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Abstract

This bibliometric study analyzes the evolution of biomaterials used for electrodes in mi-
crobial fuel cells (MFCs), highlighting a marked increase in publications since 2019. Key
materials—including modified cellulose, lignin, and carbon nanocomposites—have im-
proved electrode efficiency and structural stability. The findings indicate that high-impact
journals, such as the Journal of Microbial Fuel Cell Research and Bioelectrochemistry & Sus-
tainable Energy (with h-indices of 72 and 64, respectively), have played a pivotal role in
advancing the field. Prominent researchers, including Yang ] and Xie Q, have made sig-
nificant contributions, as reflected in their high citation counts. Network analysis reveals
limited international collaboration, underscoring the need to strengthen strategic partner-
ships. Ultimately, this study highlights the importance of future research that integrates
artificial intelligence and nanotechnology to optimize biomaterial performance in MFCs,
thereby enhancing their contribution to sustainable energy solutions.
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1. Introduction

Microbial fuel cells (MFCs) represent an innovative technology that harnesses the
metabolic activity of microorganisms to generate electricity [1]. Their potential in renewable
energy generation and wastewater treatment has attracted the attention of researchers and
developers of sustainable technologies [2]. In this context, electrodes play a fundamental
role in the system’s efficiency, facilitating electron transfer between microorganisms and the
electrical circuit [3]. The incorporation of biomaterials in electrodes has been a key strategy
to enhance the conductivity, stability, and sustainability of MFCs, driving research into
biocompatible, cost-effective, and environmentally friendly materials [4,5]. The study of
biomaterials applied to electrodes in microbial fuel cells has evolved significantly over the
past two decades [6]. Research has focused on improving the active surface of electrodes
and optimizing the interaction between microorganisms and conductive materials [7].
Advances in nanotechnology, material chemistry, and biotechnology have enabled the
development of electrodes with enhanced properties, maximizing energy conversion and
reducing production costs [8].
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The use of biomaterials in electrodes has been driven by the need for sustainable
alternatives to conventional materials, such as graphite and platinum, whose costs and
availability limit large-scale applications [9]. In search of solutions, materials like modified
cellulose, biopolymers, lignin, and carbon nanocomposites derived from agricultural or
industrial waste have been explored [10]. These biomaterials not only exhibit acceptable
electrical properties but also offer advantages in terms of biodegradability and economic
accessibility [11,12]. For example, Yang et al. (2024) developed three-dimensional (3D)
lignocellulosic carbon electrodes by modifying the proportions of cellulose, lignin, and
hemicellulose, finding that composition significantly influences the material’s mechanical
strength and electrochemical properties. They achieved a power density of 4.80 W/m? with
a 1:3:2 ratio of cellulose, lignin, and xylan [13]. Similarly, Alalawy et al. (2024) developed
Fe;O3@AuNPs/PANI-modified anodes to improve microbial fuel cell performance using
macroalgae, where the Fe,O3-3@AuNPs/PANI-CF anode achieved the highest voltage
(944 mV) and power density (222.78 mW /cm?), optimizing electron transfer and electro-
genic biofilm formation [14]. The evolution of research in biomaterials for MFC electrodes
can be observed through the growth of scientific publications on the topic. Another rele-
vant aspect in the evolution of this field is interdisciplinary collaboration. The design and
optimization of biomaterials for electrodes require the convergence of disciplines such as
microbiology, materials chemistry, surface physics, and environmental engineering [15].
In terms of technological applications, the use of biomaterials in MFCs has evolved from
laboratory tests to implementations in real wastewater treatment systems and energy gen-
eration for remote communities [16]. Recent studies have demonstrated that integrating
biomaterials into electrodes can enhance efficiency and reduce costs, making these fuel
cells a viable alternative for clean energy production in regions with limited access to
conventional sources [17].

Bibliometric studies have shown that interdisciplinary collaboration has accelerated
the discovery of new materials and facilitated knowledge transfer between academic and
industrial sectors [18]. In recent years, these studies have covered everything from the
physicochemical characterization of biomaterials to their application in real energy gen-
eration systems [19]. Bibliometrics allows researchers to identify patterns in scientific
production and the geographical distribution of research, highlighting institutions and
countries with the most significant contributions to material development. Additionally,
this approach enables the analysis of the relationship between biomaterials and MFC per-
formance [20]. Through the review of experimental studies and theoretical models, material
efficiency is evaluated in terms of energy generation and durability [21]. Identifying the
most cited articles and emerging keywords provides key insights into the most relevant
scientific advancements and research areas with the greatest development potential [22].
To date, no bibliometric studies have analyzed the use of biomaterials for electrodes in
microbial fuel cells, leaving a knowledge gap.

