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Introduction: Poly(vinylidene fluoride-trifluoroethylene) [P(VDF-TrFE)] stands out as an organic polymer with remarkable piezoelectric properties, coupled with high chemically stability and biocompatibility, rendering it the most promising organic piezoelectric nanomaterial. Therefore, we aim to explore its developmental history, find current research hotspots, and identify emerging trends.
Methods: To comprehensively review the pertinent literature on poly(vinylidene fluoride-trifluoroethylene) or P(VDF-TrFE) in English from 1992 to 2022, we utilized the Web of Science Core Collection. Additionally, bibliometric tools such as CiteSpace, VOSviewer, Bibliometrics online analysis platforms (https://bibliometric.com), along with SCImage graphics, were employed to delineate historical features, track the evolution of active topics, and identify emerging trends on the P(VDF-TrFE) field.
Results: The annual publication and citation counts for articles on P(VDF-TrFE) have exhibited consistent growth since 1992, with Asia, notably China, contributing the highest number of publications on P(VDF-TrFE) materials. Interestingly, researchers in the United States demonstrated the most robust international collaborations across various countries. Keywords were categorized into nine clusters: 0# vinylidene fluoride, 1# thin-film transient, 2# energy harvesting, 3# dielectric property, 4# thin film, 5# film, 6# mobile modeling, 7# growth, and 8# pyroelectric sensor. The performance of constituent materials in electronic energy-storage applications and current and future research in nanofields, including nanofilms, nanofibers, and nanogenerator, are considered hotspots and developmental trends, respectively. Among the most cited articles, these articles are commonly related to PVDF and P(VDF-TrFE) ferroelectricity.
Conclusion: Therefore, we believe that the electromechanical coupling performance of P(VDF-TrFE) and the research in nano fields is research hotspot that will trend into the future.
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1 INTRODUCTION
Polyvinylidene fluoride (PVDF) stands out as an outstanding polymer, which was synthesized for the first time in 1948. Despite its early inception, PVDF did not garner immediate attention. However, subsequent investigations revealed that PVDF films exhibit robust piezoelectric effects under uniaxial stretching conditions, elevated temperatures, and high electric fields. As a result, it has earned recognition as a pioneering piezoelectric organic polymer. Over time, extensive research has led to widespread applications of PVDF in various fields, including sensors, transducers, optical devices, and biomedical scaffold materials (Pierre, 2001; Salimi and Yousefi, 2003; Liu et al., 2011; Karan et al., 2015; Lu et al., 2020). In a bid to delve deeper into the ferroelectric properties of PVDF, scholars have introduced trifluoroethylene in proportion to PVDF (Teyssedre et al., 1995). This addition has given rise to a ferroelectric polymer termed poly(vinylidene fluoride–trifluoroethylene) [P(VDF–TrFE)]. Notably, this material undergoes ferroelectric–paraelectric phase transitions. Moreover, exposure to high-energy electron radiation induces a pronounced electrostrictive effect on P(VDF–TrFE) films (Zhang et al., 1998). Consequently, P(VDF–TrFE) has emerged as a focal point in the exploration of ferroelectric polymers. The underlying source of the piezoelectric and ferroelectric attributes of P(VDF–TrFE) lies in its molecular backbone, which incorporates highly electronegative fluorine atoms. These atoms confer significant polarity to the C-F bonds within the material. The rotational potential energy between TrFE and VDF units in the polymer prevents the formation of a helical P(VDF–TrFE) molecular chain structure; rather an all-trans configuration (TTTT) is formed (María et al., 2022), as shown in Supplementary Figure S1. In other words, fluorine atoms in P(VDF–TrFE) are gathered on one side of the main carbon chain to the maximum extent, leading to dipole moments between fluorine and hydrogen atoms. The dipoles in each cell are oriented in the same direction and form a strongly polar β-phase structure. The semi-crystalline structure of P(VDF–TrFE) is characterized by the non-alignment of internal positive and negative charges, enabling spontaneous polarization. However, the polarization directions within distinct regions, referred to as ferroelectric domains, are not uniformly distributed, leading to a macroscopic cancellation of polarization when observed externally. Nevertheless, it is essential to note that within each ferroelectric domain, polarization directions maintain consistency. External electric fields or forces can significantly influence these ferroelectric domains. In response, the volume of each domain increases, thereby enhancing its polarization intensity. Notably, when compared to PVDF, P(VDF–TrFE) demonstrates superior thermal stability, effective electromechanical coupling factors, and heightened piezoelectric performance (Lovinger et al., 1983; Gregorio and Botta, 1998).
