mean error of up to ±19 %. This 
finds confirmation in the results of laboratory studies 
and practical experience in heat exchanger equipment 
operation. This is due to the stochastic nature of the 
processes of pitting nucleation, development, and 
repassivation. Despite this, the proposed 
methodology for calculating the pitting propagation 
rate on the surface of AISI 304 steel in model 
recirculating waters enables prediction of the time to 
achieve perforation of heat transfer elements of heat 
exchangers in the event of their pitting. 

 
4. Conclusion 
 
The main approaches for calculating the average 

growth rate of pittings on the surface of AISI 304 
steel in model circulating waters with pH values 
ranging from 4 up to 8 and chloride concentrations 
between 300 and 600 mg/l have been developed. 
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X = {x₅, x₇, x₈} on ZNi was found to be most 
significant, while the influence of parameters X = 
{x₁, x₂, x₄, x₆, x₁₃} was found to be insignificant. 

 
 

Table 7 – Coefficients of the mathematical model (5). 

 
Analysis of the indicated models demonstrates 

that ΔCr from pitting depends primarily on chloride 
concentration in model recirculating waters and such 
steel parameters as oxide quantity, mean austenite 
grain diameter, and δ-ferrite content. A hypothesis 
has been proposed that pitting nucleation and 
propagation are caused by the intensity of chloride 
ion adsorption on structural imperfections of AISI 
304 steel in the vicinity of these oxides at their 
intersection with austenite grain boundaries. It was 
established that ΔFe from pitting decreases with 
increasing oxide quantity in the steel (sized 
1.98…3.95 μm), mean austenite grain diameter, and 
increases when δ-ferrite quantity and mean distance 
between steel oxides increase. It has been proven that 
ΔNi from pitting decreases with increasing oxide 
quantity in the steel (1.98…3.95 μm) and δ-ferrite 
content, and with decreasing mean austenite grain 
diameter. It was established that coefficients ZCr 

decrease with increasing δ-ferrite quantity in the 
steel, mean austenite grain diameter, and with 
decreasing oxide quantity (sized 1.98…3.95 μm). 
This may also contribute to the transition of 
metastable pittings to stable pittings. It was found 
that coefficients ΔNi decrease with increasing oxide 
and δ-ferrite quantity, and mean austenite grain 
diameter of the steel. At the same time, it was 
established that media pH, steel chemical 
composition within standard ranges, fine oxides, their 
volume, and specific paramagnetic susceptibility do 
not affect selective dissolution of ΔCr, ΔFe, and ΔNi 
from pitting on AISI 304 steel. The proposed models 
provide the ability to assess the pitting character of 
AISI 304 steel, calculate ΔCr, ΔFe, ΔNi from pitting 
and their propagation rates, which is important in 
heat exchanger operation. 

Taking into account the approaches mentioned 
above and the constructed mathematical models (1–
5), the determination of the average pittings growth 
rate on the surface of AISI 304 steel has been justified 
using formula (7): 

,
τ
hv p =                             (7) 

 
where: pv is mean pittings growth rate, μm/h; h  is 

mean pitting depth, µm; τ is a test time, hours (is a 
constant value equal to 240 hours). 

 The average pitting depth h  is calculated using 
the next equation: 

 
.

.. psN
Rh =                       (8) 

where: R is the radius of the conditional layer of 
metal dissolved from the steel during the test, µm; 
Ns.p. is the number of stable pittings on the steel 
surface. 

The parameter R is proposed to be determined by 
relation: 

,
4
3

3
π
VR =                            (9) 

 
where V is a volume of metal dissolved in pittings, 
µm3. 

The volume of metal dissolved in pittings is 
determined by: 

 
,NiCrFe VVVV ++=                  (10) 

 
where V(Fe, Cr, Ni) is a volume of Fe, Cr, Ni dissolved 
on the pittings surface of, µm3. 

The volume of metals dissolved from the pitting 
surface is determined by equation (11): 
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mV ρ=         (11) 

 
where m(Cr, Ni, Fe) is the mass of Cr, Ni, Fe dissolved 
on the surface of the pittings, g; ρ (Fe, Cr, Ni) is the 
density of Fe, Cr, Ni, g/µm3. 

According to [36], with densities ρFe = 7.874⋅10-

12 g/µm3, ρCr = 7.19⋅10-12 g/µm3, ρNi = 8.9⋅10-12 g/µm3, 
the values m(Cr, Fe, Ni) can be identified with ∆Cr, ∆Fe, 
and ∆Ni of steel from stable pittings, the calculation 
of which is performed using mathematical model (1). 

М2 (x1) 1525000⋅10-6 
М9 (x8) –416666667⋅10-6 

М20 (x12) –125000⋅10-6 
М21 (x22) –5,92596⋅10-7 

М23 (x24) –1,85183⋅10-5 
М24 (x25) 765⋅10-6 
М25 (x26) –659⋅10-6 
М26 (x27) 3418⋅10-6 
М32 (x213) 116313⋅10-6 

As shown above, formation of stable pittings on 
the surface of the investigated AISI 304 steel occurs 
predominantly in the vicinity of the largest oxide 
inclusions sized up to 4 μm at their intersection points 
with austenite grain boundaries. Around smaller 
oxides (up to 1.98 μm), metastable pittings 
predominantly nucleate, characterized by rapid 
repassivation. In connection with this, the 
coefficients of oxide participation in the pitting-
forming process of AISI 304 steel were determined 
exclusively for stable pittings with size exceeding 5 
μm [37]. It was previously established [22] that the 
coefficients of oxide inclusion participation in pitting 
of AISI 304 steel do not depend on variations in its 
chemical composition within standard ranges, but are 
determined by pH and chloride concentration in 
chloride-containing recirculating waters. Thus, the 
role of oxides in pitting formation of AISI 304 steel 
correlates with the pitting potential. Based on this, to 
calculate the coefficients of oxide participation in 
pitting of AISI 304 steel in model recirculating 
waters with pH 4–8 and chloride concentration 300–
600 mg/l, the following relationships (12–16) are 
proposed: 

 
К = 0,341 – 3,7·10-4 CCl

-, at рН 8;        (12) 
  

К = 0,081 + 1,20·10-4 CCl
-, at рН 7;          (13)  

 
К = 0,082 + 1,42·10-4 CCl

-, at рН 6;         (14) 
 

К = 0,085 + 1,40·10-4 CCl
-, at рН 5;         (15) 

 
К = 0,048 + 2,10·10-4 CCl

-, at рН 4.          (16) 
 

Where CCl
- is a concentration of chloride ions in 

the model recirculating water. 
Relationships (12–16) enable determination of 

the fraction of oxide inclusions in AISI 304 steel that 
participate in the pitting-forming process. 
Calculations are conducted on a defined metal area, 
namely on 100 fields of view of an optical 
microscope (×320). In this case, the total number of 
oxides on the surface of AISI 304 steel is determined 
by metallographic analysis method [38]. It should be 
noted that modern optical microscopes are equipped 
with software that allows more rapid and more 
accurate determination of the quantity and size of 
inclusions in steels and alloys. 

In model recirculating waters with pH 4–8 and 
chloride concentration 300–600 mg/l, fine oxide 
inclusions (up to 1.98 μm) in AISI 304 steel 

participated in the pittings-forming process in the 
range of 8.53–11.68 % of their total number on the 
sample surfaces, whereas oxides sized 1.98–3.95 μm 
were involved in pitting in the amount of 3.1–5.76 % 
of their total quantity [39]. Simultaneously, pittings 
that form in the vicinity of fine oxides rapidly 
repassivate because their sizes do not exceed 2 μm 
[40-45]. As a result, the parameters ∆Fe, ∆Cr, ∆Ni 
obtained from such pittings are not taken into account 
in the calculation of the volume (V) of metal 
dissolved from stable pittings (10). 

It is important to note that on mean, 4.43 % of 
oxide inclusions sized 1.98–3.95 μm were involved 
in nucleation of stable pittings. Taking this into 
account, the number of stable pittings per area of 100 
microscope fields of view (×320) is recommended to 
be calculated using formula (17): 

 
Ns,p = 0,0443× K× Nоx,                (17) 

 
where К is the participation of oxides involved in 
pitting, determined by formulas (12-16); Nоx is the 
total amount of oxides on the surface of AISI 304 
steel per 100 microscope fields of view (×320). 

Based on the analysis performed, it can be stated 
that the application of formulas (1–17) enables 
calculation of the mean growth rate of stable pittings 
on the surface of AISI 304 steel in model 
recirculating waters with pH 4–8 and chloride 
content 300–600 mg/l. At the same time, it should be 
emphasized that the pitting propagation rates of 
stable pittings on the surface of AISI 304 steel in 
recirculating waters calculated in this manner are 
characterized by a mean error of up to ±19 %. This 
finds confirmation in the results of laboratory studies 
and practical experience in heat exchanger equipment 
operation. This is due to the stochastic nature of the 
processes of pitting nucleation, development, and 
repassivation. Despite this, the proposed 
methodology for calculating the pitting propagation 
rate on the surface of AISI 304 steel in model 
recirculating waters enables prediction of the time to 
achieve perforation of heat transfer elements of heat 
exchangers in the event of their pitting. 

 
4. Conclusion 
 
The main approaches for calculating the average 

growth rate of pittings on the surface of AISI 304 
steel in model circulating waters with pH values 
ranging from 4 up to 8 and chloride concentrations 
between 300 and 600 mg/l have been developed. 
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These approaches are based on the assumption that 
pittings nucleating and growing in the vicinity of 
oxide inclusions are predominantly metastable and, 
therefore, repassivate within several minutes. 
Consequently, it was assumed that all corrosion 
losses, ΔCr, ΔNi, and ΔFe, are concentrated only in 
stable pittings. It was proposed to identify them using 
the coefficient of selective chromium dissolution 
(ZCr). Second-order regression-based mathematical 
models were developed to establish the relationships 
between the corrosion losses of Cr, Ni, and Fe from 
pittings, the coefficients ZCr and ZNi, and the steel’s 
chemical composition, structural constituents, and 

circulating water parameters. A method for 
calculating the growth rate of pittings on the surface 
of AISI 304 steel during the operation of heat 
exchangers in circulating water systems was 
developed and implemented in production. This 
method is based on the calculated values of corrosion 
losses ΔCr, ΔNi, and ΔFe from pittings and on the 
participation coefficients of oxide inclusions in 
pitting corrosion, determined using empirical 
formulas. It was shown that the sum of squared 
instantaneous errors for the average pitting growth 
rate determined by calculation and measurement is  
E = 0.250718, and the mean error is ± 19 %.
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These approaches are based on the assumption that 
pittings nucleating and growing in the vicinity of 
oxide inclusions are predominantly metastable and, 
therefore, repassivate within several minutes. 
Consequently, it was assumed that all corrosion 
losses, ΔCr, ΔNi, and ΔFe, are concentrated only in 
stable pittings. It was proposed to identify them using 
the coefficient of selective chromium dissolution 
(ZCr). Second-order regression-based mathematical 
models were developed to establish the relationships 
between the corrosion losses of Cr, Ni, and Fe from 
pittings, the coefficients ZCr and ZNi, and the steel’s 
chemical composition, structural constituents, and 

circulating water parameters. A method for 
calculating the growth rate of pittings on the surface 
of AISI 304 steel during the operation of heat 
exchangers in circulating water systems was 
developed and implemented in production. This 
method is based on the calculated values of corrosion 
losses ΔCr, ΔNi, and ΔFe from pittings and on the 
participation coefficients of oxide inclusions in 
pitting corrosion, determined using empirical 
formulas. It was shown that the sum of squared 
instantaneous errors for the average pitting growth 
rate determined by calculation and measurement is  
E = 0.250718, and the mean error is ± 19 %.
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This work presents a comprehensive investigation of the temperature-dependent electrical and thermal 
transport properties of tungsten silicides, including mono-, di-, and higher-order phases. A comparative 
analysis of experimental data is performed with particular emphasis on electronic structure, charge-
carrier characteristics, and phase-dependent transport behavior. The results indicate that di- and higher-
order tungsten silicides exhibit semiconductor-like properties, with electrical resistivities in the range of 
50–85 μΩ·cm at 300 K. Nuclear magnetic resonance spectroscopy was employed to examine the local 
electronic environment of tungsten atoms and their interaction with surrounding silicon nuclei, revealing 
structural imperfections such as defects, grain boundaries, and secondary-phase inclusions that influence 
charge transport. The temperature dependences of electrical conductivity, thermal conductivity, Seebeck 
coefficient, and thermoelectric quality factor were systematically studied over the temperature range of 
300–800 K. The analysis demonstrates that higher-order tungsten silicides exhibit the most favorable 
thermoelectric characteristics among the investigated phases, highlighting their potential for use in high-
temperature thermoelectric energy conversion and sensing applications, as well as their promise for further 
optimization through controlled doping strategies.

Keywords: tungsten silicide, diffusion, phase analytics, electrical conductivity, thermal conductivity, 
thermoEMF.
PACS number(s): 72.20.Pa, 72.15.Jf, 72.80.Ga.

