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1. Introduction

Survey literature indicated that bibliometrics studies first appeared in the late 19th century by using
statistical methods to bibliographic data to get more information on the authors, teams, universities,
and countries as well as indicators to show scientific collaboration (Luy et al., 2023; N’diaye et al.,
2022; José de Oliveira et al., 2019; Hammouti et al., 2010). To identify scientific topics and
contributions, bibliometrics has examined the indicators of science publications through their
communication systems (Mejia et al., 2021; Petrovich, 2022). The effects and scientific activities of
journals can be mapped using bibliometric methods. Understanding and showing how journals affect
scholarly communication in conjunction with accumulating journals in the scientific community is
important. These studies represent the evolution of journals over time and help scholars identify which
subjects are popular and which journals they can best submit their papers (Mejia et al., 2021; Steele,
2014). In addition, these studies reveal the hidden relations of information about fields shaped by
scientific contributions (Belli et al., 2020; Taskin & Akca, 2016).
Since the 1960s, the Science Citation Index of Eugene Garfield and the citation network analysis of
Derek John de Solla Price laid the fundamental basis of a structured research program on bibliometrics.
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Citation analysis is a commonly used bibliometric method based on constructing the citation graph
(Langlais, 2023), a network or graph representation of the citations shared by documents. Many
research fields use bibliometric methods to explore the impact of their field, the impact of a set of
researchers, the impact of a particular paper, or to identify particularly impactful papers within a
specific field of research. Bibliometrics tools have been commonly integrated into descriptive
linguistics, the development of thesauri, and the evaluation of reader usage (Alharti et al., 2023).
Beyond specialized scientific use, popular web search engines, such as the PageRank algorithm
implemented by Google, have been largely shaped by bibliometrics methods and concepts (Ali et al.,
2021).

Scientific literacy was first used by De Paul Hard Hurd, McCurry, and Rockefeller Brothers Pund in
1958 (Cipkova et al., 2019). Since 1958, Paul De Hard Hurd used scientific literacy as the goal of
science education (Rudolph, 2024). A clear perspective emerges when Hurd illustrates that scientific
literacy is an understanding of science and applies it to the experience of each individual as a citizen
(Guerrero & Sjostrom, 2024). The curriculum connection and the selection of appropriate teaching
materials will provide students with opportunities to use scientific methods and apply them to personal,
political, economic, and social problems as well as to develop an appreciation of science as a human
effort in intellectual achievement (Tasquier et al., 2022; Chowdhury, 2016). Scientific literacy is the
ability to use scientific knowledge, identify questions, and draw conclusions based on existing evidence
to understand and make decisions about nature and changes caused by human activities (Colonia, 2021;
Diaz et al., 2019). Scientific literacy is referred to as the achievement of science education. However,
this goal is not accepted by some people (Jufrida et al., 2019). Scientific literacy in recent decades has
been measured using various assessment tools. In scientific literacy literature, many similar definitions
have been used (Rusilowati et al., 2018). All definitions focus on the skills of each individual to use
scientific knowledge in life. Scientific literacy describes a person's ability to understand laws, theories,
phenomena, and scientific matters which means that scientific literacy is required in every life
(Laugksch, 2000; Guerrero & Sjostrom, 2024). Lrhoul et al. analyzed the bibliographic data of the
research publications issued by the Moroccan Journal of Chemistry (MJC) between 2013 and 2021 as
an open-access country-based research journal with a narrow area of interest and international online
exposure, to show that the patterns of the publications in the Moroccan Journal of Chemistry can play
a major role in interconnecting researchers in Morocco and other collaborators. They also identified
that the Moroccan Journal of Chemistry is an incubator for establishing new traditions of research
collaboration between Moroccan institutions and target nations such as Asian and African countries
(Lrhoul et al., 2023).