In 1978, Hicks et al. (1978) reported that the dielectric constant of P(VDF–TrFE) exhibits temperature dependency, and the transition from the ferroelectric state to the paraelectric state is governed by the temperature. The systematic arrangement of dipoles in the β-phase P(VDF–TrFE) crystal was confirmed through slow annealing, establishing its ferroelectric nature (Hafner et al., 2021). However, the practical application of P(VDF–TrFE) is constrained by its piezoelectric coefficient (d33), which is less than −30 pC·N⁻1, which limits its practical applications (Hu et al., 2020). Consequently, researchers have explored the development of piezoelectric nanocomposites by incorporating inorganic piezoelectric materials (Hu et al., 2019; Khan et al., 2021), piezoelectric ceramics (Wang et al., 2018), and metal ions (Jia et al., 2019; Wang et al., 2019) into P(VDF–TrFE) as a matrix, with excellent piezoelectric properties reported. (Yin et al., 2019). Such materials have been widely used to measure electroacoustic, ultrasonic, underwater acoustic, biomedical engineering, and mechanical properties (Zhou et al., 2020).
Over the past three decades, the annual research output on P(VDF–TrFE) has witnessed a consistent increase, resulting in the publication of numerous articles across a diverse spectrum of journals. The majority of these contributions are categorized under multidisciplinary materials science, applied physics, condensed matter physics, and nanotechnology/nanoscience. Searching the literature to determine the current state of P(VDF–TrFE) material research and the associated hotspots is a time-consuming and laborious task. In contrast to traditional reviews, bibliometrics are capable of more objectively and comprehensively providing a historical overview and determining the research hotspots and developmental trends in a specific field.
In this study, we used CiteSpace, VOSviewer, and bibliometric online analysis platforms (https://bibliometric.com) and SCImage graphics software to visually analyze English articles related to P(VDF–TrFE) materials published since 1992, with the aim of exploring its developmental history and finding the current research hotspots.
2 METHODS
2.1 Data collection
All relevant results on poly(vinylidene fluoride–trifluoroethylene) or P(VDF–TrFE) in English between 1992 and 2022 were retrieved from the Web of Science Core Collection (WoSCC) as the object database, through the Science Citation Index Expanded (SCIE). A total of 1,968 eligible records were saved as plain text files and tab-delimited files in the “Full Record and Cited References” format for analysis.
2.2 Bibliometric analysis tools
CiteSpace, VOSviewer, and bibliometric online analysis platforms (https://bibliometric.com) and SCImage graphics software were used in this study. Different analysis software tools were used for each topic.
2.2.1 The historical features of P(VDF–TrFE)-related articles
We clicked on Citation Report on the data collection page of the WoSCC and adjusted the publication time to 1992–2022. We then analyzed the citation index corresponding to the number of papers published annually from 1992 to 2022 and obtained information on the top 10 cited papers.
2.2.2 Scientific cooperation between different regions
Studied research topics can depend on the geographical region, and the national research status can be reflected through publications. However, scientific research requires extensive cooperation, and investigating scientific cooperation can reveal the research status of specific scientific fields more deeply (Chen, 2004). VOSviewer preprocesses and then processes the data using SCImage to reveal the global geographic distributions of publications and the intensity of national cooperation. CiteSpace processes the data to produce timelines and clustering relationships between different countries.