1. Introduction

Tungsten silicides synthesized via diffusion dop-
ing of monocrystalline silicon are promising materi-
als for applications in micro- and nanoelectronics as 
well as solar engineering, owing to their high thermal 
stability, excellent electrical conductivity, and strong 
resistance to oxidation [1–4]. Transition metal sili-
cides, particularly those based on tungsten, constitute 
an important class of intermetallic compounds that 
are widely employed in silicon-based technologies 
due to their compatibility with standard fabrication 
processes, chemical stability, and favorable electron-
ic properties.

Beyond their established use in electrical contacts 
and Schottky barrier structures, tungsten silicides 
have attracted increasing interest as potential ther-

moelectric materials. The performance of thermo-
electric materials is commonly evaluated using the 
dimensionless figure of merit Q=ZT, which depends 
on the Seebeck coefficient α, electrical conductivity 
σ and thermal conductivity æ, and is expressed as:

                             (1)

A deep understanding of the thermoelectric be-
havior of tungsten silicides is essential for the de-
velopment of miniaturized temperature sensors and 
solid-state energy conversion devices [5].

Among the wide range of thermoelectric mate-
rials investigated, transition metal silicides–particu-
larly tungsten silicide phases such as WSi₂ and W₅Si₃ 
have garnered special attention. These materials offer 
several advantages, including high-temperature sta-
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bility, resistance to oxidation, relatively low cost, and 
environmental compatibility compared with conven-
tional thermoelectric compounds based on tellurium 
or lead [6–8].

Despite these advantages, the thermoelectric 
properties of tungsten silicides remain insufficiently 
explored. Improving their thermoelectric efficiency 
requires a detailed analysis of their electronic struc-
ture and thermal transport behavior, as well as an 
understanding of the influence of phase composition, 
microstructure, and doping. In this paper, we investi-
gate the thermoelectric properties of various tungsten 
silicide phases to evaluate their potential for applica-
tion in high-temperature thermoelectric energy con-
verters [9–12].

Tungsten silicides are promising materials for 
high-temperature thermoelectric applications due to 
their unique combination of structural stability, elec-
tronic properties, and thermal characteristics. Despite 
numerous studies on individual properties of tung-
sten silicides, there remains a lack of comprehensive 
understanding of how their crystal structure, defect 
states, and electronic environment collectively influ-
ence their thermoelectric performance [13-15].

The aim of this study is a comprehensive inves-
tigation of the formation, structure, defect states, and 
electronic properties of mono-, di-, and higher-order 
tungsten silicides, as well as their thermoelectric 
characteristics, with the goal of identifying the phas-
es most promising for high-temperature thermoelec-
tric converters.

The novelty of this work lies in its integrated ap-
proach: we simultaneously investigate the formation, 
crystalline structure, microstructural defects, elec-
tronic conductivity, and thermoelectric properties of 
various tungsten silicides. By correlating structural 
features and electronic behavior with thermoelec-
tric performance, this study provides a detailed un-
derstanding of the material’s behavior and identifies 
the specific tungsten silicide phases most suitable for 
high-temperature thermoelectric devices.

This research therefore bridges the gap between 
fundamental materials characterization and applied 
thermoelectric performance, offering new insights 
into the design of advanced materials for high-tem-
perature energy conversion.

 
2. Experimental 

Tungsten silicides of different stoichiometries 
(WSi, WSi₂, and W₅Si₃) were synthesized by solid-
state diffusion between high-purity tungsten and 

single-crystal silicon substrates. The samples were 
prepared in a horizontal diffusion furnace (SUOL-
4 type). The diffusion process was carried out at 
temperatures between 1000 and 1200 °C for 40–45 
hours, conditions chosen to ensure the formation of 
monosilicide, disilicide, and higher silicide phases, 
as observed in previous studies of tungsten–silicon 
phase interactions. After diffusion annealing, the 
samples were cooled to room temperature inside the 
furnace to minimize thermal stresses. 

The phase composition and crystal structure of 
the synthesized silicides were investigated using 
X-ray diffraction (XRD) using Cu Kα radiation. 
Diffraction patterns were collected in the 2θ range 
of 20–80°. Lattice parameters for each phase were 
refined using the Rietveld method. The obtained 
structural characteristics were found to correlate di-
rectly with the differences in thermal and electronic 
transport properties discussed later, particularly the 
increased structural complexity of the W₅Si₃ phase, 
which contributes to enhanced phonon scattering 
and, consequently, reduced thermal conductivity.

To analyze the local chemical environment of sil-
icon atoms within each phase, 29Si Nuclear Magnetic 
Resonance (NMR) spectroscopy was performed. The 
spectra were recorded at room temperature using a 
standard solid-state NMR setup with magic-angle 
spinning (MAS). Distinct chemical shifts and line 
broadening were used to distinguish between silicon 
sites in WSi, WSi₂, and W₅Si₃. Broadened lines in 
the higher silicide phase indicated the presence of 
multiple non-equivalent silicon sites and structural 
defects, which later manifested in enhanced phonon 
scattering and reduced thermal conductivity.

Electrical conductivity (σ) was measured in the 
temperature range 300–800 K using the standard 
four-probe technique. Rectangular specimens were 
prepared from the reacted silicide layers, and plati-
num leads were attached using high-temperature 
silver paste. Temperature stability during measure-
ments was maintained within ±1 K. The resulting 
temperature dependence of σ confirmed metallic 
behavior for WSi and semiconducting behavior for 
WSi₂ and W₅Si₃, in agreement with their respective 
electronic structures.

Thermal conductivity (κ) was determined using 
the laser flash analysis (LFA) method. The thermal 
diffusivity (æ) was measured directly, while thermal 
conductivity was calculated according to

                        (2)
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where ρ is the density (determined by Archimedes’ 
method) and Cp is the heat capacity (measured using 
differential scanning calorimetry, DSC).

This technique enabled accurate measurement 
of the temperature dependence of κ for all phases, 
revealing the lowest thermal conductivity for W₅Si₃ 
due to its complex tetragonal structure and higher de-
fect concentration.

The Seebeck coefficient (α) was measured simul-
taneously with electrical conductivity using a differ-
ential DC method. A temperature gradient of approx-
imately 10–15 K was applied across the sample, and 
the resulting thermoelectric voltage was recorded. 
Measurements were repeated during heating from 
300 to 800 K.

In solid-state NMR spectroscopy, chemical shift 
(δ) is a sensitive indicator of the electron density 
around the nucleus. A strongly negative δ value typi-
cally corresponds to high levels of shielding, char-
acteristic of metallic systems. A broad spectral line 
indicates electron inhomogeneity, as well as the influ-
ence of shielding anisotropy. The structures of W₅Si₂ 
and W₅Si₃ belong to different types of intermetallic 

compounds, resulting in different environments for 
the silicon atoms. The study was conducted using a 
Varian Mercury VX-400 NMR system.

This approach captured the expected monotonic 
increase of α with temperature and showed the high-
est Seebeck coefficient in W₅Si₃, consistent with 
its semiconducting nature and enhanced density of 
states near the Fermi level.

3. Results and discussion

The electrical conductivity, thermal conductiv-
ity and coefficient of thermo-EMF were measured in 
the temperature range of 300-800 K using standard 
techniques.

Fig. 1 shows the temperature dependence of the 
electrical conductivity of mono-, di- and higher sili-
cides of tungsten. A noticeable decrease in electri-
cal conductivity is observed for all tungsten silicide 
phases in Fig. 1. This trend is consistent with the ex-
pected increase in phonon scattering at elevated tem-
peratures, which reduces charge-carrier mobility and 
thus lowers the overall conductivity.

Figure 1 – Temperature dependences of electrical conductivity  
of various phases of tungsten silicides.

Tungsten monosilicide has the highest electri-
cal conductivity, which is due to its metallic nature 
and dense crystal lattice [16]. The tungsten dilicide 
behaves as a semiconductor and takes an intermedi-
ate value between the electrical conductivity of the 
mono- and higher tungsten silicide. The highest tung-
sten silicide has a minimum electrical conductivity, 

characteristic of a more silicon phase with semicon-
ductor properties [17,18].

Fig. 2 shows the temperature dependence of ther-
mal conductivity of various phases of tungsten sili-
cides. In all three phases, a decrease in thermal con-
ductivity with an increase in temperature is observed 
due to increased phonon-phonon scattering [19]. 
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Monosilicide has the highest thermal conductivity 
(æ = 80 W/m • K at T = 300 K) – a dense crystal-
line structure and high contribution of the electronic 

component. The smallest thermal conductivity (æ = 
24 W/m • K at T = 300 K) is also observed in higher 
tungsten silicide.

Figure 2 – Temperature dependences of thermal conductivity  
various phases of tungsten silicides.

The disilicide of the tungsten is æ = f (t) occupies 
an intermediate value (æ = 56 W/m • K at T = 300 
K). Less thermal conductivity of the di- and higher 

tungsten silicide is due to their complex structure and 
an increase in scattering at the phonons, on grains 
boundaries and defects of the crystal lattice [20,21].

Figure 3 – Temperature dependences of the coefficient  
of thermoEMF of various phases of tungsten silicides.

Fig. 3 shows the temperature dependence of 
the coefficient of thermoEMF of various phases of 
tungsten silicides. With an increase in temperature, 
the thermoEMF coefficient increases, which is 

typical for semiconductors and metals with a high 
density of states at the level of Fermi. The high-
est silicide of tungsten α = 40 to 60 μV/k, which 
is associated with its more pronounced semicon-
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ductor properties [22]. The tungsten dilicide has  
α = 25 μV/k (at T = 300  K) to 48 μV/k (at 
T  =  800  K). Monosilicide demonstrates the 

smallest coefficient: α = 25 μV/k (at T = 300 K) up 
to 30 μV/k (at T = 800 K), which is characteristic 
of metal phases [23].

Figure 4 – Temperature dependencies of thermoelectric Q factor  
for various phases of tungsten silicides.

Fig. 4 shows the temperature dependence of 
thermoelectric Q factor Q = ZT. This parameter de-
pends on the coefficient of thermoEMF, electrical 
conductivity and thermal conductivity. The maxi-
mum value of thermoelectric quality is observed in 
the highest silicide of the tungsten [24,25]. In this 
phase of tungsten silicides, despite the low electri-
cal conductivity (Fig. 1), the high Seebeck coef-
ficient (Fig. 3) and low thermal conductivity (Fig. 

2) provides improved thermoelectric properties. 
The highest values of the Seebeck coefficient are 
observed in the highest silicide of the tungsten due 
to the fact that it increases the energy gap and den-
sity of states near the level of farm. This phase is 
a promising material for thermoelectric converters. 
The monosilicide of the tungsten shows the low val-
ues of Q-due to the low coefficient of thermoEMF 
and high thermal conductivity.

Figure 5 – NMR spectra of WSi2 and W5Si2.
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Fig.5 shows the relative signal intensity (Y-axis) 
as a function of the chemical shift δ (ppm, X-axis) 
for two tungsten silicides. The solid-state ²⁹Si NMR 
spectra clearly distinguish the silicon environments in 
the phases WSi₂ and W₅Si₃, allowing their structural 
and electronic features to be compared. The spectrum 
of WSi₂ exhibits a pronounced and relatively sym-
metric maximum in the region of –700 to –900 ppm, 
with high relative intensity. This indicates a narrow 
distribution of local electronic environments around 
silicon, consistent with a well-ordered crystal struc-
ture and the predominance of a single crystallograph-
ic Si site. The negative chemical shift is governed by 
a substantial Knight shift contribution, resulting from 
the high density of conduction electrons associated 
with tungsten.

In contrast, the spectrum of W₅Si₃ appears as a 
broad, asymmetric band extending toward –1100 to 
–1200 ppm, with substantially lower intensity. Such 
line broadening reflects the presence of multiple non-
equivalent Si sites and a pronounced heterogeneity of 
local electronic states. The more negative chemical 
shift values indicate an enhanced metallic character 
of this phase, leading to a stronger Knight shift con-
tribution. The overall broad signal width confirms a 
wide distribution of electron density on silicon at-
oms, which is characteristic of silicides with higher 
degrees of metal–metal interaction.

Thus, the comparative analysis of the spectra 
shows that WSi₂ possesses a more ordered structure 
with a narrower shielding distribution, while W₅Si₃ 
exhibits significant electronic and structural hetero-
geneity, resulting in substantial line broadening and 
a shift of the resonance toward more negative values. 

Solid-state ²⁹Si NMR spectroscopy is a powerful 
tool for probing the local electronic environments in 
transition-metal silicides, where the chemical shift is 
strongly influenced by conduction-electron density, 
metal–metal bonding, and the number of crystal-
lographically distinct Si sites. Previous systematic 
studies [26] have shown that ²⁹Si isotropic shifts in 
such compounds may span a remarkably wide range, 
from moderately negative values (−200 to −600 
ppm) in weakly metallic silicides to highly negative 
shifts reaching −1000 ppm or more in phases with 
pronounced metallic behavior. This broad variation 
is primarily attributed to the Knight shift, which 
reflects the Fermi-contact interaction between the 
conduction electrons of the transition metal and the 
silicon nuclei. Consequently, heavy transition-metal 
silicides containing W, Mo, Re, or Ru typically ex-
hibit the most negative shifts, along with significant 
line broadening.