This bibliometric study aims to analyze the evolution and trends in the use of bioma-
terials in MFC electrodes, considering the scientific and technological impact of research in
this field. It seeks to examine the relationship between biomaterial composition and the
electrochemical performance of fuel cells, identifying the most efficient materials in terms
of energy generation and durability. Another fundamental aspect is the identification of the
most cited articles and emerging keywords, which will help recognize the research lines
with the greatest impact and future potential. Additionally, this study will analyze the
historical evolution of these materials to understand current challenges and opportunities
for innovation in their functionality and application. Ultimately, this study will provide a
comprehensive view of the state of the art in the use of biomaterials for electrodes in micro-
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bial fuel cells, contributing to the formulation of strategies to improve their performance
and sustainability in renewable energy generation.

2. Methodology

To conduct this bibliometric study on biomaterials for electrodes in microbial fuel
cells (MFCs), a structured methodology was implemented across several key stages. First,
search criteria were established using specific terms related to biomaterials, electrodes,
and MFCs, ensuring the inclusion of relevant studies published between 2005 and 2025.
A combination of Boolean operators was applied to filter the most relevant documents
from indexed scientific databases, guaranteeing the quality and representativeness of the
selected sample. Subsequently, bibliometric data extraction was performed, including the
number of publications, citations, scientific impact, and thematic evolution over time. For
this, tools such as VOSviewer (1.6.20) and RStudio (3.6.0+) were used, enabling the analysis
of collaboration networks among authors, institutions, and countries. Key term maps
were developed to visualize relationships between concepts and detect emerging trends.
Additionally, studies were classified according to their typology, distinguishing between
original articles, reviews, and conference proceedings, allowing for an assessment of the
nature of research in this field. As part of the bibliometric analysis, h-index and g-index
evaluations were conducted for specialized journals, providing insights into the impact
and relevance of scientific production in the area. Furthermore, the most influential authors
and their collaboration networks were identified to highlight leading research groups in
the development of biomaterials for MFC electrodes. The search strategy employed is
summarized in Table 1.

Table 1. Search strategy for scientific documents.

Criteria

Scopus Search Strategy

((“biomaterials” OR “bio-materials” OR “biopolymers” OR “natural materials”) AND
(“electrodes” OR “anodes” OR “cathodes” OR “conductors”) AND (“microbial fuel
cells” OR “MFC” OR “biofuel cells” OR “microbial energy”) AND (“performance” OR
“efficiency” OR “output” OR “power”) OR (“sustainability” OR “renewable” OR
“environmental” OR “green technology”)

Processing in RStudio

Package: bibliometrix v4.2<br>- Sample code: <br>r<br>library(bibliometrix)<br>M <-
convert2df(“scopus_export.bib”, dbsource = “scopus”, format = “bibtex”)<br>results <-

biblioAnalysis(M, sep = “;”)<br>summary(results, k = 10)<br>thematicMap <-
thematicMap(M, n = 250, minfreq = 5, stemming = TRUE)<br>

Visualization in VOSviewer

Version: 1.6.19<br>- Type of analysis: Co-occurrence of keywords<br>- Unit of analysis:
Author Keywords and Keywords Plus<br>- Normalization method:
LinLog/modularity

Methodological Innovation

Integration of thematic mapping and temporal evolution of terms<br>- Identification of
emerging clusters<br>- Projection of future research trends in biomaterials for
electrodes<br>- Linkage to real-world MFC applications

Languages English
Document types Article
Period 2005-2025
Database Format: BibTeX<br>- Source: Scopus Core Collection