2.2.3 Scientific cooperation between institutions and researchers
The relationships between researchers, institutions, and countries can better reflect the research status of a certain field. CiteSpace defines scientific cooperation by analyzing the convergence relationship between authors and institutions and the research timeline and analyzes the most influential research institutions and researchers using the bibliometric online analysis platform.
2.2.4 Keywords
Keywords related to the P(VDF–TrFE) research theme are time-dependent, and this dependency can objectively reflect the research trend in a specific scientific field. CiteSpace was used to analyze keyword clustering between 1992 and 2022, with the date objectively presented in the form of a keyword timeline chart. VOSviewer was used to analyze the thermographic keyword. We used a specific text data-mining algorithm to identify “activity bursts” and used them to show how interests in certain research topics change over time, using CiteSpace to detect keyword bursts (Kleinberg, 2003).
2.2.5 References
Co-citation can highlight the reading value and research trend of cited literature, which enables scholars to quickly obtain valuable research articles from thousands of published articles and mine them in an in-depth manner (Chen et al., 2010; Chen et al., 2014). Information related to the most cited articles and associated research papers was obtained through CiteSpace clustering analysis, with information pertaining to highly cited references at various stages between 1992 and 2022 researched through burst detection.
2.2.6 Journal analysis
More reliable reference options can be provided to scholars when writing papers and selecting target journals by analyzing journals that publish papers related to P(VDF–TrFE). The top 10 journals with the most citations, total citations, and average citations were selected through the bibliometric online analysis platform, after which the coexisting relationships between journals were analyzed through CiteSpace clustering. The relationship between periodic publishing and time was analyzed by detecting bursts.
3 RESULTS AND DISCUSSION
3.1 Historical features of P(VDF–TrFE)-related articles
The number of research reports on P(VDF–TrFE) grew with each passing day between January 1992 and December 2022, with a cumulative total of 1,968 papers spanning across 64 disciplines. Multidisciplinary materials science emerged as the predominant category, which accounted for 42.23% (831/1,968) of the articles, followed by applied physics and condensed matter physics, which accounted for 39.02% (768/1,968) and 18.50% (364/1,968) of the articles, respectively (Supplementary Figure S2). In 1992, 11 articles related to P(VDF–TrFE) were published, accompanied by a single citation. Since then, the annual publication rate has consistently risen, reaching its highest level in 2019 with 154 papers. Simultaneously, the number of citations also increased significantly, peaking in 2021 at 6,462 times, resulting in a total of 45,712 citations and an average of 23.23 citations per article (Figure 1). Chinese researchers have been particularly prolific in contributing to P(VDF–TrFE) literature, publishing the highest number of articles with 677 articles (34.40%). This represents a significant share, with an average of 60 relevant articles per year in the most recent 4 years. Researchers from the United States (USA) published the second largest number of articles with 312 papers (15.85%), which is less than half the number of articles published by Chinese researchers (Supplementary Figure S3). Therefore, we have a reason to believe that research on P(VDF–TrFE) is increasing, with Chinese researchers taking the lead.
[image: Figure 1]FIGURE 1 | Number and citation frequency of the published articles on P(VDF–TrFE) from 1992 to 2022.
We conducted an analysis of the top 10 most cited articles, as outlined in Table 1. The article authored by Zhang et al. (1998) stands out with an impressive citation count of 1,246, having been published in Science, a premier international journal. This seminal paper was the first to propose that irradiating P(VDF–TrFE) with electrons induces significant electrostriction and ferroelectric relaxation. The key insight presented suggests that electron irradiation disrupts the coherent polarization domain (all-trans chains) in the normal ferroelectric P(VDF–TrFE) copolymer, transforming it into a relaxor ferroelectric with nanopolar regions (nanometer-size, all-trans chains interrupted by trans and gauche bonds). The top 10 most frequently cited articles all found their place in Journal Citation Reports (JCR) Q1 magazines, most of which are the top journals in the field, including Science, Advanced Materials, and Nature Materials, among others. Notably, the study by Kim et al. (2014), published in the Journal of the American Chemical Society, consistently garnered the highest annual citation count on average. This particular paper marks a significant advancement toward plastic electronic products with excellent charge mobilities (14.4 cm2/V·s), achieved through coating with P(VDF–TrFE) and poly(thienoisoindigo-alt-naphthalene).