The present NMR results align well with these 
established trends. The ²⁹Si spectrum of WSi₂ shows 
a relatively sharp and symmetric resonance centered 
between −700 and −900 ppm. Such a line shape is 
characteristic of phases with a well-ordered crystal 
structure and a single dominant Si site, resulting in 
a narrow distribution of local electronic environ-
ments. Comparable chemical-shift magnitudes have 
been reported for structurally ordered disilicides 
such as MoSi₂ and RuSi₂, which also exhibit moder-
ate Knight-shift contributions while retaining a rela-
tively uniform electronic environment.

In contrast, the spectrum of W₅Si₃ displays a 
broad, asymmetric resonance extending to much 
more negative values (approximately −1100 to 
−1200 ppm). This behavior is fully consistent with 
earlier observations for higher-order transition-
metal silicides [27,28], where multiple non-equiv-
alent Si sites, enhanced metallicity, and strong 
metal–metal interactions lead to a large Knight 
shift as well as substantial broadening of the spec-
tral line. Such a broadened resonance typically 
reflects a wide distribution of conduction-electron 
density at the Si sites, arising from both intrinsic 
structural complexity and electronic heterogene-
ity. Furthermore, studies employing temperature-
dependent ²⁹Si NMR [29] have demonstrated that 
highly metallic silicides often exhibit pronounced 
shift anisotropy and strong sensitivity to structural 
defects, grain boundaries, and site disorder–fea-
tures also consistent with the line broadening ob-
served in W₅Si₃.

The obtained results are consistent with the 
general understanding of charge and heat transport 
mechanisms in transition-metal silicides and agree 
well with previously published data [30-32]. The 
measured temperature dependence of electrical con-
ductivity shows a monotonic decrease of σ with in-
creasing temperature for all phases studied. This 
behavior is typical for materials in which phonon 
scattering dominates at elevated temperatures. Simi-
lar σ(T) trends were previously reported for MoSi₂, 
TaSi₂, and WSi₂ by [30], confirming the universal 
nature of phonon-limited transport in silicides with 
rigid crystal lattices.

The metallic behavior of monosilicide WSi can 
be attributed to the presence of dense d-bands near 
the Fermi level, which ensure high carrier mobility. 
According to earlier studies on monosilicides of tran-
sition metals (WSi, MoSi, TiSi), these phases typi-
cally exhibit very low Seebeck coefficients due to the 
predominant electronic contribution to conductivity 
[30,31]. Our results fully support these findings: the 
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Seebeck coefficient of WSi remains within 25–30 
µV/K over the 300–800 K temperature range.

Tungsten disilicide WSi₂ shows behavior character-
istic of a narrow-band semiconductor. The performed 
NMR analysis reveals a highly symmetric silicon en-
vironment and broader spectral lines compared to WSi, 
in agreement with literature data on partially ordered 
silicon sublattices in disilicides [31]. As previously 
noted by [31], semiconductor-like disilicides display 
an increase in the Seebeck coefficient with temperature. 
This trend is also observed here: α increases by nearly a 
factor of two between 300 and 800 K.

The most noteworthy behavior is observed in 
the higher tungsten silicide W₅Si₃. According to the 
results, this phase exhibits the lowest thermal con-
ductivity and the highest Seebeck coefficient among 
the materials studied. A similar effect was reported 
by [32] for Nb- and Ta-doped W₅Si₃, where reduced 
thermal conductivity was attributed to the complex-
ity of the crystal structure and enhanced phonon scat-
tering at structural defects. Our NMR data, showing 
multiple nonequivalent silicon sites and broadened 
spectral lines, also indicate defect-rich local environ-
ments, which likely contribute to the observed sup-
pression of lattice thermal conductivity.

A promising direction for further improvement of 
the thermoelectric performance of WSi₂ and W₅Si₃ 
is doping with transition metals such as Nb, Ta, or 
Re. Previous studies [32] have shown that doping 
enhances phonon scattering and can significantly in-
crease ZT. The defect-related features revealed by 
our NMR measurements also suggest that controlled 
manipulation of structural disorder and point defects 
could serve as an effective tool for optimizing the 
thermoelectric properties of tungsten silicides.

4. Conclusion

In this study, the formation and properties of 
tungsten silicides were comprehensively investi-
gated. Using X-ray diffraction, scanning electron 
microscopy, and nuclear magnetic resonance tech-

niques, the formation of mono-, di-, and higher-order 
tungsten silicides was confirmed during diffusion 
annealing at temperatures ranging from 850 to 1000 
°C. The study demonstrated the formation of inter-
metallic compounds, specifically identifying mono-, 
di-, and higher tungsten silicides, with their crystal-
line structures characterized and lattice parameters 
determined.

The electronic properties of these silicides were 
also examined. It was found that the di- and higher-
order tungsten silicides exhibit semiconductor-type 
conductivity, with specific resistances measured at 
50–85 μΩ·cm at 300 K. Nuclear magnetic resonance 
(NMR) spectra provided insights into the influence of 
the tungsten electronic environment on the silicon nu-
cleus, revealing the presence of defects, grain bound-
aries, and inclusions. These structural imperfections 
were reflected in the spectral lines, contributing to the 
understanding of the material’s microstructure.

Thermoelectric performance was evaluated 
through temperature-dependent measurements of 
electrical conductivity, thermal conductivity, the 
Seebeck coefficient, and thermodynamic volume in 
the range of 300–800 K. Among the tungsten silicides 
studied, the highest-order silicide exhibited the most 
favorable thermoelectric properties, indicating its po-
tential as a promising candidate for high-temperature 
thermoelectric energy conversion applications. The 
WSi₂ phase exhibits a relatively narrow and sym-
metric resonance in the region of –700 to –900 ppm, 
indicating a more ordered silicon environment with 
a single dominant crystallographic site. In contrast, 
the spectrum of W₅Si₃ is significantly broader and 
shifted toward more negative chemical shift values 
(down to –1200 ppm), reflecting a higher degree of 
structural and electronic heterogeneity and multiple 
non-equivalent Si positions.

Overall, the results provide a detailed under-
standing of the structural, electronic, and thermoelec-
tric characteristics of tungsten silicides, highlighting 
their suitability for advanced thermoelectric devices 
operating at elevated temperatures.
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We have developed a homemade neutron flux detection module with 3He tube hot-swap capability and 
control-rich Android software interface. Real-time data analysis is done by a smartphone with Android 
application interfaced with the detector via a USB cable. This setup can be used as a neutron and gamma ray 
background detector or as a compact, mobile 3He tubes calibration tool making it a cheap and easy-to-use 
alternative for the stationary setups. A fast neutron detection algorithm was implemented as a set of Java 
scripts and tested for real-time signal analysis. The modular structure of the device allows easy deployment 
and customization with further software development and regular upgrades. The current prototype was 
tested at the Nuclear Physics Research Institute under different neutron flux intensity conditions from 
the VVR-K water-cooled research reactor. Its simplicity and significantly lower cost, compared with 
conventional detector equipment, make it valuable for easy repetitive tasks with medium requirements for 
precision and neutron flux intensities.
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1. Introduction 
 
Personal Android devices provide adequate 

computational power, availability [1], and comfort of 
use over stationary computers, contributing to the 
increasing number of their applications in daily use 
and in fundamental physics experiments. Fast and 
reliable interaction between the measurement tool 
and processing module is important [2]. Android 
devices could use their own internal sensors, like 
accelerometers, Hall and infrared sensors, etc, or 
work with an external hardware coupled through 
different interfaces to detect fast transient phenomena 
of varying nature [3]. 

There are studies reporting the onboard hardware 
such as smartphone CMOS camera [4] used for 
particles detection. In more complex cases, to 
facilitate the efficient interaction of the Android 
devices together with registration and detection 
hardware, they are coupled with the separate 
detectors and/or electronic assemblies through the 

wireless [5] interface or USB cable.  Sometimes, the 
measurements are done at some remote facility 
equipped with server capability providing the user 
with internet access with static or dynamically 
updated records and measurement data. The typical 
example for the last one is the global cosmic ray 
neutron monitor networks supported by various 
institutions worldwide, see, for example, the range of 
neutron monitor stations maintained by the 
University of Delaware Bartol Research Institute [6]. 

With the particular hardware and experimental 
problem in mind, the individual solution is usually 
implemented within this range of choices. Although 
some components and modules, such as registration 
devices, signal amplifiers, ADCs, USB or wireless 
interfaces, etc, remain the same, the custom software 
finalizes them into a single measurement tool to 
complete the desired experiment objective. 

Neutron physics was and still remains the import 
part of modern tool of fundamental research as well 
as a practical tool in material studies [7]. Nuclear and 

ionizing radiation detectors provide vital information 
about the environment and transient process around 
[8], We employed the modular neutron/gamma ray 
detection setup, provided by the Cosmic Rays 
Physics Laboratory [6] at the Nuclear Physics 
Institute, Almaty, Kazakhstan. In this setup, the 
detector is equipped with an electronic hardware 
interface consisting of an amplifier, an ADC, and a 
USB 2.0 bus for data exchange between the 
electronics and Android devices (smartphone). The 
smartphone is used for data storage and processing. 
The ADC generates digital output for every neutron 
and neutron-like, usually gamma ray, detection event 
in a proportional 3He-filled SNC-18 (Slow Neutron 
Counter) detector tube; see Figure 1. These SNC-18 
tubes are widely used in different stationary and 
mobile setups and can be found in old and new 
conditions in stock. High detection efficiency and 
low background noise are the benefits of using these 
Helium-3 detectors. 3He interaction with neutron flux 
is the separate part of the contemporary nuclear 
physics research [9]. 

In our case, the ADC is designed to sample the 
signal output from the detector amplifier at the rate of 
5000 times per second [10]. The detector module’s 
electronics receive the high-voltage power from any 
connected Android device configured in the USB 
host mode. The USB host mode [11] had been 
conveniently added to Android devices version 3.1 
and higher. 

As a further development, we completed the 
provided setup with custom Android software for 
data flow registration, processing, and storage. The 
set of Java scripts is used for the USB bus signal HEX 
to decimal conversion, basic shape recognition 
routines and events counting as well as for the 
processed data formatting and subsequent storage. 
Additional work has been done for developing R 
scripts [12] for retrospective signal patterns 
classification and filtering. 

The assembled device, with the 3He detector tube 
attached to the electronics housing, and the 
smartphone, has a relatively compact and portable 
dimension of less than 50 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐; see Figure 2.

 
 

  

Figure 1 – SNC18 Slow neutron counter tube. 
 

Figure 2 – Assembled experimental setup running  
the data acquisition. 

 
As a result of this project, a low-cost and simple 

neutron flux detection device is implemented. The 
open source software with algorithms for specific 
signal shapes’ detection and recognition and the 
clean and efficient interface for user communication 
and measurement control are developed. Consistent 
measurement data were collected under different 
conditions. The future work for detection algorithms 
and device versatility improvements is outlined. 

 
2. Materials and methods 
 
2.1 Signal shapes and events counting 
Figure 3 (a)-(b) shows the typical shapes that 

could be seen in the amplifier-generated signal, 

digitized by the ADC. It is sent further down the USB 
cable to a smartphone as the raw hexadecimal data 
sequence and ultimately received and converted by 
the software to the decimal representation. If not 
hidden by the noise and other unclassified events, the 
meaningful data event contains the well-noticeable 
voltage drop from about 500 a.u. value baseline, see 
Figure 3 (a). This drop is caused by the two heavy 
ions, triton and proton, from the reaction of neutron 
capture, see Eq. 1, producing the fast ionization of the 
detector gas 
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1. Introduction 
 
Personal Android devices provide adequate 

computational power, availability [1], and comfort of 
use over stationary computers, contributing to the 
increasing number of their applications in daily use 
and in fundamental physics experiments. Fast and 
reliable interaction between the measurement tool 
and processing module is important [2]. Android 
devices could use their own internal sensors, like 
accelerometers, Hall and infrared sensors, etc, or 
work with an external hardware coupled through 
different interfaces to detect fast transient phenomena 
of varying nature [3]. 

There are studies reporting the onboard hardware 
such as smartphone CMOS camera [4] used for 
particles detection. In more complex cases, to 
facilitate the efficient interaction of the Android 
devices together with registration and detection 
hardware, they are coupled with the separate 
detectors and/or electronic assemblies through the 

wireless [5] interface or USB cable.  Sometimes, the 
measurements are done at some remote facility 
equipped with server capability providing the user 
with internet access with static or dynamically 
updated records and measurement data. The typical 
example for the last one is the global cosmic ray 
neutron monitor networks supported by various 
institutions worldwide, see, for example, the range of 
neutron monitor stations maintained by the 
University of Delaware Bartol Research Institute [6]. 

With the particular hardware and experimental 
problem in mind, the individual solution is usually 
implemented within this range of choices. Although 
some components and modules, such as registration 
devices, signal amplifiers, ADCs, USB or wireless 
interfaces, etc, remain the same, the custom software 
finalizes them into a single measurement tool to 
complete the desired experiment objective. 