In this study, we aim to conduct a bibliometric analysis of steel corrosion between 2000 and 2024
using electrochemical impedance spectroscopy (EIS). There are several types of steel, with carbon steel
and stainless steel being the most commonly used in industry. These steels have important mechanical
and microstructural properties, making them suitable for use in various industrial fields. However, they
are exposed to corrosive environments during their use, which has led many researchers to seek
solutions to protect them. This led to the study of steel corrosion, first to understand their behaviour in
different corrosive environments and then to proceed with their protection. Among the effective
electrochemical methods to study steel corrosion, electrochemical impedance spectroscopy is one of
the most prominent techniques. EIS is an electrochemical technique that emerged in the 19th century
and was developed by numerous researchers, including Hans Bode, Walther Nernst, Norman
Hackerman, Bernard J. West, David O'R. K. Prichard, and Keith H. Blanchard, to understand the
electrochemical mechanisms and reactions occurring at the electrode-solution interface (steel-solution
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in this case). This method involves applying a small amplitude potential or periodic current disturbance
to excite the electrochemical system at various frequencies and measuring the system's response
(current or potential) to this disturbance (Hallemans et al., 2023; Arrousse et al., 2021; Ghazoui et al.,
2014). In other words, EIS is applied to get more information from the electrochemical double layer,
also known as the Helmholtz layer, is a nanoscale region at the interface between an electrode (a
conductor) and an electrolyte (a solution containing ions). This region is characterized by a separation
of charge, with ions in the electrolyte being attracted to the electrode surface. The impedance of an
electrochemical system can be broken down into several components, including: 1. Solution resistance
(Rs): The resistance of the electrolyte solution. 2. Charge transfer resistance (Rct): The resistance
associated with charge transfer across the electrode-electrolyte interface. 3. Double layer capacitance
(Cai): The capacitance associated with the electrochemical double layer. 4. Warburg impedance (Zw):
The impedance associated with mass transport limitations. By analyzing these impedance components,
researchers and engineers can gain valuable insights into the behavior of electrochemical systems and
optimize their performance (Bouklah, 2022). The results are then represented in Bode and Nyquist
plots with an equivalent circuit. Through these steps, we can gain valuable insight into the various
electrochemical phenomena occurring at that experiment, such as charge transfer and diffusion. Thus,
making EIS an imperative for corrosion analysis, battery research, material characterization, and
biosensing.

2. Methodology (Sourcing and preparation of data)

Data are gathered using Scopus source, and Scopus offers the analysis results at free access from
the Euromed University of Fes. The focus was on retrieving and analyzing academic citations from
research articles and studies specifically indexed by Scopus and categorized as journal articles. Data
collection was meticulously limited to articles on steel corrosion using EIS, published between 2000
and 2024. The collected articles were then saved in CSV format, enabling their visualization and
analysis by creating bibliometric maps using VOSviewer software. Data processing involved filtering
specific terms for inclusion in the visualizations, which were created in three distinct types: network,
density, and overlay. This study further explored the annual variations in the number of publications,
the authors involved in these publications, and their respective countries.

3. Results and Discussion
2.1. Scopus analysis

Figure 1 shows the evolution of the document number published in indexed journals at Scopus
from 2000 to 2024 concerning the corrosion of steels using EIS. It’s clear that the increase is observed
in this century because of the Scopus database in 1995, and efforts can be made to fill these years
before the Year 2000. The production from 2000 to 2024 may be assimilated as a linear shape with a
slope of 56 papers per year. The details of the authors' production are shown in Figure 2. The team of
Professor Hammouti, including Zarrouk and Salghi from Morocco, has been well-marked during this
period. Prof Quraishi from India and Saud Arabia in the second rank (Figure 3), followed by
Ramezanzadeh from Iran, Ebenso from Nigeria, Lgaz and Oudda from South Korea and Morocco,
respectively, Fouda from Egypt and Galai from Morocco. The countries conducting more research in
this field are China, India, Iran and Morocco, followed by Saudi Arabia, as indicated in Figure 3. The
Scopus analysis indicated that Solmaz et al. possessed the most cited paper, with 862 citations (Solmaz
et al., 2008). The second and third cited papers belonged to Alourani et al., (2009) and Juttner (1990),
respectively. This corrosion research specifically focused on studying the behavior and protection of
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steel using various types of inhibitors, such as heterocyclic compounds (Guendouz et al., 2024; Ettahiri
et al., 2024; Nahlé et al., 2022; Salim et al., 2017), amino acids (Aouniti et al., 2017; Barouni et al.,
2014; Aouniti et al., 2013), plant extracts (green inhibitors) (Hbika et al., 2023; EImsellem et al., 2019;
Elmsellem et al., 2014), and polymers (Beniken et al., 2022; Chetouani et al., 2004). By applying the
EIS technique for corrosion studies, they were able to analyze the corrosion and inhibition mechanisms,
assess the effectiveness of the inhibitors, examine the formation of protective films on the steel surface
(especially in the case of stainless steel), and gather information about the steel's resistance to
corrosion. The corrosive medium chose were different, they focused mainly on hydrochloric acid
(HCI), sulfuric acid (H2SO4) and saline environment (NaCl). These corrosion documents have been
produced in different fields, as shown in Figure 4. They begin with material science and chemistry,
moving to chemical engineering and physics, then we find environmental science, biochemistry,
geology, earth and planetary science, multidisciplinary fields, and others in a low percentage.
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Figure 1: Production evolution from 2000 to 2024
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Figure 4: Major Topics of the production from 2000 to 2024

