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Abstract

Electrochemical wastewater treatment technologies, such as electrodeposition, electroflocculation, and
electrocatalytic electrosorption, are effective and environmentally friendly but have challenges in large-scale
applications due to low efficiency, poor stability, and high electrode material costs. Density functional theory (DFT)
and artificial intelligence (Al) offer strong support for the design of new electrode materials. These technologies
enable efficient material screening and deeply investigate electrochemical mechanisms. However, current models
struggle to simulate complex reactions, causing a gap between theory and practice. While new materials exhibit
good performance in the lab, their long-term stability and high cost limit industrial use. Future efforts should focus
on improving electrode material stability and efficiency, using DFT for more accurate predictions and Al for faster
material discovery and optimization. Additionally, integrating educational innovation research in electrochemical
techniques into these efforts will help train skilled professional students and encourage them to develop cutting-
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edge thinking. Reducing material costs and enhancing reaction efficiency are also key to achieving industrial-scale
applications.

Keywords: Electrochemical technology, electrocatalysis, machine learning, education

PERSPECTIVE

Electrochemical technology is one of the most widely used technologies today, particularly in water
purification for both pre-treatment and advanced treatment processes. It can effectively remove various
pollutants, such as heavy metal ions, microplastics, and so on"?. The main techniques include
electrodeposition, electroflocculation, electrocatalysis, and electrosorption”?. The physicochemical nature
of solvent molecules provides a natural reaction medium and a source of active species for removing
pollutants. Under an electric field, water molecules can be effectively activated, enhancing interactions
between various ions, contaminants, and electrode materials. Electrochemical reactions driven by the
electric field facilitate the in situ generation of strong oxidants, reducing substances, flocculants, and
precipitates on the electrode surface, enabling efficient contaminant recovery or removal. Supplementary
Table 1 presents the application fields of several electrochemical technologies, including data on costs,
current development stages, and future solutions. It can be seen that the biggest challenges to their
commercialization are the high cost of electrode materials and the low overall efficiency.

A number of electrode materials have been developed to enhance the efficiency and application of
electrochemical technologies. For example, Zhang et al. developed a conjugated two-dimensional covalent
organic framework (COF) catalyst by anchoring single platinum (Pt) atoms [Figure 1A]". The unique Pt-N,
coordination modifies the electronic structure of the Pt active site, optimizing its binding energy to the
hydrogen intermediate (H'). Furthermore, the asymmetric coordination in the COF structure precisely
modulates the electronic environment around the Pt-N, site atoms, thus improving the overall catalytic
performance. Mansoor et al. introduced the MXene material (Ti,C,T,) into the electrosorption system
[Figure 1B], leveraging its high electrical conductivity, two-dimensional layered structure, and abundant
surface functional groups to achieve efficient ammonia nitrogen removal and recovery®. Continued
research into new electrode materials is expected to drive down costs while improving performance.
Likewise, advances in synthesis technologies will further enhance efficiency and cost-effectiveness.
Additionally, novel electrode materials will be discovered for various applications. In recent years,
computational techniques such as density functional theory (DFT) calculations and molecular dynamics
(MD) simulations have been integrated into electrochemical research, enabling a deeper understanding of
electrode material mechanisms". For example, Li et al. modulated the electronic structure and adsorption
properties of Cu-N, sites by introducing main-group metal functional groups such as -COONa"". DFT
calculations showed that -COONa coordination optimized intermediate adsorption energy, lowered
reaction overpotential, and enhanced charge transfer and bonding strength at the active sites [Figure 1C].
However, the high computational cost of these techniques limits their large-scale application. Additionally,
model construction in these techniques is highly system-specific, requiring extensive recalculations for new
systems, which poses a challenge for the large-scale development of novel electrode materials.