Neutron physics was and still remains the import 
part of modern tool of fundamental research as well 
as a practical tool in material studies [7]. Nuclear and 

ionizing radiation detectors provide vital information 
about the environment and transient process around 
[8], We employed the modular neutron/gamma ray 
detection setup, provided by the Cosmic Rays 
Physics Laboratory [6] at the Nuclear Physics 
Institute, Almaty, Kazakhstan. In this setup, the 
detector is equipped with an electronic hardware 
interface consisting of an amplifier, an ADC, and a 
USB 2.0 bus for data exchange between the 
electronics and Android devices (smartphone). The 
smartphone is used for data storage and processing. 
The ADC generates digital output for every neutron 
and neutron-like, usually gamma ray, detection event 
in a proportional 3He-filled SNC-18 (Slow Neutron 
Counter) detector tube; see Figure 1. These SNC-18 
tubes are widely used in different stationary and 
mobile setups and can be found in old and new 
conditions in stock. High detection efficiency and 
low background noise are the benefits of using these 
Helium-3 detectors. 3He interaction with neutron flux 
is the separate part of the contemporary nuclear 
physics research [9]. 

In our case, the ADC is designed to sample the 
signal output from the detector amplifier at the rate of 
5000 times per second [10]. The detector module’s 
electronics receive the high-voltage power from any 
connected Android device configured in the USB 
host mode. The USB host mode [11] had been 
conveniently added to Android devices version 3.1 
and higher. 

As a further development, we completed the 
provided setup with custom Android software for 
data flow registration, processing, and storage. The 
set of Java scripts is used for the USB bus signal HEX 
to decimal conversion, basic shape recognition 
routines and events counting as well as for the 
processed data formatting and subsequent storage. 
Additional work has been done for developing R 
scripts [12] for retrospective signal patterns 
classification and filtering. 

The assembled device, with the 3He detector tube 
attached to the electronics housing, and the 
smartphone, has a relatively compact and portable 
dimension of less than 50 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐; see Figure 2.

 
 

  

Figure 1 – SNC18 Slow neutron counter tube. 
 

Figure 2 – Assembled experimental setup running  
the data acquisition. 

 
As a result of this project, a low-cost and simple 

neutron flux detection device is implemented. The 
open source software with algorithms for specific 
signal shapes’ detection and recognition and the 
clean and efficient interface for user communication 
and measurement control are developed. Consistent 
measurement data were collected under different 
conditions. The future work for detection algorithms 
and device versatility improvements is outlined. 

 
2. Materials and methods 
 
2.1 Signal shapes and events counting 
Figure 3 (a)-(b) shows the typical shapes that 

could be seen in the amplifier-generated signal, 

digitized by the ADC. It is sent further down the USB 
cable to a smartphone as the raw hexadecimal data 
sequence and ultimately received and converted by 
the software to the decimal representation. If not 
hidden by the noise and other unclassified events, the 
meaningful data event contains the well-noticeable 
voltage drop from about 500 a.u. value baseline, see 
Figure 3 (a). This drop is caused by the two heavy 
ions, triton and proton, from the reaction of neutron 
capture, see Eq. 1, producing the fast ionization of the 
detector gas 
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Thus, the energy of the reaction goes to the 
kinetic energies of the proton and triton ions moving 
in the opposite direction and leaving a heavy trail of 
ion pairs. Their drift to the anode and cathode results 
in the following transient electric current in the 
detector’s circuitry [13]. Unlike a single electron 
event produced by gamma-ray Compton scattering or 
photo-effect, the amplitude of a signal from a neutron 
capture is well above the noise level. The difference 

in amplitudes of gamma ray and neutron detection 
events is regularly used to discriminate between them 
in counting. Under a better resolution, for this shape, 
one could potentially see the two overlapping peaks 
from 3H and p ions [14]. We observe similar patterns, 
see Figure 3(b), but ours are primarily from the 
overlapping of two separate events, like the 
simultaneous detection of two neutrons or one 
neutron and one gamma quantum.

 

 
 
The sampling frequency of our ADC is just not 

high enough to see the triton and proton events 
separately. Thus, depending on the event’s location 
around the detector’s physical volume and the 
detector’s state after the previous event discharge, 
multiple events’ shapes overlap and vary drastically 
in amplitudes, duration, and scaling factor. 

Next, after the signal drop down almost to the 
zero level, the preamp shapes the electronics’ 
response for the free charge surge dissipation, leading 
to the equally fast signal recovery with slight 
overshoot above the baseline. Subsequent return to 
the equilibrium is caused by the ion/electron drift and 
recombination processes being mediated by 
electronics and exhibited in the signal shape as an 
exponential decay. 

The 𝑋𝑋𝑋𝑋 axis on the Figure 3 (a)-(b) is spanned by 
the value of the buffer size supported by the hardware 

and software drivers. Documented by the software 
driver’s manual and correlated with the transmission 
rate and other parameters, the buffer size, set in the 
app by default, is 62 of the 8-byte words. The buffer 
is arranged as 31 couples of hexadecimal values. That 
is the ADC splits the three-digit voltage value into a 
pair of 8-byte words. Backwards concatenation of 
these two parts in a single 3-digit value is 
implemented in our app. 

The ADC’s 5000 𝑠𝑠𝑠𝑠𝐻𝐻𝐻𝐻𝑐𝑐𝑐𝑐−1 fixed rate for the voltage 
sampling makes this buffer size equal to the 6.2 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 
period. Rather crude estimate for the count speed of 
the events of comparable amplitude, even without 
referring to the Raleigh criterion, gives us about 6 
events per buffer size, or per 6.2 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐, that is about 
1000 counts per second. This value is greatly reduced 
by the gas-filled detector tube recovery times and 
multiple other issues. 

 

  
 

(a)                                                                (b) 
 

Figure 3 – (a) Typical signal shapes recorded from a neutron detection event in a 3He proportional counter. 
 (b) Matlab generated plot for the data piece on the left with a 5-point moving average of 50 seconds. 

To provide the stand-alone detector setup with a 
data analysis module and implement the counting 
procedure, we have developed an Android 
application to process and record the data HEX 
sequence from the detector in real time. The free 
public drivers’ library [15] was used to read the HEX 
data flow. Running on Android 3.1 version of the 
operating system and newer, it provides a 
communication interface with Arduinos and other 
USB serial hardware on Android. An extended list of 
the features provided for supported FTDI chip (our 
setup is using the one) devices includes open, close, 
setParameters, read and write, as well as many other 
flow control features. 

Thus, the three parts of the waveform of interest 
are given by a) a sudden drop in a signal level below 
the baseline, followed by b) its rather speedy 
recovery above the average baseline level, usually 
half as high as the signal drop, completed by c) 
exponential-like decay. 

We chose the event detection criteria based on the 
most prominent sudden drop below the noise level, 
corresponding to the transient current in the detector 
scheme. As soon as the data comes from a single 6.2 
𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 buffer, the app searches through the voltage 
values sequence and finds the first available local 
minimum in the data. Further on it tests the presence 
of the fast recovery while staying well below the nose 
level. If all selected conditions and flags are satisfied, 
the event is classified as a neutron hit. As has been 
told, the neutron and gamma-ray pulse shapes have 
rather similar forms, though a definite distinction 
could be made depending on detector type, energy 
and other major parameters of the particle, see for 
example [16]. 

 
2.2. Graphical user interface 
The app’s user interface, as seen in Figure 4, 

provides the following sequence of interactive 
windows, saving and storage options, and text output. 

The first screenshot, see Figure 4 (a), is activated 
as soon as the supported device with an FTDI chip is 
plugged in. This functionality is provided by the 
original driver’s package. The minor alterations to 
the interface were made to suit our needs and to 
remove redundant, unsupported communications 
buttons and graphical interfaces. 

As soon as the user presses the button with the 
detected communication chip, the main screen with 
measurement, display tools and buttons becomes 
available, see Figure 4(b). Data acquisition starts 
immediately as soon as the proper voltage levels 
applied to the gas tube etc. 

Figure 4(b) shows the two main parts of the 
graphical interface. The top subwindow displays the 
captured signal shapes colored in green and red 
intermittently and plotted one by one in the order of 
detection. This was done to show that these are the 
different captured buffers selected from a data stream 
with the neutron detection event and they do not 
necessarily follow each other. The buffers with data 
pieces containing noise and signal, which do not meet 
the selection criteria, are discarded and are not 
displayed. 

The bottom part of the graphical data display is 
the current count speed. The size of the time window 
is default 2 minutes but could be changed anytime by 
a user in interface. All the data fields above are 
interactive and, if changed, they affect the scale of the 
signal, the shapes’ visibility, and the detection 
sensitivity of the algorithm. Besides, any part of the 
dynamically updated graphical interface could be 
turned off to help to free CPU and GPU load. 

The next screenshot, see Figure 4 (c)-(d), shows 
the system’s data storage default path and file’s name 
containing unique time series identifier and 
timestamp. The last one, see Figure 4 (d), is the 
selected buffers data saved in decimal form as a text 
file. Alternatively, as seen in Figure 5(a)-(b), one can 
opt for the count speed vs. time output. This type of 
the data is vital in pulse shape and time series analysis 
[17]. At the present stage of development, it is 
hardcoded in order to avoid overcrowded user 
graphical interface. 

The conversion of hex to decimal data is built 
around internal Java functions. As mentioned, by 
original design, the three-digit number corresponding 
to the signal level is split by ADC into two parts and 
sent to the Android device, one part after another, in 
a single buffer of 32 numbers. Upon receiving, the 
two parts of a single data point are concatenated 
together, see HexDump part of the package, and sent 
for a further processing, that is the pattern search, see 
the event detection criteria discussed above. 
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Thus, the energy of the reaction goes to the 
kinetic energies of the proton and triton ions moving 
in the opposite direction and leaving a heavy trail of 
ion pairs. Their drift to the anode and cathode results 
in the following transient electric current in the 
detector’s circuitry [13]. Unlike a single electron 
event produced by gamma-ray Compton scattering or 
photo-effect, the amplitude of a signal from a neutron 
capture is well above the noise level. The difference 

in amplitudes of gamma ray and neutron detection 
events is regularly used to discriminate between them 
in counting. Under a better resolution, for this shape, 
one could potentially see the two overlapping peaks 
from 3H and p ions [14]. We observe similar patterns, 
see Figure 3(b), but ours are primarily from the 
overlapping of two separate events, like the 
simultaneous detection of two neutrons or one 
neutron and one gamma quantum.

 

 
 
The sampling frequency of our ADC is just not 

high enough to see the triton and proton events 
separately. Thus, depending on the event’s location 
around the detector’s physical volume and the 
detector’s state after the previous event discharge, 
multiple events’ shapes overlap and vary drastically 
in amplitudes, duration, and scaling factor. 

Next, after the signal drop down almost to the 
zero level, the preamp shapes the electronics’ 
response for the free charge surge dissipation, leading 
to the equally fast signal recovery with slight 
overshoot above the baseline. Subsequent return to 
the equilibrium is caused by the ion/electron drift and 
recombination processes being mediated by 
electronics and exhibited in the signal shape as an 
exponential decay. 

The 𝑋𝑋𝑋𝑋 axis on the Figure 3 (a)-(b) is spanned by 
the value of the buffer size supported by the hardware 

and software drivers. Documented by the software 
driver’s manual and correlated with the transmission 
rate and other parameters, the buffer size, set in the 
app by default, is 62 of the 8-byte words. The buffer 
is arranged as 31 couples of hexadecimal values. That 
is the ADC splits the three-digit voltage value into a 
pair of 8-byte words. Backwards concatenation of 
these two parts in a single 3-digit value is 
implemented in our app. 

The ADC’s 5000 𝑠𝑠𝑠𝑠𝐻𝐻𝐻𝐻𝑐𝑐𝑐𝑐−1 fixed rate for the voltage 
sampling makes this buffer size equal to the 6.2 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 
period. Rather crude estimate for the count speed of 
the events of comparable amplitude, even without 
referring to the Raleigh criterion, gives us about 6 
events per buffer size, or per 6.2 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐, that is about 
1000 counts per second. This value is greatly reduced 
by the gas-filled detector tube recovery times and 
multiple other issues. 
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Figure 3 – (a) Typical signal shapes recorded from a neutron detection event in a 3He proportional counter. 
 (b) Matlab generated plot for the data piece on the left with a 5-point moving average of 50 seconds. 

To provide the stand-alone detector setup with a 
data analysis module and implement the counting 
procedure, we have developed an Android 
application to process and record the data HEX 
sequence from the detector in real time. The free 
public drivers’ library [15] was used to read the HEX 
data flow. Running on Android 3.1 version of the 
operating system and newer, it provides a 
communication interface with Arduinos and other 
USB serial hardware on Android. An extended list of 
the features provided for supported FTDI chip (our 
setup is using the one) devices includes open, close, 
setParameters, read and write, as well as many other 
flow control features. 

Thus, the three parts of the waveform of interest 
are given by a) a sudden drop in a signal level below 
the baseline, followed by b) its rather speedy 
recovery above the average baseline level, usually 
half as high as the signal drop, completed by c) 
exponential-like decay. 

We chose the event detection criteria based on the 
most prominent sudden drop below the noise level, 
corresponding to the transient current in the detector 
scheme. As soon as the data comes from a single 6.2 
𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 buffer, the app searches through the voltage 
values sequence and finds the first available local 
minimum in the data. Further on it tests the presence 
of the fast recovery while staying well below the nose 
level. If all selected conditions and flags are satisfied, 
the event is classified as a neutron hit. As has been 
told, the neutron and gamma-ray pulse shapes have 
rather similar forms, though a definite distinction 
could be made depending on detector type, energy 
and other major parameters of the particle, see for 
example [16]. 