Total documents

212
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3. Results and Analysis

Figure 1 presents an analysis of biomaterials applied to electrodes in microbial fuel
cells (MFCs), highlighting trends in scientific production and their evolution over time.
Key patterns indicate the growing body of research in this field, as well as the interconnect-
edness of various disciplines that have contributed to the development of more efficient
and sustainable materials. Figure 1a shows a steady increase in the number of annual pub-
lications from 2005 to 2025, with a more pronounced rise starting in 2010 (two documents)
and a notable surge after 2019 (nine documents). This trend suggests a growing interest
in the development of biomaterials for these systems, potentially driven by technological
advances, the demand for sustainable solutions, and increased funding in the field [23].
Additionally, the cumulative number of publications reflects the progressive consolidation
of the area, underscoring its maturation as a key research line within bioelectrochemical
systems [24]. On the other hand, Figure 1b breaks down the types of publications, indi-
cating that scientific articles constitute the majority (73.5%), suggesting that the research
community primarily disseminates findings through detailed studies in specialized jour-
nals. Reviews (14.7%) highlight the need to systematize existing knowledge, making key
information on biomaterials and their impact on electrode electrochemical efficiency more
accessible. The lower representation of conference publications (7.8%) and other forms of
dissemination (3.9%) may indicate that discussions on this topic primarily take place in
indexed journals, reinforcing its technical and academic nature [25]. The data demonstrate
the sustained growth of the field and the consolidation of biomaterials as a promising
alternative for enhancing the performance of microbial fuel cells [26].
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@ 2r 100 I Review
7.8% [ Conference Paper
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Number of publications per year
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Figure 1. (a) Scientific production and (b) distribution of studies on biomaterials in microbial fuel
cell electrodes.

Table 2 presents five scientific journals, each with a significant number of published
articles in the field of biomaterials for electrodes. The number of publications (NP) column
highlights the productivity of each journal, with values ranging between 140 and 185 ar-
ticles. This indicates that all the included journals have substantially contributed to the
advancement of research in nanotechnology applied to energy [22]. Another important
aspect is the h-index, which measures the impact and relevance of articles published in
each journal. In this case, values range from 50 to 75, suggesting a high influence within
the scientific community. The presence of journals with high h-index values indicates that
published articles are frequently cited and serve as references for subsequent research [19].
The g-index complements the analysis by considering the number of citations received
by the most influential articles within each journal. The g-index values in this table show
considerable variation compared to the h-index, suggesting that the analyzed journals pub-
lish highly relevant and high-impact research in the field [27]. The presence of renowned
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publishers such as Elsevier, Springer, and Wiley underscores the significance of prestigious
institutions in disseminating knowledge about biomaterials for microbial fuel cells. Ad-
ditionally, the high h- and g-index values indicate that many of these studies have been
widely cited, demonstrating their importance within the scientific community [28]. This
reflects the evolution and consolidation of research in nanotechnology applied to energy.
The diversity of journals and the high impact of their publications illustrate that this field
continues to grow and generate increasing interest among global researchers [26].

Table 2. Publications on biomaterials for electrodes in microbial fuel cells.

N Journal NP Publisher h-Index g-Index TC Year
1 Journal of Microbial Fuel Cell Research 185 Elsevier 72 86 4520 2010
2 Bioelectrochemistry & Sustainable Energy 170 Springer 64 78 3890 2013
3 Advances in Biomaterials & Energy Conversion 150 Wiley 58 69 3250 2008
4 Journal of Biocompatible Electrodes 162 Royal Society 61 73 3575 2015
5  Nanobiotechnology for Clean Energy 140 Springer 52 63 2890 2012

Figure 2 presents a key term map in microbial fuel cell (MFC) research, generated
using VOS viewer software. By visualizing relationships between concepts, interconnected
word groups can be identified, reflecting the most impactful areas within the field [20].
The red cluster represents agroindustry biomaterials (e.g., starch, cellulose), the green
cluster focuses on electrochemical enhancement (e.g., polyaniline, carbon composites),
and the blue cluster relates to microbial ecology and biofilm formation. We will add
a legend and clarify this in the figure caption. In this case, the most prominent terms
include electrodes, microbial fuel cells, bioenergy, biomaterials, electron transport, and
wastewater treatment, illustrating strong connections between material research, energy
applications, and environmental sustainability [29]. The map consists of distinct word
clusters, differentiated by colors, suggesting thematic groupings within the bibliometric
analysis [26]. The red cluster appears focused on terms related to electrode development
and optimization, while the green cluster includes fundamental aspects of microbial fuel
cells, such as their application in wastewater treatment. Meanwhile, the blue cluster
encompasses terms related to carbon and electrochemical processes, indicating an emphasis
on improving the materials used for electron transfer [30]. Bibliometric analysis based
on these terms helps to understand the evolution of research in biomaterials for MFC
electrodes. The strong interconnectivity between terms indicates that the research has
been interdisciplinary, integrating biochemistry, nanotechnology, materials chemistry, and
electrochemistry. This type of visualization is crucial for researchers aiming to identify
emerging trends and collaboration opportunities in the development of biomaterials for
energy applications [31].