The introduction of artificial intelligence (AI) technology can effectively compensate for the shortcomings
of traditional calculation methods. Models trained through machine learning can accurately predict
electrode materials with better performance, often achieving a prediction accuracy exceeding 80%"".
Although DFT techniques can also predict electrode materials to some extent, DFT may not be able to
accurately capture all physical effects due to the limitation of the approximation of the exchange-correlation
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Figure 1. (A) Electrocatalyst synthesis and morphology characterization”; (B) Schematic illustration of capacitive deionization
operation™: (C) DFT calculations for ORR catalysis"®; (D) Transfer learning workflow to discover perovskite electrocatalysts for the
oxygen evolution reaction””’. ORR: Oxygen reduction reaction; DFT: density functional theory.

functional, especially when dealing with transition metal catalysts, interfacial effects, or electrochemical
reactions under high temperature and pressure conditions. To solve this problem, Jiang et al. proposed a
transfer learning paradigm [Figure 1D] by combining pre-trained models, integrated learning and active
learning techniques"?. Using this approach, they screened 16,050 new chalcogenide oxides, and identified
two chalcogenide-structured electrode materials, Pr,,S,,,Co,.Fe,.O, (PSCF) and Pr,,S,,,Co, .Fe,.Mn,,O,
(PSCFM) with better oxygen evolution reaction (OER) activity. Nowadays, advanced research has
increasingly incorporated Al techniques (mostly machine learning) to predict material properties. These
predictions are then experimentally verified, followed by further investigations into the mechanisms of the
electrode materials using DFT and MD calculations. However, building machine learning models for
electrode material prediction requires extensive data collection, often necessitating researchers to manually
extract large volumes of relevant data from published literature. Despite the labor-intensive and repetitive
nature of this process, no effective tools have yet emerged to automate it. More importantly, the availability
of high-quality data points in published manuscripts is often limited, and the presence of non-reproducible
data could misguide the model, significantly affecting the accuracy of subsequent predictions. As a result,
extensive experimental validation becomes necessary. To address these challenges, new algorithms need to
be developed to enhance the reliability and efficiency of predictive modeling in this field.

Therefore, colleges and universities must keep up with the times in electrochemical education. Many course
contents have yet to be updated to reflect recent developments. For instance, there is limited coverage of
electrosorption technology, new electrode materials, and advanced in-situ characterization techniques. As a
result, many emerging research results have been detached from the production and research status quo
described in traditional textbooks. In the era of AI, the introduction of new machine learning and deep
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learning models is driving the rapid development of electrochemical technology, necessitating
corresponding changes in education. Integrating scientific research with teaching can bridge this gap,
fostering a synergy that meets the growing demand for highly skilled professionals in modern society.
Enhancing electrochemical education not only helps students grasp the latest research developments, but
also cultivates their innovative thinking and problem-solving abilities, strengthening the connection
between scientific research and practical applications in education.

OUTLOOK

To summarize the previous section, electrochemical technology holds a broad application prospect in the
field of water pollution treatment. The future will be considered in the following multiple directions:

(1) Integration of AI: AT will play a crucial role in accelerating the design and development of materials for
electrochemical technology. By leveraging Al algorithms such as machine learning and deep learning, large
volumes of experimental data can be processed efficiently to predict optimal material combinations,
significantly reducing the iterative cycles of traditional experiments and improving the efficiency of

electrocatalyst development. However, as discussed above!"

, some Al-predicted electrode materials may be
challenging to synthesize due to complex or stringent conditions. To address this, the development and
application of more efficient and practical algorithms are essential. Future research should focus on

developing electrode materials that combine ease of synthesis with high performance.