 
2.2. Graphical user interface 
The app’s user interface, as seen in Figure 4, 

provides the following sequence of interactive 
windows, saving and storage options, and text output. 

The first screenshot, see Figure 4 (a), is activated 
as soon as the supported device with an FTDI chip is 
plugged in. This functionality is provided by the 
original driver’s package. The minor alterations to 
the interface were made to suit our needs and to 
remove redundant, unsupported communications 
buttons and graphical interfaces. 

As soon as the user presses the button with the 
detected communication chip, the main screen with 
measurement, display tools and buttons becomes 
available, see Figure 4(b). Data acquisition starts 
immediately as soon as the proper voltage levels 
applied to the gas tube etc. 

Figure 4(b) shows the two main parts of the 
graphical interface. The top subwindow displays the 
captured signal shapes colored in green and red 
intermittently and plotted one by one in the order of 
detection. This was done to show that these are the 
different captured buffers selected from a data stream 
with the neutron detection event and they do not 
necessarily follow each other. The buffers with data 
pieces containing noise and signal, which do not meet 
the selection criteria, are discarded and are not 
displayed. 

The bottom part of the graphical data display is 
the current count speed. The size of the time window 
is default 2 minutes but could be changed anytime by 
a user in interface. All the data fields above are 
interactive and, if changed, they affect the scale of the 
signal, the shapes’ visibility, and the detection 
sensitivity of the algorithm. Besides, any part of the 
dynamically updated graphical interface could be 
turned off to help to free CPU and GPU load. 

The next screenshot, see Figure 4 (c)-(d), shows 
the system’s data storage default path and file’s name 
containing unique time series identifier and 
timestamp. The last one, see Figure 4 (d), is the 
selected buffers data saved in decimal form as a text 
file. Alternatively, as seen in Figure 5(a)-(b), one can 
opt for the count speed vs. time output. This type of 
the data is vital in pulse shape and time series analysis 
[17]. At the present stage of development, it is 
hardcoded in order to avoid overcrowded user 
graphical interface. 

The conversion of hex to decimal data is built 
around internal Java functions. As mentioned, by 
original design, the three-digit number corresponding 
to the signal level is split by ADC into two parts and 
sent to the Android device, one part after another, in 
a single buffer of 32 numbers. Upon receiving, the 
two parts of a single data point are concatenated 
together, see HexDump part of the package, and sent 
for a further processing, that is the pattern search, see 
the event detection criteria discussed above. 
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(a) (b) (c) (d) 

 

Figure 4 – (a)-First window after the FTDI chip was detected and program is waiting to proceed to data acquisition;  
(b)-Main active acquisition window, with preselected by algorithm signal shapes, counting speed and options for different 

acquisition parameters; (c) – automatically generated file names with the time stamp; (d) - the content of the data file. 

 
As discussed previously, the data processing is 

built around a single or several features selected as 
the neutron detection event. The whole buffer is 
scanned in a loop, and multiple events could be 
detected in a single buffer. A buffer with at least one 
event is displayed on the screen for control purposes. 

The micro USB port throughput of 480 Mbps for 
USB 2.0 is well above the required speed of the data 
flow. For the in depth analysis of the buffers with 
multiple detection events as well as for the overall 
data sequence statistics, we devised the functional 
clustering of recorded signal buffers. 

 

  
                                     (a)                                                                       (b) 

 
Figure 5 – (a) Optional, data format for count speed vs time. (b) Matlab generated plot  

for the data piece on the left with 5-point moving average of 50 seconds. 

2.3. Functional clustering approach 
The clustering of the neutron detection signals is 

performed using a model-based functional clustering 
approach, as described in [18]. This method 
incorporates functional data analysis techniques to 
classify signal waveforms into homogeneous groups, 
ensuring an accurate distinction between neutron-
induced events and background noise. 

 
2.3.1. Model formulation 
Let 𝑁𝑁𝑁𝑁 be the number of detected signal events, 

where each event 𝑖𝑖𝑖𝑖 is represented by a function 𝑔𝑔𝑔𝑔𝑖𝑖𝑖𝑖(𝑡𝑡𝑡𝑡) 
observed at discrete time points 𝑡𝑡𝑡𝑡𝑖𝑖𝑖𝑖1, … , 𝑡𝑡𝑡𝑡𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖. The 
clustering model assumes that the data originate from 
a mixture of 𝐺𝐺𝐺𝐺 underlying groups, each characterized 
by a distinct functional pattern and potentially 
different covariance structures. 

The observed signal values 𝑦𝑦𝑦𝑦𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 at time 𝑡𝑡𝑡𝑡𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 are 
modeled as: 

 
𝑦𝑦𝑦𝑦𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 = 𝑔𝑔𝑔𝑔𝑖𝑖𝑖𝑖�𝑡𝑡𝑡𝑡𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖� + 𝜖𝜖𝜖𝜖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 , 𝑖𝑖𝑖𝑖 = 1, … ,𝑁𝑁𝑁𝑁, 𝑗𝑗𝑗𝑗 = 1, … ,𝑛𝑛𝑛𝑛𝑖𝑖𝑖𝑖 , (2) 

 
where 𝜖𝜖𝜖𝜖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 represents the normally distributed 
measurement noise: 𝜖𝜖𝜖𝜖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 ∼ 𝑁𝑁𝑁𝑁(0,𝜎𝜎𝜎𝜎2). 

Each function 𝑔𝑔𝑔𝑔𝑖𝑖𝑖𝑖(𝑡𝑡𝑡𝑡) is expressed using a basis 
expansion: 

 
𝑔𝑔𝑔𝑔𝑖𝑖𝑖𝑖(𝑡𝑡𝑡𝑡) = 𝜙𝜙𝜙𝜙𝑖𝑖𝑖𝑖𝑇𝑇𝑇𝑇(𝑡𝑡𝑡𝑡)𝜂𝜂𝜂𝜂𝑖𝑖𝑖𝑖 , (3) 

 

where 𝜙𝜙𝜙𝜙𝑖𝑖𝑖𝑖(𝑡𝑡𝑡𝑡) = �𝜙𝜙𝜙𝜙𝑖𝑖𝑖𝑖1(𝑡𝑡𝑡𝑡), … ,𝜙𝜙𝜙𝜙𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖(𝑡𝑡𝑡𝑡)�
𝑇𝑇𝑇𝑇

 denotes a 𝑝𝑝𝑝𝑝 − 
longitudinal vector of the values of the known basis 
functions of B lines, and 𝜂𝜂𝜂𝜂𝑖𝑖𝑖𝑖 is a 𝑝𝑝𝑝𝑝 −vector of 
unknown random coefficients. These coefficients are 
assumed to follow a Gaussian mixture model: 

 
𝜂𝜂𝜂𝜂𝑖𝑖𝑖𝑖 = 𝜇𝜇𝜇𝜇𝑧𝑧𝑧𝑧𝑖𝑖𝑖𝑖 + 𝛾𝛾𝛾𝛾𝑖𝑖𝑖𝑖 , 𝜂𝜂𝜂𝜂𝑖𝑖𝑖𝑖 ∨ 𝑧𝑧𝑧𝑧𝑖𝑖𝑖𝑖 = 𝑘𝑘𝑘𝑘 ∼ 𝑁𝑁𝑁𝑁𝑖𝑖𝑖𝑖(𝜇𝜇𝜇𝜇𝑘𝑘𝑘𝑘 ,𝛤𝛤𝛤𝛤𝑘𝑘𝑘𝑘), 

 
(4) 

where 𝑧𝑧𝑧𝑧𝑖𝑖𝑖𝑖 is the latent cluster membership variable 
with prior probabilities 𝑃𝑃𝑃𝑃(𝑧𝑧𝑧𝑧𝑖𝑖𝑖𝑖 = 𝑘𝑘𝑘𝑘) = 𝜋𝜋𝜋𝜋𝑘𝑘𝑘𝑘 for 𝑘𝑘𝑘𝑘 =
1, … ,𝐺𝐺𝐺𝐺, 𝛾𝛾𝛾𝛾𝑖𝑖𝑖𝑖 represents signal-specific within-cluster 
variability. The variability within each cluster is 
modelled through the covariance matrix 𝛤𝛤𝛤𝛤𝑘𝑘𝑘𝑘, allowing 
for differences in structure across clusters. We use the 
R package fdaMocca [19, 20] to perform this model-
based clustering method. 

 
2.3.2. Inference and estimation 
The model parameters 𝜃𝜃𝜃𝜃 = {𝜋𝜋𝜋𝜋𝑘𝑘𝑘𝑘 , 𝜇𝜇𝜇𝜇𝑘𝑘𝑘𝑘 ,𝛤𝛤𝛤𝛤𝑘𝑘𝑘𝑘 ,𝜎𝜎𝜎𝜎2} are 

estimated via the Expectation-Maximization (EM) 

algorithm, which iteratively updates cluster 
assignments and maximizes the observed likelihood. 
Given a fitted model, each event is assigned to the 
cluster that maximizes the posterior probability: 

 
𝑃𝑃𝑃𝑃(𝑧𝑧𝑧𝑧𝑖𝑖𝑖𝑖 = 𝑘𝑘𝑘𝑘 ∨ 𝑦𝑦𝑦𝑦𝑖𝑖𝑖𝑖 ,𝜃𝜃𝜃𝜃) ∝ 𝑓𝑓𝑓𝑓𝑘𝑘𝑘𝑘(𝑦𝑦𝑦𝑦𝑖𝑖𝑖𝑖 ,𝜃𝜃𝜃𝜃)𝜋𝜋𝜋𝜋𝑘𝑘𝑘𝑘 , (5) 

 
where 𝑓𝑓𝑓𝑓𝑘𝑘𝑘𝑘(𝑦𝑦𝑦𝑦𝑖𝑖𝑖𝑖 ,𝜃𝜃𝜃𝜃) denotes the normal density given 
membership in cluster 𝑘𝑘𝑘𝑘. 

The optimal number of clusters is chosen using 
criteria such as the Bayesian Information Criterion 
(BIC) or the Akaike Information Criterion (AIC). 
The performance of the clustering model is assessed 
using entropy-based measures and cross-validation. 

 
3. Results and discussion 
 
The software was initially built for Android 

version 9.0 and lower (Lollipop), with the possibility 
of upgrading to a higher version following the recent 
changes in the security policies for the Android 
software. It performs well with moderate count speed 
values. Nevertheless, as expected, the events tend to 
overlap as soon as the neutron flux increases; see 
Figure 3(b). This puts a rough estimate of the count 
speed as 1000 events per second, based on the length 
of the transmitted buffer. Overlapping, caused by the 
digitizing hardware specification is aggravated by an 
extended hardware geometry that could register the 
multiple events simultaneously. In this case, the other 
counting algorithm is under development designated 
to analyze the overlapping signal shapes and increase 
the potential counting speed of the device. 
Additionally, the clustering analysis is offered to 
classify these events retrospectively or on the fly. 

It was found that, in long-run experiments, it is 
practical not to rely on the internal battery capacity of 
the Android device but on an extra power supply 
connected through a USB split cable connected to the 
main power supply. 

In the regime where only counting speed is of 
interest, the counted event data is dampened for every 
10 seconds or faster, which is not a problem for 
internal memory or for micro-SD card read/write 
speed. 

In the case of older devices with limited memory 
and graphics processing power, the graphical output 
for the registered signal shape could also be disabled. 
In addition to counting performance, a preliminary 
clustering analysis was performed to explore the 
structure of the recorded signal shapes. 
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(a) (b) (c) (d) 

 

Figure 4 – (a)-First window after the FTDI chip was detected and program is waiting to proceed to data acquisition;  
(b)-Main active acquisition window, with preselected by algorithm signal shapes, counting speed and options for different 

acquisition parameters; (c) – automatically generated file names with the time stamp; (d) - the content of the data file. 

 
As discussed previously, the data processing is 

built around a single or several features selected as 
the neutron detection event. The whole buffer is 
scanned in a loop, and multiple events could be 
detected in a single buffer. A buffer with at least one 
event is displayed on the screen for control purposes. 

The micro USB port throughput of 480 Mbps for 
USB 2.0 is well above the required speed of the data 
flow. For the in depth analysis of the buffers with 
multiple detection events as well as for the overall 
data sequence statistics, we devised the functional 
clustering of recorded signal buffers. 

 

  
                                     (a)                                                                       (b) 

 
Figure 5 – (a) Optional, data format for count speed vs time. (b) Matlab generated plot  

for the data piece on the left with 5-point moving average of 50 seconds. 

2.3. Functional clustering approach 
The clustering of the neutron detection signals is 

performed using a model-based functional clustering 
approach, as described in [18]. This method 
incorporates functional data analysis techniques to 
classify signal waveforms into homogeneous groups, 
ensuring an accurate distinction between neutron-
induced events and background noise. 