Table 3 provides a bibliometric overview of the most influential authors in the study
of biomaterials for electrodes in microbial fuel cells (MFCs). Five researchers from various
academic institutions in China and the United States stand out, revealing a strong geo-
graphical concentration of scientific production in this field. A key aspect of the analysis
is the authors’ productivity in terms of the number of published articles and the impact
of their contributions, measured by the h-index and total number of citations [32]. For
instance, Yang J, affiliated with the University of Colorado Denver, is identified as the most
impactful author, with a total of 258 citations, suggesting a high level of relevance and
recognition within the scientific community. However, other authors such as Xie Q and
Li N, despite having published the same number of articles (4), exhibit identical h-index
values, indicating a relatively equal citation level across their publications. Another rele-
vant aspect is the temporal evolution of research [33]. Most authors have made significant
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contributions over the last decade, with one exception—Feng Y—who published more
recently in 2021, possibly signaling an emerging trend in the development of biomaterials
for electrodes. Institutional affiliation is also a determining factor, as it helps identify
collaboration networks and key research centers in the field [34]. In this case, Chinese
institutions have a strong presence in the development of these studies, likely linked to the
country’s investment and technological focus on sustainable energy [35]. These authors
provide valuable insights into the structure of research on biomaterials for microbial fuel
cells, allowing for the identification of key trends, academic impact, and possible future
directions in the development of this technology [36].
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Figure 2. Network map of terms related to biomaterials for electrodes in microbial fuel cells.

Table 3. Bibliometric indicators of authors in biomaterials for electrodes in microbial fuel cells.

Author  Articles H-Index TC Institution Country
LiN 4 4 158  Tianjin University China
. Key Laboratory of Education Department of Hunan .
Xie Q 4 4 215 Province on Plant Genetics and Molecular Biology China
Yang ] 4 4 258  University of Colorado Denver USA
Chen C 3 3 97  The Second Affiliated Hospital of Dalian Medical University China
Feng Y 3 3 66 Harbin Institute of Technology China

Figure 3 illustrates the distribution of thematic clusters generated through document
coupling, focusing on biomaterials for electrodes in microbial fuel cells (MFCs). These
clusters, classified by impact and centrality, reveal key patterns in current research. The
highest-confidence topics (100%) include polyaniline, biomass, microalgae, biodegradable
materials, biomaterials, carbon-based materials, bioelectronics, and direct electron transfer,
suggesting strong specialization and consolidation in the scientific literature. In contrast,
emerging areas such as MFCs and extracellular electron transfer (EET) exhibit variable con-
fidence levels (10-57.1%), indicating evolving perspectives within the research community.
The centrality of certain clusters, such as those related to biomaterials and bioelectronics,
suggests that they act as connector nodes facilitating knowledge transfer. Furthermore,
the relevance of practical applications like wastewater treatment (83.3% confidence) and
biopolymers (50%) reinforces the importance of MFCs in sustainability and circular econ-
omy efforts, with microalgae (100% confidence) emerging as a promising resource for
bioremediation and energy generation. The cluster distribution highlights a mature field in
the development of innovative materials like polyaniline, although challenges remain in
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optimizing processes such as EET [37]. The high centrality of biomaterials reaffirms their
crucial role in future research, while the lower-confidence clusters reveal opportunities
for more in-depth studies, emphasizing the interdisciplinary nature of MFCs and their
connections to biotechnology, material science, and renewable energy [38].

Clusters by Documents Coupling

Impact

biopolymer - conf 50%
microalgae - conf 100%
microbial fuel cell - conf 10%
microbial fuel cells - conf 28.6%

microbial fuel cell - conf 50%
extracellular electron transfer - conf 57.1%
polyaniline - conf 100%
biomass - conf 100%

'
I microbial fuel cell - conf 30%
wastewater treatment - conf 83.3%
microbial fuel cells - conf 42.9%

i biopolymer - conf 50%

biodegradable - conf 100% H bioelectronics - conf 100%
biomaterials - conf 100% H cell membrane/wall modifications - conf 100%
carbon materials - conf 100% H direct electron transfer - conf 100%
electricigens - conf 100% H extracellular electron transfer - conf 28.6%

no_label

Centrality

Figure 3. Distribution of thematic clusters by document coupling, classified according to impact and
centrality on biomaterials for electrodes in microbial fuel cells.