TABLE 1 | Top 10 most cited articles.
[image: Table 1]Therefore, the research on P(VDF–TrFE) mainly focuses on its electrostriction and ferroelectric relaxation and coating modification to obtain more excellent ferroelectric and piezoelectric properties.
3.2 Scientific cooperation between regions
The global distribution of publications on P(VDF–TrFE) reveals a concentration in Asia, North America, and Europe (Figure 2). Notably, researchers in France (1992), Brazil (1993), Germany (1993), Japan (1993), and the United States (1993) were among the pioneers, starting investigations on P(VDF–TrFE) materials in 1992 and 1993. Subsequently, China (1995) and Russia (1996) joined the ranks in 1995 and 1996, respectively, contributing significantly over extended periods (Figure 2B).
[image: Figure 2]FIGURE 2 | Strength chart of the published articles in different countries. (A) General geographical distribution map of global publications; (B) timeline chart of the articles published by different countries; (C) cluster diagram of the articles published in different countries; and (D) overall contact map of different countries.
Cumulatively, Chinese researchers take the lead in P(VDF–TrFE) publications with 677 papers, followed by the United States (312 papers) and South Korea (287 papers). The cluster chart in Figure 2C visually represents the contributions from various countries, with the size of each circle indicating the publication volume. Despite China having the highest number of papers, the United States emerges as the leader in international collaboration, followed by China, France, and Japan (Supplementary Figure S4). The color intensity, as shown in Figure 2D, signifies the level of international cooperation from other countries.
The identification of strong reference bursts has allowed for an in-depth analysis of P(VDF–TrFE) research across different countries and time periods, revealing hotspots and trends (Supplementary Figure S5). The red line in the figure highlights the most active time span for published articles. Notably, although French researchers initiated P(VDF–TrFE) investigations, their activity was concentrated between 1992 and 1998. In contrast, researchers from India (2018–2022), Australia (2019–2022), Chinese Taiwan (2020–2022), and Austria (2020–2022) began their activities later (in 2010, 2011, 2009, and 2007, respectively) and are currently engaged in ongoing research.
3.3 Scientific cooperation between institutions and researchers
The Pennsylvania State University takes the lead among single institutions in publishing P(VDF–TrFE)-related articles, boasting a total citation frequency of 2,575 and the highest average and average first-author citation frequencies. Although China contributed the largest number of publications, the institutional influence of The Pennsylvania State University surpassed that of any single Chinese institution. Notably, seven Chinese institutions, namely, the Hong Kong Polytechnic University, the Chinese Academy of Sciences, Xi’an Jiaotong University, Nanjing University, Tsinghua University, Zhejiang University, and Fudan University, prominently feature under the top 10 institutional influences (Table 2).
TABLE 2 | Top 10 most influential institutions.
[image: Table 2]Examining the clustering graph of the total number of published articles according to institutions, The Pennsylvania State University is enclosed within the largest circle, signifying that researchers from this institution published the highest total number of articles (Figure 3A). Further clustering, where 15 is set as the lower boundary value for the total number of articles published by an institution, underscores China’s dominance in the number of articles published by a single Chinese institution, which is still less than that of The Pennsylvania State University in the United States (Figure 3B).
[image: Figure 3]FIGURE 3 | Articles published by different institutions. (A) Cluster diagram of the articles published by different institutions; (B) timeline chart of the articles published by different institutions.