 
2.3.1. Model formulation 
Let 𝑁𝑁𝑁𝑁 be the number of detected signal events, 

where each event 𝑖𝑖𝑖𝑖 is represented by a function 𝑔𝑔𝑔𝑔𝑖𝑖𝑖𝑖(𝑡𝑡𝑡𝑡) 
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𝑇𝑇𝑇𝑇

 denotes a 𝑝𝑝𝑝𝑝 − 
longitudinal vector of the values of the known basis 
functions of B lines, and 𝜂𝜂𝜂𝜂𝑖𝑖𝑖𝑖 is a 𝑝𝑝𝑝𝑝 −vector of 
unknown random coefficients. These coefficients are 
assumed to follow a Gaussian mixture model: 

 
𝜂𝜂𝜂𝜂𝑖𝑖𝑖𝑖 = 𝜇𝜇𝜇𝜇𝑧𝑧𝑧𝑧𝑖𝑖𝑖𝑖 + 𝛾𝛾𝛾𝛾𝑖𝑖𝑖𝑖 , 𝜂𝜂𝜂𝜂𝑖𝑖𝑖𝑖 ∨ 𝑧𝑧𝑧𝑧𝑖𝑖𝑖𝑖 = 𝑘𝑘𝑘𝑘 ∼ 𝑁𝑁𝑁𝑁𝑖𝑖𝑖𝑖(𝜇𝜇𝜇𝜇𝑘𝑘𝑘𝑘 ,𝛤𝛤𝛤𝛤𝑘𝑘𝑘𝑘), 

 
(4) 

where 𝑧𝑧𝑧𝑧𝑖𝑖𝑖𝑖 is the latent cluster membership variable 
with prior probabilities 𝑃𝑃𝑃𝑃(𝑧𝑧𝑧𝑧𝑖𝑖𝑖𝑖 = 𝑘𝑘𝑘𝑘) = 𝜋𝜋𝜋𝜋𝑘𝑘𝑘𝑘 for 𝑘𝑘𝑘𝑘 =
1, … ,𝐺𝐺𝐺𝐺, 𝛾𝛾𝛾𝛾𝑖𝑖𝑖𝑖 represents signal-specific within-cluster 
variability. The variability within each cluster is 
modelled through the covariance matrix 𝛤𝛤𝛤𝛤𝑘𝑘𝑘𝑘, allowing 
for differences in structure across clusters. We use the 
R package fdaMocca [19, 20] to perform this model-
based clustering method. 

 
2.3.2. Inference and estimation 
The model parameters 𝜃𝜃𝜃𝜃 = {𝜋𝜋𝜋𝜋𝑘𝑘𝑘𝑘 , 𝜇𝜇𝜇𝜇𝑘𝑘𝑘𝑘 ,𝛤𝛤𝛤𝛤𝑘𝑘𝑘𝑘 ,𝜎𝜎𝜎𝜎2} are 

estimated via the Expectation-Maximization (EM) 

algorithm, which iteratively updates cluster 
assignments and maximizes the observed likelihood. 
Given a fitted model, each event is assigned to the 
cluster that maximizes the posterior probability: 

 
𝑃𝑃𝑃𝑃(𝑧𝑧𝑧𝑧𝑖𝑖𝑖𝑖 = 𝑘𝑘𝑘𝑘 ∨ 𝑦𝑦𝑦𝑦𝑖𝑖𝑖𝑖 ,𝜃𝜃𝜃𝜃) ∝ 𝑓𝑓𝑓𝑓𝑘𝑘𝑘𝑘(𝑦𝑦𝑦𝑦𝑖𝑖𝑖𝑖 ,𝜃𝜃𝜃𝜃)𝜋𝜋𝜋𝜋𝑘𝑘𝑘𝑘 , (5) 

 
where 𝑓𝑓𝑓𝑓𝑘𝑘𝑘𝑘(𝑦𝑦𝑦𝑦𝑖𝑖𝑖𝑖 ,𝜃𝜃𝜃𝜃) denotes the normal density given 
membership in cluster 𝑘𝑘𝑘𝑘. 

The optimal number of clusters is chosen using 
criteria such as the Bayesian Information Criterion 
(BIC) or the Akaike Information Criterion (AIC). 
The performance of the clustering model is assessed 
using entropy-based measures and cross-validation. 

 
3. Results and discussion 
 
The software was initially built for Android 

version 9.0 and lower (Lollipop), with the possibility 
of upgrading to a higher version following the recent 
changes in the security policies for the Android 
software. It performs well with moderate count speed 
values. Nevertheless, as expected, the events tend to 
overlap as soon as the neutron flux increases; see 
Figure 3(b). This puts a rough estimate of the count 
speed as 1000 events per second, based on the length 
of the transmitted buffer. Overlapping, caused by the 
digitizing hardware specification is aggravated by an 
extended hardware geometry that could register the 
multiple events simultaneously. In this case, the other 
counting algorithm is under development designated 
to analyze the overlapping signal shapes and increase 
the potential counting speed of the device. 
Additionally, the clustering analysis is offered to 
classify these events retrospectively or on the fly. 

It was found that, in long-run experiments, it is 
practical not to rely on the internal battery capacity of 
the Android device but on an extra power supply 
connected through a USB split cable connected to the 
main power supply. 

In the regime where only counting speed is of 
interest, the counted event data is dampened for every 
10 seconds or faster, which is not a problem for 
internal memory or for micro-SD card read/write 
speed. 

In the case of older devices with limited memory 
and graphics processing power, the graphical output 
for the registered signal shape could also be disabled. 
In addition to counting performance, a preliminary 
clustering analysis was performed to explore the 
structure of the recorded signal shapes. 
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Nuclear physics experiment also relies on the 
historic data postprocessing, if the experiment is 
irreproducible, one-of-a-lifetime or for some other 
reasons, when some efforts are made to clean the 
data, classify the observed patterns or correct the data 
acquisition artefacts [21,22].  

The cluster analysis of the recorded signals, see 
Figure 6, resulted in the identification of the eight 
groups that reflect different types of the signal 
patterns. The number 8 of the clusters, as an input 
parameter, has been selected as a preliminary guess 
to observe the set of the features that could be found 
in the signal. At this stage these features include but 
not limited to the combinations of the full signals of 

different amplitudes or their parts, rear or head, for 
the classical neutron or gamma ray hit detection 
events plus the noise. Shape and amplitude analysis 
are available in the method making it a good tool to 
differentiate between gamma and neutron events. 

Although this is a preliminary analysis, a general 
grouping can be observed. Some clusters correspond 
to typical neutron-like signals with a sharp drop 
followed by recovery, others capture low-amplitude 
events more consistent with background noise or 
gamma interactions, and a few clusters represent 
overlapping or mixed signals where two events occur 
close in time. The future work will target the 
overlapped signals decomposition as well. 

 

 
 

Figure 6 – Estimated dynamics of the eight clusters of standardized signals. The posterior probabilities illustrate the uncertainty in cluster 
assignment and frequency over time. The colored curves in the sub-window plots represent the cluster-specific mean signals, while the 

dashed curve denotes the overall mean signal. The upper-right box provides the average of the mean and standard deviation of the signals 
within each cluster. The p-values are posterior probabilities showing the likelihood that a particular observation belongs to a cluster. 

Circumstantial visual interpretation of the clusters is the following, from left to the right, from top to bottom: 1. Cluster comprises signals 
with a sharp initial drop followed by a stable recovery, corresponding to well-formed neutron-like events; 2. Cluster includes moderate-
amplitude signals with periodic fluctuations near the baseline, typical of background oscillations or low-energy interactions; 3. Cluster 

contains short-duration pulses with a distinct early peak and rapid decay, representing fast transient detections; 4. Cluster displays nearly 
constant low-amplitude traces with minimal variance, interpreted as background noise or incomplete events; 5. Cluster groups high-

intensity pulses characterized by steep leading edges and pronounced recovery tails, consistent with strong single neutron captures; 6. 
Cluster shows overlapping waveforms of mixed amplitude, indicating partially superposed or coincident events within the buffer; 7. 

Cluster gathers a small number of very high-variance signals with large positive excursions, reflecting saturated or composite detections 
from simultaneous neutron and gamma interactions; 8. Cluster consists of weak, symmetric pulses oscillating around the baseline, most 

likely representing residual electronic noise or minor after-pulses of the detector circuit. 

Although the exact assignment of clusters to 
physical processes requires further validation, 
preliminary results indicate that the method can 
successfully separate signal shapes into meaningful 
groups. This provides an important step toward 
distinguishing neutron-induced events from noise 
and composite signals, improving the interpretability 
of the data, and laying the groundwork for a more 
refined classification in future studies. 

Estimated dynamics of the five clusters of 
standardized signals. The posterior probabilities 
illustrate the uncertainty in cluster assignment and 
frequency over time. The colored curves in the sub-
window plots show the cluster mean signals, and the 
dashed curve is the overall mean signal. The upper 
right box gives the average of the mean and standard 
deviation of the signals in the cluster. 

 
4. Conclusions 
 
We combined the low-cost and universally 

available components such as 3He detector tubes, 
ADC boards, and USB interfaces with Android 
drivers and our software, for data transfer and 
handling, to produce a simple and reliable 

measurement tool with a flexible interface and 
objectives. 

The neutron flux, transformed by a detector tube 
into an electrical signal, is digitized and sent through 
the data cable to a smartphone. The raw data, after 
being received from a signal buffer, is searched 
simultaneously for the characteristic shapes of the 
neutron detection event and treated further for hits 
counting or signal amplitude measurements to 
produce the power spectrum (yet to be implemented). 

Additionally, by employing the robust estimation 
approach, the model effectively differentiates 
neutron signal patterns from background noise and 
gamma ray events, ensuring accurate classification 
and enhanced detection performance. At present, this 
advanced retrospective analysis is done, using the R 
language, separately on a PC. Nevertheless, it could 
be ported to an Android device for on-the-fly or 
retrospective data filtering and signal analysis in 
future development. 
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Cluster shows overlapping waveforms of mixed amplitude, indicating partially superposed or coincident events within the buffer; 7. 

Cluster gathers a small number of very high-variance signals with large positive excursions, reflecting saturated or composite detections 
from simultaneous neutron and gamma interactions; 8. Cluster consists of weak, symmetric pulses oscillating around the baseline, most 

likely representing residual electronic noise or minor after-pulses of the detector circuit. 

Although the exact assignment of clusters to 
physical processes requires further validation, 
preliminary results indicate that the method can 
successfully separate signal shapes into meaningful 
groups. This provides an important step toward 
distinguishing neutron-induced events from noise 
and composite signals, improving the interpretability 
of the data, and laying the groundwork for a more 
refined classification in future studies. 

Estimated dynamics of the five clusters of 
standardized signals. The posterior probabilities 
illustrate the uncertainty in cluster assignment and 
frequency over time. The colored curves in the sub-
window plots show the cluster mean signals, and the 
dashed curve is the overall mean signal. The upper 
right box gives the average of the mean and standard 
deviation of the signals in the cluster. 

 
4. Conclusions 
 
We combined the low-cost and universally 

available components such as 3He detector tubes, 
ADC boards, and USB interfaces with Android 
drivers and our software, for data transfer and 
handling, to produce a simple and reliable 

measurement tool with a flexible interface and 
objectives. 

The neutron flux, transformed by a detector tube 
into an electrical signal, is digitized and sent through 
the data cable to a smartphone. The raw data, after 
being received from a signal buffer, is searched 
simultaneously for the characteristic shapes of the 
neutron detection event and treated further for hits 
counting or signal amplitude measurements to 
produce the power spectrum (yet to be implemented). 

Additionally, by employing the robust estimation 
approach, the model effectively differentiates 
neutron signal patterns from background noise and 
gamma ray events, ensuring accurate classification 
and enhanced detection performance. At present, this 
advanced retrospective analysis is done, using the R 
language, separately on a PC. Nevertheless, it could 
be ported to an Android device for on-the-fly or 
retrospective data filtering and signal analysis in 
future development. 
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Computer simulation of planar bifacial TOPCon 
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This study presents a comprehensive simulation-based analysis of bifacial Tunnel Oxide Passivated Contact 
(TOPCon) solar cells using the Quokka 3 software. It investigates the impact of different antireflection 
coatings and rear albedo variations on device performance. One of the main findings is the significant 
improvement in optical and electrical properties after applying MgF2 antireflection coating on top of the 
cell. Structures with the addition of MgF2 achieved low, uniform reflectance and increased light absorption 
across the full solar spectrum. Compared to structures without MgF2, those with the coating exhibited 
superior external quantum efficiency (EQE) and reduced reflected photocurrent density (JR) with the value 
of 3.38 mA/cm2. Additionally, simulations revealed that increasing rear albedo values improved short-
circuit current density (Jsc) and power conversion efficiency (PCE). The highest PCE of 27.37% and Jsc of 
45.07 mA/cm2 was obtained from a structure combining MgF2 and a rear albedo of 0.3 Voc in this case was 
equal to 0.74V. These results confirm that optimizing both antireflection coatings and rear-side illumination 
can significantly improve the efficiency of bifacial TOPCon solar cells, offering a viable pathway for 
enhanced photovoltaic (PV) performance.

Keywords: Si solar cell, TOPCon solar cell, bifacial solar cell, Quokka 3, antireflection coatings.
PACS number(s): 84.60.Jt, 68.65.Ac, 42.70.−a.