(2) Electrocatalytic degradation of emerging pollutants: The degradation of novel pollutants through
electrocatalytic technology is one of the important directions for the future advancement of electrochemical
technology. Emerging pollutants (such as pharmaceutical residues, endocrine disruptors, antibiotics, etc.)
pose serious environmental and health risks due to their complex chemical structures and poor
biodegradability. With the continuous expansion of industrial production, the diversity and complexity of
these pollutants are increasing, demanding higher-performance electrode materials for electrocatalytic
applications. To meet this challenge, researchers should tailor electrode material development to specific
application scenarios, ensuring precise targeting and optimization. The advancement of new electrocatalytic
materials (e.g., single-atom catalysts, COFs, MXene, etc.), combined with in-depth research on reaction
mechanisms, is expected to transform electrocatalysis into a green, efficient, and sustainable solution,
providing strong technical support for the treatment of emerging pollutants and contributing to the
comprehensive upgrading and innovation of environmental protection technology.

(3) Scaling up electrosorption technology and enhancing resource recovery: The large-scale development
and resource recovery capabilities of electrosorption technology will be pivotal for its future progress.
Electrosorption, an electric field-driven adsorption process, offers advantages such as high efficiency, low
energy consumption, and strong selectivity. The key to its industrial application lies in the development of
large-scale, modular equipment tailored for real-world deployment. Additionally, as the technology
matures, its application in recovering valuable resources from wastewater (such as metal ions, salts, and
organics) will further enhance its economic and environmental benefits. Efficient resource recovery not
only minimizes waste but also significantly reduces wastewater treatment costs, supporting the dual goals of
resource recycling and environmental protection. In the future, advancements in material science and
engineering will unlock greater potential for electrosorption technology, particularly in the intelligent
design of large-scale equipment, cost-effective resource recovery, and multi-scenario applications.
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CONCLUSION

The future development of electrochemical technology is expected to follow a wide and diverse trend. It is
believed that researchers will be able to study and understand the reaction mechanisms at microscopic
interfaces in electrochemical processes by integrating advanced computational theories and Al techniques.
Meanwhile, it points out the challenges in the industrialization process and highlights the important role of
educational reform in training future technological innovators. Future research should further incorporate
practical data to tackle economic and stability problems associated with large-scale applications of
electrochemical wastewater treatment technologies. Additionally, educational reform is essential for
fostering technological innovation and talent training. Emphasizing interdisciplinary education and the
construction of teaching systems for emerging technologies will be key to advancing the industrialization
process.

DECLARATIONS

Authors’ contributions

Manuscript draft, drawing pictures, design: Huang, Q.

Guidance, framework proposed, funding acquisition: Huang, L.; Wang, Z.
English revision: Liao, H.

English summary: Yan, J.

Guidance, English summary: Li, H.

Data statistics, English summary: Guo, Y.

Guidance, editing review: Zhang, H.

Availability of data and materials
Not applicable.

Financial support and sponsorship

Basic and Applied Basic Research Foundation of Guangdong Province (2023A1515010038), 2023
Exploratory experiment construction project of Guangzhou University (S]202309), Guangzhou University
Large Equipment Open Sharing Fund Grants, 2024 Artificial Intelligence/Classroom Teaching Reform
Project of Guangzhou University, 2024 Guangzhou Municipal Higher Education Teaching Quality and
Teaching Reform Project (2024BQWGC003). 2024 Guangdong Postgraduate Academic Forum Summer
School Project. Teaching Quality and Teaching Reform Project for Undergraduate Colleges and Universities
in Guangdong Province in 2024. 2022 Guangzhou University graduate student “curriculum ideology and
politics” demonstration construction project. Provincial Natural Science Foundation of Guangdong
(2024A1515012707), Youth Foundation of SCIES (PM-zx097-202304-147).

Conflicts of interest
All authors declared that there are no conflicts of interest.

Ethical approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Copyright
© The Author(s) 2025.



Page 6 of 6 Huang et al. Water Emerg. Contam. Nanoplastics 2025, 4, 8 | https://dx.doi.org/10.20517/wecn.2024.79

REFERENCES

1.

10.

11.

12.

13.