Timeline charts for P(VDF–TrFE)-related research papers from various institutions highlight the popularity and research hotspots in different countries. The Pennsylvania State University and the Chinese Academy of Sciences emerge as leaders in conducting research on P(VDF–TrFE) materials. Notably, numerous institutions worldwide engage in P(VDF–TrFE) material research as the timeline progresses, including the Hong Kong Polytechnic University and South China University.
For evaluating author influence, their contribution and impact were assessed based on the citation frequency and average citation frequency of articles related to P(VDF–TrFE) materials written by the author as the first or corresponding author (Table 3). Noteworthy authors include Martins and Lanceros (Fujisaki et al., 2007), with their papers considered representative studies. Among the top 10 authors, teams in the United States that include Zhang et al. (1998) received the highest number of citations (Supplementary Table S1). This analysis underscores the importance of considering both the number of papers published and their impact, as demonstrated by the example of Chan and his team, who published a significant number of articles but received fewer citations on average (Supplementary Table S2). This emphasizes the need to evaluate an author’s influence by examining both the quantity and impact of their work.
TABLE 3 | Top 10 most cited authors who published P(VDF–TrFE) articles as the first or corresponding author.
[image: Table 3]3.4 Keywords
The keyword clustering analysis, conducted using CiteSpace software, revealed nine distinct clusters, each encompassing specific themes within P(VDF–TrFE) research. Figure 4A illustrates the following nine clusters: cluster 0# vinylidene fluoride, cluster 1# thin-film transient, cluster 2# energy harvesting, cluster 3# dielectric property, cluster 4# thin film, cluster 5# film, cluster 6# mobile modeling, cluster 7# growth, and cluster 8# pyroelectric sensor. A thermographic keyword display was created to delve deeper into each cluster, and vinylidene fluoride (VDF) is the raw material used to synthesize P(VDF–TrFE), and it ranked first in the keyword cluster (Figure 4B). As excellent piezoelectric materials, PVDF and P(VDF–TrFE) can create electrical energy for storage by widely collecting mechanical energy (Yoon et al., 2010). Therefore, significant research attention has been directed toward nanogenerators in recent years (Supplementary Figure S6). A P(VDF–TrFE) piezoelectric film was prepared using electrospinning technology for use in sewage treatment (Tseng et al., 2013), ultrasonic transducers (Jeong and Shung, 2013), and magnetoelectric strain-coupling (Mardana et al., 2011) applications, as well as cell experiments (Li et al., 2022). The keyword “temperature” is presented in the heatmap, which is not as hot as film or VDF, but the piezoelectricity and ferroelectricity of P(VDF–TrFE) films are affected by the temperature and the morphology of the films, as well as the conformation and orientation of the crystals change significantly after thermal annealing (Qian et al., 2018; Ng et al., 2020; Hafner et al., 2021).
[image: Figure 4]FIGURE 4 | Keywords. (A) Cluster diagram of the keywords; (B) heatmap chart of the keywords.
P(VDF–TrFE) forms nanoparticles with both ferroelectric and piezoelectric properties. The keyword “nano” exhibited a burst, mainly between 2018 and 2022 and included nanoparticle (2018–2022, strength: 8.47), polymer nanocomposite (2019–2022, strength: 8.15), nanogenerator (2020–2022, strength: 8.95), and nanofiber (2020–2022, strength: 6.82) (Supplementary Figure S7). Therefore, we believe that the preparation of nanogenerators using P(VDF–TrFE) will be a research hotspot in the next few years owing to its excellent piezoelectric properties.