1. Introduction

Since the development of silicon (Si)-based solar 
cells, the photovoltaic industry has undergone rap-
id growth. Fueled by the increasing global demand 
for clean and renewable energy, extensive research 
has been directed toward advancing solar cell tech-
nologies. This effort has led to numerous scientific 
achievements, including the recent emergence of 
Tunnel Oxide Passivated Contact (TOPCon) Si solar 
cells. Renowned for their excellent passivation prop-
erties, reduced recombination losses, and high-power 
conversion efficiency (PCE), TOPCon technology 
represents a promising advancement in the field. 

The TOPCon solar cell was first developed by 
the Fraunhofer Institute for Solar Energy (ISE) Sys-
tems in Germany in 2013, showing an efficiency of 
23.7%[1]. After several advancements such as opti-
mizing the wafer resistivity and process flow, PCE 
was further elevated to higher values of ~25.7% 
and a high fill factor (FF) of ~83.3% in 2017 also at 
Fraunhofer ISE [2].

The main feature of fabricating TOPCon cells 
involves inserting a very thin interfacial silicon ox-
ide (SiOx) layer, typically around 1-2 nm, between 
doped polycrystalline Si (poly-Si) and crystalline Si 
(c-Si) layers, enhancing the collection of photogen-
erated carriers. Several research teams[1–5] have 
shown that combining a highly doped poly-Si layer 
with an ultrathin SiOx layer provides low saturation 
current density (J0<5 fA/cm²) and low contact resis-
tivity (ρc<1 mΩ·cm²) simultaneously. This results 
in outstanding surface passivation with minimal re-
combination losses. The exceptional properties of 
the TOPCon structure are largely attributed to its key 
advantage: the c-Si wafer does not come into direct 
contact with the metal electrodes. This design helps 
reduce the Fermi level pinning (FLP) effect, thereby 
improving device performance and stability [3].

Recent developments in TOPCon structures have 
increased their market share and accelerated large-
scale industrial production, supported by improved 
architecture such as integration with existing PERC 
lines and compatibility with high-efficiency silicon 
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tandem cells. Moreover, the configuration of bifa-
cial TOPCon devices, generating energy from both 
the front and rear sides of the cell, has been actively 
explored in recent studies [6–9]. The front side func-
tions like a standard solar cell, directly absorbing 
sunlight and converting it into electricity, while the 
rear side is designed to absorb light that is reflected 
off the ground or nearby surfaces, as well as diffused 
light from the atmosphere. This reflected and dif-
fused solar radiation is measured by the term, called 
“albedo”. 

Albedo is the most significant factor for bifacial 
solar cells as it influences energy production. Surfac-

es with higher albedo reflect more light, consequent-
ly increasing the energy yield. Thus, optimizing the 
design of bifacial TOPCon cell can further improve 
energy output and become particularly attractive for 
large-scale solar power plants. Table 1 presents al-
bedo values for different surfaces. 

While experimental characterization of bifa-
cial TOPCon cells requires significant efforts, com-
puter simulations provide versatile and simple way 
to study this structure. In this context, Quokka 3, a 
finite-volume-based simulation software, allows full-
cell modeling, becoming a valuable tool for analyz-
ing the performance of solar cells [11, 12].

Table 1 – Albedo values for various types of surfaces [10].

Surface Corrugated roof Colored paint Trees Asphalt Concrete Grass Ice

Albedo 0.1 – 0.15 0.15 – 0.35 0.15 – 0.18 0.05 – 0.2 0.25 – 0.3 0.25 – 0.3 0.3 – 0.5

Surface Red/Brown roof 
tiles Brick/Stone Oceans Old snow White paint Fresh Snow

Albedo 0.1 – 0.35 0.2 – 0.4 0.05 – 0.1 0.65 – 0.81 0.5 – 0.9 0.81 – 0.88

Computer simulations play a crucial role across 
all fields of scientific research, providing deeper 
insights and enabling more accurate predictions of 
experimental outcomes [13, 14]. In this research, 
we focus on a computer simulation of a bifacial 
TOPCon solar cell using Quokka 3 software. Our 
analysis includes utilization of antireflection coat-
ings (ARC) based on transparent conductive oxides 
(TCO) such as Indium tin oxide (ITO), aluminum 
doped zinc oxide (AZO) and ARC based on mag-
nesium fluoride (MgF2) [15, 16]. Furthermore, we 
evaluated key performance metrics such as current-
voltage (J-V) characteristics, reflectance spectra, 
external quantum efficiency (EQE), photocurrent 
density measurements and albedo-dependent char-
acteristics of TOPCon solar cells with different 
ARCs. By comparing structures with different ARC 
of TOPCon solar cell, this study aims to identify 
the most efficient design. The findings contribute 
to a deeper understanding of bifacial TOPCon be-
havior and offer guidance for future development. 
By simulating bifacial solar cells, the study aims 
to highlight the performance advantages of bifacial 
operation and the influence of rear-side illumination 
in realistic operating environments. 

2. Simulation details

Quokka 3 simulations were employed to demon-
strate the performance differences between bifacial 
and standard TOPCon solar cells. Figure 1 illustrates 
the simulated geometries of both the bifacial and 
standard cells within the Quokka 3 software envi-
ronment. The simulation parameters, which provides 
a detailed overview of the values used throughout 
the modeling process are summarized in Table 2. 
Throughout the study parameters such as ARC layer, 
rear albedo, and bifacial or standard structure mode 
were varied. Fixed parameters included bulk wafer 
properties (200 µm, 1 Ω·cm), poly-Si thickness (30 
nm), doping densities, and recombination veloci-
ties, which were held constant based on typical lit-
erature values. For the bifacial cell simulations, the 
TOPCon+TCO structures were modeled by incorpo-
rating sheet resistance and saturation current density 
characteristics specific to bifacial designs. In con-
trast, the standard TOPCon solar cell was simulated 
using built-in Quokka 3 TOPCon structures for the 
rear side. This approach allowed for a clear compari-
son between the two architectures under consistent 
simulation conditions.
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In the TOPCon solar cell structure, both the front 
and rear sides include poly-Si layers alongside a SiOx 
tunneling layer. The poly-Si layer thickness was op-
timized to 30 nm, as this value was found to balance 
passivation quality and carrier transport efficiency [6, 
17–19]. For the regular structure the rear side of the 
TOPCon solar cell was covered by silver (Ag) back 
electrode. A triple-layer coating composed of ITO-

AZO-ITO was used as the transparent electrode on 
the front side. For the bifacial TOPCon solar cell ITO-
AZO-ITO transparent electrode was used on both sides 
of the solar cell. To maximize optical performance of 
the TOPCon solar cell MgF2 was used as an ARC on 
the top of the ITO-AZO-ITO transparent electrode. 
Figure 2 illustrates different structural combinations 
of TOPCon solar cells used in this work.

Figure 1 – 3D view of TOPCon solar cell derived from Quokka 3 software program : 
a) bifacial structure, b) standard structure.

Table 2 – Simulation parameters obtained from Quokka 3: Bulk parameters, external circuit, front n-type TOPCon + TCO layer, rear 
p-type TOPCon (Standard), rear p-type TOPCon (Bifacial) + TCO parameters.

Bulk parameters
Dimensions 2
Thickness 200 µm

Width 18000 µm
Resistivity(Bulk) 1 Ohm*cm

Facing angle front/rear 0
Doping type p-type

 Fundamental electron surface recombination velocity(n) 100 cm/s
 Fundamental electron surface recombination velocity(p) 100 cm/s

Defect energy relative to intrinsic energy 0 eV
Ilumination spectrum Rear/Front AM1.5g
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Ilumination scale Frontside 1
Ilumination scale Rearside (0,0.3) with step 0.02

External cicuit 

Rseries 0.46 Ohmcm2

Rshunt 3.5E3 Ohmcm2

Saturation current density of external diode 0 Acm-2

Ideality factor of external diode 2

front n-type TOPCon +TCO layer

ConductionType n-type
Rsheet 90.58 Ohm/square

Non Contacted Recombination Jo 2 fA/cm2

Contacted Recombination 20 fA/cm2 

Thickness(poly-Si) 30nm
DopingDensity 1E20 cm-3

Contact shape Rectangle
Contact size 30 µm
Contact pitch 1800 µm

Contact repetition 11
Contact Ohmic Resistivity 5E-5 Ohmcm2

Metal Rsheet 0.003 Ohm
rear p-type TOPCon (standard)

Conduction type p-type
DopingDensity 1E19 cm-3

Thickness 30 nm

fundamental electron surface recombination velocity 10 cm/s

fundamental hole surface recombination velocity 10 cm/s

Contact shape Full
Contact size 18000 µm

Contact Ohmic Resistivity 5E-5 Ohmcm2

Metal Rsheet 0.003 Ohm
rear p-type TOPCon (Bifacial) +TCO

Conduction type p-type
Rsheet 90.58 Ohm/square

NonContactedRecombination Jo 2 fA/cm2

ContactedRecombination 20 fA/cm2

Thickness(poly-Si) 30nm
DopingDensity 1E20 cm-3

Contact shape Rectangle
Contact size 30 µm
Contact pitch 1800 µm

Contact repetition 11
Contact Ohmic Resistivity 5E-5 Ohmcm2

Metal Rsheet 0.003 Ohm

Continuation of the table
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Figure 2 – Two-dimensional schematics of c-Si-based TOPCon solar cell:  
a) Simplified cell structure without MgF2 and Ag, b) Cell structure with MgF2 on both sides without Ag layer,  

c) Simplified cell structure with Ag at the bottom d) Cell structure with MgF2 on top and Ag at the bottom.

OPAL 2 optical simulator [20] was used to opti-
mize the thickness of the transparent TCO electrode 
and MgF2 ARC for improved optical performance. 
During optimizations the goal was set to achieve 
maximum photon current absorbed in the active lay-
er. Due to the layer number limitations of the OPAL 
2 simulator, the thicknesses of the ITO-AZO-ITO 
multilayer were initially optimized as a standalone 
structure. Once the optimal configuration was deter-
mined, the MgF2 layer was optimized separately. To 
accommodate the simulator’s constraints, the previ-
ously optimized ITO-AZO-ITO structure was mod-
eled as a single ITO-equivalent layer, with the MgF2 
layer added on top of this simplified model.

To further analyze the optical properties of the 
considered TOPCon solar cells, reflectance, parasit-
ic absorption, and absorption within the active area 
were simulated using SCOUT software [21]. The 
absorption characteristics of each layer were evalu-
ated individually, and the total parasitic absorption 
was calculated as the sum of absorption in all layers 
except the substrate.

The optical constants (n and k) for ITO and AZO 
were taken from the works of [22, 23]. The optical 
constants for MgF2 are taken from [24], as linked in 

the OPAL 2 database. All other layers, including the 
substrate and back layers, were obtained from the 
SCOUT software [21]. 

3. Results and discussion

For accurate modeling and simulation of the opti-
cal behavior of the TOPCon solar cell, reliable refrac-
tive index (n) and extinction coefficient (k) data are 
essential. Figure 3 shows the wavelength-dependent 
optical constants for different materials used in the 
TOPCon solar cell. AZO exhibits a lower extinction 
coefficient than ITO, which ensures higher transmit-
tance of ITO-AZO-ITO structure compared to an 
ITO-only structure. The ITO-AZO-ITO structures 
were examined in detail in our previous work[25]. 

Across the entire range, MgF2 shows minimal 
extinction coefficient values, highlighting its highly 
transparent dielectric property. Moreover, it is well 
established that to minimize reflectance from a so-
lar cell surface, it is essential to use materials with 
a gradually increasing refractive index from air to 
the substrate. The optimal refractive index n for the 
material used as an ARC can be calculated using the 
formula [26]:
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                 (1)

where ns is a refractive index of the substrate, nair is 
a refractive index of air and n is a refractive index of 
the film.

According to the calculations refractive index of 
MgF2 (~1.38) is suitable to reduce reflection from 
TOPCon solar cell. Thus, in this work, TOPCon so-
lar cell are considered with and without MgF2 ARC.

Figure 4a shows the simulated reflectance spectra 
of the TOPCon structures with and without the MgF2 
ARC over the 300–1200 nm wavelength range. For 
reference, the solar irradiation spectrum is shown in 
the background. The structure with MgF2 layer shows 
relatively low and constant reflectance throughout the 
spectrum, suggesting effective antireflection behav-
ior. Moreover, it experiences a noticeable decrease in 

reflectance between 600–700 nm. This reduction in 
reflectance is attributed to the low refractive index of 
MgF2, which reduces the refractive index mismatch 
between the underlying layers and air. The refractive 
index of MgF2 exhibits only minor variation across 
the entire solar spectrum while other refractive index-
es experiencing constant decrease on the most part 
of spectrum, with the wavelength range of 600–700 
nm providing the most noticeable smooth refractive 
index gradient between the underlying layers and air. 
However, the structure without MgF2 demonstrates 
a sharp reduction of reflectance at around 600 nm, 
suggesting that careful design of multilayer structure 
can achieve low reflectance at specific wavelengths. 
Overall, while the addition of MgF2 layer provides 
more consistent antireflective behavior across the 
broad spectrum, the structure without MgF2 offers po-
tential for targeted wavelength optimization through 
multilayer structure engineering.

Figure 3 – Optical properties: a) Refractive index and b) extinction coefficient  
as functions of wavelength for various materials (AZO, ITO, poly-Si, MgF2, SiO2, Si).