2.2. VOSviewer analysis

This network visualization represents the interconnected relationships between researchers and
their work in Analyses of Steel Corrosion by EIS, illustrated by lines linking these actors. The
VOSviewer analysis highlights a research landscape structured into several distinct clusters, each
represented by a coloured circle (Figure 5). The size of the circles and text is proportional to the
frequency of each researcher’s appearance in the analyzed publications. Thus, larger circles and text
represent the most prolific or highly cited researchers. Among them, "hammouti, b." stands out as the
most influential researcher, with the most publications or citations in this field. The figure also reveals
other significant clusters centered around key researchers such as "ramezanzadeh, bahram”, "quraishi,
m.a.", and "zarrouk, a.", who actively contribute to different aspects of Steel Corrosion by EIS.
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Figure 5. Network visualization of analyses of Steel Corrosion by EIS keywords
Overlay Visualization of analyses of Steel Corrosion by EIS keyword

This overlay visualization provides a dynamic overview of the evolution of research in the field

of Steel Corrosion Analysis by EIS from 2000 to 2024. It reveals annual research trends and the
interconnected relationships between researchers and their work (Figure 6).
The colour gradient, ranging from blue (older publications) to yellow (more recent publications),
allows for a clear visualization of the recency of research. Yellow-coloured nodes, representing the
most recent studies, highlight research areas that have gained importance or are undergoing new
explorations in recent years. For instance, the activity surrounding “ramezanzadeh, bahram™ may
indicate a progression from more fundamental research in the early 2000s to more specific applications
or recent methodological developments. This visual representation enables the tracking of
collaboration trends, the emergence of new researchers, and the evolution of research topics over time,
providing a comprehensive perspective on the development of Steel Corrosion Analysis by EIS over a
24-year period.

Density Visualization of analyses of Steel Corrosion by EIS keyword

This density visualization represents the distribution of research activity in the field of steel
corrosion analysis by electrochemical impedance spectroscopy (EIS). Areas with more intense colours
indicate a higher concentration of publications and research, reflecting the most active and widely
studied domains. Researchers' names, such as hammouti, b, ramezanzadeh, Bahram and quraishi, m.a.
appearing in these dense regions, suggest that they are key figures and major contributors to this field.
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The distribution of names and colours helps identify the most influential researchers and the most
explored research topics in steel corrosion analysis by EIS. Less dense areas indicate understudied
aspects or emerging fields within this research domain (Figure 7).
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Figure 7. Density Visualization of analyses of Steel Corrosion by EIS keyword
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Conclusion

The VOSviewer software was used for the bibliometric analysis. The research focused on
articles in the thematic area between 2000 and 2024, specifically targeting the most influential authors,
citation counts, countries, and fields. This rigorous research yielded 11,000 relevant published articles
with professor Hammouti, Zarrouk, Quraishi, Ramezanzadeh, and Salghi considered as the five most
published authors. Further analysis was conducted using VOSviewer, which generated three distinct
visualizations: network visualization, overlay visualization, and density visualization. The analysis
revealed a consistent upward trend in publications related to steel corrosion using EIS from 2000 to
2024. This research is expected to serve as a valuable reference point for researchers, helping them to
conduct future studies and select promising research topics in the field of steel corrosion using EIS

Disclosure statement: Conflict of Interest: The authors declare that there are no conflicts of interest.
Compliance with Ethical Standards: This article does not contain any studies involving human or animal
subjects.
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