3.5 References
Citation analysis using CiteSpace is limited to a maximum of 1,000 papers. To overcome this limitation, the citations were analyzed in two parts: the first 15 years (1992–2007) and the last 15 years (2007–2022). Supplementary Figures S8, S9 include a cluster diagram and the top 25 references with the strongest article citation bursts between 1992 and 2007, respectively. In 2014, Martins et al. (2014) published their research on the electrical activities of PVDF and P(VDF–TrFE), cited at a frequency of up to 85 times per year. Subsequently, Hu et al. (2008) in 2008 explored high-density arrays of ferroelectric polymer nanostructures in Nature Materials, receiving a citation frequency of 49 times per year. The third notable reference is a review article on ferroelectric-based organic nonvolatile memory devices by Naber et al. (2010) in 2010, cited up to 35 times per year. A cluster diagram of citations since 2007 is depicted in Figure 5.
[image: Figure 5]FIGURE 5 | Cluster diagram of the citation analysis of the last 15 years (from 2007 to 2022).
Supplementary Figure S10 showcases the top 25 articles with the strongest citation bursts between 2007 and 2022. Naber et al. (2005) published their research on organic nonvolatile memory-based transistors, with a strength of up to 24.38 observed. Since 2017, cited references have dramatically changed, featuring works by Liu et al. (2018), Chen et al. (2017), and Katsouras et al. (2016). These recent articles are commonly related to PVDF and P(VDF–TrFE) ferroelectricity, suggesting that the electromechanical coupling performance of P(VDF–TrFE) remains a prominent and evolving research hotspot.
3.6 Journal analysis
Applied Physics Letters stands out as the journal with the highest number of citations related to P(VDF–TrFE) materials, publishing a total of 84 related articles with a cumulative citation count of 660. Among the top 10 journals, 60% of journals are classified as JCR Q1, 30% as JCR Q2, and 10% as JCR Q4. These journals are primarily based in the United States (six), England (two), and the Netherlands (two) (Table 4). Ferroelectrics, among the various journals, has published the largest number of articles on P(VDF–TrFE) materials, totaling up to 114 (Supplementary Table S3).
TABLE 4 | Top 10 journals with the most citations.
[image: Table 4]The cited journal frequency cluster diagram (Figure 6) illustrates strong relationships between the cited journals. The Journal of Applied Physics exhibited the highest strength (67.72) when analyzing the top 25 cited journals with the strongest bursts. The burst analysis reveals that many journals were cited extensively from the beginning of 2000, with some continuing until 2013 (Supplementary Figure S11). As an example, Science, despite having only three papers related to P(VDF–TrFE) materials published between 1992 and 2022, has had a significant impact. Zhang et al. (1998) published in 1998 and Neese et al. (2008) and Guo et al. (2021) published in 2008 and 2021, respectively, with these three articles being cited on an average of 117.67 times per year (Supplementary Table S4). Since 2019, articles published in the Journal of Materials Chemistry A, Polymers, ACS Applied Materials & Interfaces, Advanced Electronic Materials, Nano Energy, Advanced Science, Composite Materials Part B: Engineering, and Advanced Materials Technologies have continued to receive citations until 2022. Notably, these journals all fall under the JCR division Q1, suggesting that choosing such journals to publish articles related to P(VDF–TrFE) materials may represent a trend in the field.
[image: Figure 6]FIGURE 6 | Cluster diagram of the cited journals.
4 CONCLUSION
Research on P(VDF–TrFE) materials has seen a continuous increase since 1992, accompanied by a significant rise in the citation rate of articles. Notably, a substantial proportion of articles are contributed by researchers in Asia, with China leading the way and accounting for 34.40% of the total number of articles. The top 10 influential institutions engaged in P(VDF–TrFE) research predominantly hail from China (six institutions), followed by the United States (three institutions). Keyword analysis has been employed to offer insights into the historical progression and research trends of P(VDF–TrFE) materials. These trends extend to nanomaterials, including nanofibers and nanogenerators, showcasing the evolving performance of constituent materials and their applications in energy reserves for use in electronics. A notable observation is the commonality between cited articles and published journals, suggesting that future trends may revolve around ferroelectric research involving P(VDF–TrFE) and the meticulous selection of high-quality journals for publication. This reflects the anticipation of sustained interest and advancements in these areas within the field of nanomaterials.
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