Figure 4b illustrates the EQE simulations for 
structures with and without MgF2, which is signifi-
cantly influenced by the optical constants n and k, 
where the refractive index n determines the propor-
tion of photons reflected at the interfaces between 
layers, while the extinction coefficient k governs the 
extent to which photons can penetrate into the bulk 
layer and the fraction that is transmitted without be-
ing absorbed. The structure with MgF2 layer exhibits 
higher performance across most of the wavelength 

range compared to the structure without MgF2. This 
is also evident in the calculated current density (J), 
which shows that the final J value for the solar cell 
with MgF2 ARC is higher. However, due to the de-
crease in reflectance between 450 nm and 700 nm, 
the structure without MgF2 shows slightly better per-
formance in this region. Overall, the addition of the 
MgF2 layer improves the EQE, indicating enhanced 
light management and reduced reflection due to the 
antireflective effect provided by MgF2. 
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Figure 4 – a) Reflectance spectra of ITO-AZO-ITO and MgF2-ITO-AZO-ITO structures;  
b) EQE measurements for standard TOPCon solar cell with ITO-AZO-ITO and MgF2-ITO-AZO-ITO ARC.

To provide a comprehensive description of the 
optical properties of the structure, photon current 
density calculations were performed. 3 main char-
acteristics were calculated: reflected photon current 
density (JR), parasitic absorption current density (JPA) 
and absorbed photon current density in the substrate 
(JAbulk). As optimizing useful absorption is essential 
for solar cell performance, the JR, JPA and JAbulk was 
determined for the wavelength intervals of 300–1200 
nm by the following equation [27]:

             (2)

where X (λ) is reflectance, parasitic absorption or ab-
sorption in the bulk, F (λ) is the incident photon flux 
density of AM1.5G irradiation, q is the elementary 
charge, and λ is the wavelength.

Figure 5 provides JR, JPA, JAbulk calculations for 
different structures. Comparing bifacial and standard 
structures. According to the result all current density 
values show minimal differences, indicating that the 
back reflection from the rear Ag electrode is negli-
gible. However, the addition of the MgF2 layer to the 
ITO-AZO-ITO structure leads to significant decline 
of JR from 5.44 to 3.38 mA/cm², subsequently refin-
ing JPA and JAbulk values This suggests that addition 
of MgF2 acts effectively, redirecting previously re-
flected light into the active layer and enhancing use-
ful absorption.
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Figure 5 – Photo current density measurements  
for four configurations (Bifacial (ITO-AZO-ITO);  

Standard (ITO-AZO-ITO); Bifacial (MgF2-ITO-AZO-ITO); 
Standard (MgF₂-ITO-AZO-ITO). Three types of current 
densities are compared: Reflected current (JR), parasitic 

absorption current (JPA), current absorbed in the substrate 
(JAbulk).

Figure 6 presents the J–V characteristics of TOP-
Con solar cells with and without a MgF2 ARC under 
varying rear-side albedo conditions. For clarity, Fig-
ures 6a and 6b depict the results for a standard and 
a bifacial TOPCon solar cell, with albedo intensities 
varying from 0 to 0.3 suns in 0.1 increments. Even in 
the absence of rear illumination (0 suns), the bifacial 
TOPCon solar cell exhibits a PCE of 20.56%, slight-
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ly lower than that of the reference structure with a 
Ag back reflector (20.94%). This trend remains con-
sistent for both MgF2-coated and uncoated devices. 
Upon introducing a modest rear albedo of 0.1 suns, 
the bifacial structure demonstrates an almost 2% ab-
solute increase in PCE, emphasizing the sensitivity 
of the device to even minor enhancements in rear-
side illumination. This improvement is primarily at-
tributed to the significant rise in short-circuit current 
density (Jsc), while the open-circuit voltage (Voc) re-
mains nearly constant across all albedo levels. 

Figures 6c and 6d provide a more detailed analy-
sis of the bifacial configuration, displaying the evo-
lution of J–V parameters as the albedo varies from 
0 to 0.3 suns in finer steps of 0.02. The results show 

an almost linear increase in Jsc with albedo, while 
Voc changes slightly, from 0.73 to 0.74 V. These 
findings confirm that the observed PCE enhance-
ment is predominantly governed by the increase in 
photocurrent. Furthermore, devices incorporating 
MgF2 ARC consistently outperform those without 
it under all albedo conditions. The MgF2 layer, in 
conjunction with enhanced rear illumination, im-
proves light trapping and optical coupling, thereby 
boosting the internal photon generation rate. These 
outcomes highlight that increasing back albedo, 
especially when combined with optimized optical 
coatings, is a highly effective strategy for enhancing 
the photocurrent and overall performance of TOP-
Con solar cells.

0.2 0.4 0.6 0.80

10

20

30

40

50

0.2 0.4 0.6 0.80

10

20

30

40

50

0.2 0.4 0.6 0.80

10

20

30

40

50

0.2 0.4 0.6 0.80

10

20

30

40

50

C
ur

re
nt

 d
en

si
ty

 (m
A

/c
m

2 )

Voltage (V)

 Ag back
 0
 0.1
 0.2
 0.3

C
ur

re
nt

 d
en

si
ty

 (m
A

/c
m

2 )

Voltage (V)

 Ag back
 0
 0.1
 0.2
 0.3

a) b)

C
ur

re
nt

 d
en

si
ty

 (m
A

/c
m

2 )

Voltage (V)

c) d)

C
ur

re
nt

 d
en

si
ty

 (m
A

/c
m

2 )

Voltage (V)

Figure 6 – J–V Characteristics Under Varying Back Albedo for structures with MgF2 on the top and without MgF2:  
a),b) shows changes to J-V curve of bifacial structure in comparison to standard Ag back solar cells, pictures  

c),d) shows changes to J-V curve with increase of back albedo from 0 to 0.3  
with the step of 0.02(arrow show direction of increased albedo).

Tables 3 and 4 presents extensive data results 
based on Quokka 3 simulation. From previous discus-
sion it was mentioned that Jsc increases with increase 
of back albedo and Tables 3 and 4 proves this for 
both cases with and without MgF2. The same is true 

for PCE. For the structures without MgF2, the highest 
value of PCE is achieved at 26.69 %, while TOPCon 
solar cell with MgF2 ARC on top show the maximum 
value of 27.37 %. This results also shows precisely 
the point where Voc for bifacial solar cell reaches the 
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value for standard TOPCon solar cell. For TOPCon 
solar cells without MgF2 the required albedo is 0.12 
suns while with MgF2 implemented cells 0.08 suns 
albedo is already enough. Even though bifacial solar 

cell provides better result for PCE, Voc and Jsc it’s im-
portant to point out that standard solar cells for both 
cases showed maximum FF while bifacial structure 
showed decrease in FF with increase of albedo.

Table 3 – Bifacial TOPCon solar cell characteristics: open-circuit voltage (Voc), short-circuit current density (Jsc), fill factor (FF), power 
conversion efficiency (PCE) values for structures without MgF2.

Optical Rear Illumination 
Scale Without MgF2

Voc (V) Jsc (mA/cm2) FF (%) PCE (%)

Ag back 0.74 33.84 83.99 20.94

0 0.73 33.81 82.93 20.56

0.02 0.73 34.49 82.89 20.97

0.04 0.73 35.16 82.85 21.38

0.06 0.73 35.84 82.81 21.79

0.08 0.73 36.51 82.76 22.20

0.1 0.73 37.19 82.73 22.61

0.12 0.74 37.86 82.69 23.02

0.14 0.74 38.54 82.65 23.43

0.16 0.74 39.22 82.60 23.84

0.18 0.74 39.89 82.56 24.25

0.2 0.74 40.57 82.52 24.66

0.22 0.74 41.24 82.47 25.07

0.24 0.74 41.92 82.43 25.47

0.26 0.74 42.59 82.38 25.88

0.28 0.74 43.27 82.34 26.29

0.3 0.74 43.94 82.29 26.69

Table 4 – Bifacial TOPCon solar cell characteristics: open-circuit voltage (Voc), short-circuit current density (Jsc), fill factor (FF), power 
conversion efficiency (PCE) values for structures with MgF2.

Optical Rear Illumination 
Scale with MgF2

Voc (V) Jsc (mA/cm2) FF (%) PCE (%)

Ag back 0.74 34.71 83.94 21.48

0 0.73 34.68 82.88 21.08

0.02 0.73 35.37 82.84 21.51

0.04 0.73 36.06 82.79 21.93

0.06 0.73 36.76 82.75 22.35

0.08 0.74 37.45 82.71 22.77

0.1 0.74 38.14 82.67 23.19

0.12 0.74 38.83 82.63 23.61

0.14 0.74 39.53 82.58 24.03

0.16 0.74 40.22 82.54 24.45

0.18 0.74 40.91 82.49 24.87
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Optical Rear Illumination 
Scale with MgF2

Voc (V) Jsc (mA/cm2) FF (%) PCE (%)

0.2 0.74 41.60 82.45 25.29

0.22 0.74 42.30 82.40 25.70

0.24 0.74 42.99 82.36 26.12

0.26 0.74 43.68 82.31 26.54

0.28 0.74 44.38 82.26 26.95

0.3 0.74 45.07 82.21 27.37

Continuation of the table

Overall, the findings underscore the signifi-
cance of combining advanced ARC strategies–such 
as MgF2-capped multi-layer designs–with effective 
utilization of bifacial architectures. The implementa-
tion of ARC structure allowed for better energy dis-
tribution between used and not used energy. While 
implementation of rear side illumination explicitly 
shows increase in Jsc. Such integrated optimization 
not only boosts the efficiency of TOPCon cells but 
also maximizes their energy yield in real-world oper-
ating conditions. The achieved efficiency of 27.37% 
under a rear albedo of 0.3 with MgF2 outperforms 
many reported TOPCon structures in the literature, 
which typically range between 23–26% [2, 6–8].
Consequently, compared to existing TOPCon ap-
proaches, the practical difference of the model lies 
in integration of MgF2/ITO/AZO/ITO ARCs and rear 
albedo effects with a bifacial operation, allowing for 
simultaneous enhancement of optical and electrical 
performance. This research reinforces the potential 
of MgF2-enhanced bifacial TOPCon solar cells as a 
viable and efficient solution for next-generation pho-
tovoltaic technologies.

It is important to note, however, that our simu-
lations have some limitations. The optical modeling 
in OPAL 2 considered only the front-side texture 
and assumed an idealized Lambertian rear reflector, 
while SCOUT assumed planar, continuous layers. 
Electrically, Quokka 3 operates in 2D and does not 
capture all 3D carrier transport effects. Furthermore, 
all simulations assumed ideal interfaces and material 
properties; real-world fabrication imperfections may 
lead to slightly lower performance. Experimental 
verification of the simulated structures is therefore 
needed, including MgF2-coated bifacial TOPCon 
cells, to confirm the simulation result

4. Conclusions 

In conclusion, this study presents a compre-
hensive simulation-based investigation of bifacial 
TOPCon solar cells, with modeling conducted using 
Quokka 3 software. The structural design and optical 
characteristics of these cells were thoroughly exam-
ined with the aid of OPAL 2 and SCOUT softwares, 
enabling precise analysis of light behavior and inter-
nal device parameters. A key focus was placed on 
evaluating various ARC configurations, specifically 
triple-layered ITO-AZO-ITO structures, both with 
and without the inclusion of an MgF2 top layer. It 
was found that the refractive index of MgF2 is suit-
able for reducing reflection from TOPCon solar cells 
with ITO/AZO/ITO transparent electrode. The opti-
cal modeling revealed that the integration of an MgF2 
layer on top of the ARC significantly enhances the 
optical response of the solar cell by achieving lower 
and more uniform reflectance across the spectrum 
under investigation with a noticeable decrease be-
tween 600-700 nm. This improvement in light man-
agement leads to better photon absorption, ultimately 
translating into enhanced electrical performance. 
The optimized structure demonstrated a measurable 
gain in EQE. Furthermore, the addition of MgF2 ef-
fectively redirects previously reflected light into 
the active layer, enhancing useful absorption. As a 
result, a significant decline in JR from 5.44 to 3.38 
mA/cm² was observed, leading to improved JPA and 
JAbulk values. Further analysis focused on the impact 
of rear-side illumination, modeled through varying 
rear albedo conditions. Back reflection from the rear 
Ag electrode was found to be negligible. It has been 
established that at 0 suns albedo, PCE of bifacial so-
lar cells was only slightly lower than of solar cells 
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with Ag back (20.56 to 20.94% respectively) and this 
trend was similar for both structures with and without 
MgF2 ARC. Results indicated that increasing the al-
bedo positively influences key electrical parameters 
of the J-V curve, notably the Jsc and PCE with Voc 
slightly changing from 0.73 to 0.74. The highest ef-
ficiency, recorded at 27.37%, was achieved under 
a rear albedo of 0.3 when the cell incorporated the 
MgF2-enhanced ARC structure. This highlights the 
critical role of rear-side reflectivity in bifacial solar 

cell performance, emphasizing the importance of 
optimizing both front and rear interfaces. Addition-
ally, the computer simulation highlights the need for 
future experimental validation of the proposed struc-
tures, given their outstanding simulated performance. 
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