Spreafico, C.; Russo, D. Investigating the evolution of the technologies for collecting microplastics. J. Environ. Manage. 2023, 326,
116710. DOI PubMed

Huang, Q.; Xie, S.; Sheng, L.; et al. High-performance fluoride removal by Fe/N co-doped microporous carbon: mechanism of
capacitive deionization with FeN,_ sites. Sep. Purif. Technol. 2025, 357, 130171. DOI

Bird, G. V. Observations on the electro-chemical influence of long-continued electric currents of low tension. Phil. Trans. R. Soc.
1837, 127,37-45. DOI

Vik, E. A.; Carlson, D. A.; Eikum, A. S.; Gjessing, E. T. Electrocoagulation of potable water. Water. Res. 1984, 18, 1355-60. DOI
Blair, J. W.; Murphy, G. W. Electrochemical demineralization of water with porous electrodes of large surface area. In: Saline water
conversion. Washington: American Chemical Society; 1960. pp. 206-23. DOI

Hou, S.; Zhao, X.; Liu, Y.; et al. Spatial analysis connects excess water pollution discharge, industrial production, and consumption at
the sectoral level. npj. Clean. Water. 2022, 5, 152. DOI

Zhang, Z.; Zhang, Z.; Chen, C.; et al. Single-atom platinum with asymmetric coordination environment on fully conjugated covalent
organic framework for efficient electrocatalysis. Nat. Commun. 2024, 15, 2556. DOI PubMed PMC

Mansoor, N. E.; Diaz, L. A.; Shuck, C. E.; Gogotsi, Y.; Lister, T. E.; Estrada, D. Removal and recovery of ammonia from simulated
wastewater using Ti,C,T, MXene in flow electrode capacitive deionization. npj. Clean. Water. 2022, 5, 164. DOI

Tripathy, D. B. Recent advances on 2D metal organic framework (MOF) membrane for waste water treatment and desalination.
Desalination 2024, 592, 118183. DOI

Li, Y.; Huang, A.; Zhou, L.; et al. Main-group element-boosted oxygen electrocatalysis of Cu-N-C sites for zinc-air battery with
cycling over 5000 h. Nat. Commun. 2024, 15, 8365. DOl PubMed PMC

Butler, K. T.; Davies, D. W.; Cartwright, H.; Isayev, O.; Walsh, A. Machine learning for molecular and materials science. Nature
2018, 559, 547-55. DOI PubMed

Jiang, C.; He, H.; Guo, H.; et al. Transfer learning guided discovery of efficient perovskite oxide for alkaline water oxidation. Nat.
Commun. 2024, 15, 6301. DOI PubMed PMC

Schmidt, J.; Marques, M. R. G.; Botti, S.; Marques, M. A. L. Recent advances and applications of machine learning in solid-state
materials science. npj. Comput. Mater. 2019, 5,221. DOI


https://dx.doi.org/10.1016/j.jenvman.2022.116710
http://www.ncbi.nlm.nih.gov/pubmed/36403460
https://dx.doi.org/10.1016/j.seppur.2024.130171
https://dx.doi.org/10.1098/rstl.1837.0007
https://dx.doi.org/10.1016/0043-1354(84)90003-4
https://dx.doi.org/10.1021/ba-1960-0027.ch020
https://dx.doi.org/10.1038/s41545-022-00152-7
https://dx.doi.org/10.1038/s41467-024-46872-x
http://www.ncbi.nlm.nih.gov/pubmed/38519497
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC10960042
https://dx.doi.org/10.1038/s41545-022-00164-3
https://dx.doi.org/10.1016/j.desal.2024.118183
https://dx.doi.org/10.1038/s41467-024-52494-0
http://www.ncbi.nlm.nih.gov/pubmed/39333097
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC11436649
https://dx.doi.org/10.1038/s41586-018-0337-2
http://www.ncbi.nlm.nih.gov/pubmed/30046072
https://dx.doi.org/10.1038/s41467-024-50605-5
http://www.ncbi.nlm.nih.gov/pubmed/39060252
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC11282268
https://dx.doi.org/10.1038/s41524-019-0221-0