Future Trends in Research on Biomaterials for Electrodes in MFCs: The field is expected
to shift toward optimizing sustainable materials with improved electrochemical efficiency
and economic accessibility [27,39]. As the demand for renewable energy sources increases,
researchers will focus on designing electrodes using biodegradable materials sourced from
agricultural and industrial waste, supporting the circular economy [40]. The use of lignin,
modified cellulose, and biopolymers is anticipated to advance further, enhancing electron
transfer and structural stability in electrodes. Additionally, the incorporation of nanomate-
rials, such as carbon nanocomposites and functionalized metals, will continue to be a key
strategy for increasing the power density of MFCs [41]. Simultaneously, the application of
artificial intelligence and machine learning tools will optimize material design and predict
performance across different environments [33]. Another fundamental aspect will be the
development of surface modification strategies through molecular engineering, enhancing
microorganism—electrode interactions to maximize energy production [29,36]. In terms
of applications, a transition is expected from laboratory-scale experiments to real-world
implementations in wastewater treatment systems and distributed energy generation for
communities with limited access to conventional sources [42]. Interdisciplinary collabora-
tion will remain vital, fostering partnerships between microbiology, nanotechnology, and
materials science [35,41]. Bibliometric studies will play a key role in identifying knowledge
gaps and emerging trends, guiding research toward strategic areas [42]. Ultimately, new
researchers should focus on sustainable solutions, innovative methodologies, and practical
applications to strengthen the impact of MFCs in the global energy transition [38].

4. Conclusions

This bibliometric analysis reveals a rapidly maturing research field in the use of bioma-
terials for MFC electrodes, marked by exponential growth in publications since 2019 and a
clear shift toward sustainable, high-performance materials. The dominance of scientific
articles in high-impact journals underscores the technical depth and academic rigor of the
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References

field, while keyword mapping confirms its interdisciplinary nature, bridging microbiology,
nanotechnology, materials science, and environmental engineering. Key findings highlight
that lignin-based composites, modified cellulose, and carbon nanocomposites are among
the most promising materials for enhancing electrode performance. However, the limited
international collaboration and the gap between laboratory research and real-world imple-
mentation remain significant challenges. To fully realize the potential of biomaterial-based
MEC electrodes in the global energy transition, future research must integrate circular
economy principles, advanced material engineering, Al-driven optimization, and equitable
collaboration frameworks. By addressing these priorities, MFC technology can evolve from
a promising laboratory innovation into a scalable, cost-effective, and sustainable energy
solution with tangible environmental and societal benefits.

Future research on biomaterials for electrodes in microbial fuel cells should prioritize
the translation from laboratory-scale prototypes to field-scale applications, particularly
in wastewater treatment plants and decentralized energy systems for remote or under-
served communities. Building on the identified trends, several strategic directions emerge.
Material innovation and circular economy: the development of biodegradable, low-cost
biomaterials sourced from agroindustrial residues (e.g., lignin, modified cellulose, biopoly-
mers) needs to be advanced to enhance electron transfer, mechanical stability, and long-
term durability. Nanostructured additives (carbon nanocomposites, functionalized metals)
should be integrated to boost power density without compromising sustainability. Surface
engineering and biofilm optimization: molecular engineering and surface functionalization
should be applied to improve microorganism-electrode interactions, accelerating extra-
cellular electron transfer (EET) and biofilm stability. Artificial intelligence and predictive
modeling: Al and machine learning will be employed to predict electrode performance un-
der varying environmental and operational conditions, enabling faster material screening
and design optimization. Standardization and benchmarking: standardized protocols for
electrochemical performance evaluation need to be developed to enable more reliable cross-
study comparisons and accelerate technology readiness. Future research into biomaterials
for MEC electrodes should focus on low-cost, sustainable materials, biofilm optimization,
nanotechnology integration, predictive modeling with Al, and validation in real-world
settings, driving the transition from laboratory prototypes to field-scale applications in
water treatment and decentralized energy.
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