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The spectroscopy technique (ST) has emerged as a reliable and stable analytical tool for

understanding cultural heritage (CH), yet existing reviews have focused on specific techniques and
categories. This research fills this knowledge gap by conducting a comprehensive bibliometric
analysis of Web of Science (WoS) literature from 1992 to 2024, integrating qualitative and quantitative
insights to illuminate the field’s macro-evolution. Our analysis reveals a transformative journey, from
aninitial phase to an advanced stage, characterized by the integrated application of multi-spectral and
multi-assistive techniques. This shift reflects a profound change from analyzing chemical and physical
systems to molecular material characterization, now encompassing diverse heritage forms, including
artifacts, murals, paintings, bronzes, stones, and crystals. The varied material properties necessitate
tailored spectroscopic approaches, particularly the synergistic combination of Raman, Laser-Induced
Breakdown Spectroscopy (LIBS) and Infrared Spectroscopies. Despite progress, challenges persist
due to data availability, complexity, and uncertainty. We identify key opportunities to catalyze spectral
technology upgrades and sustainable CH development: accelerating machine learning system
development, enhancing Raman spectroscopy (RS) detection, and reducing operational costs. By
addressing these hurdles, spectroscopy can further empower CH preservation, conservation, and
understanding, ultimately enriching our cultural legacy. This study provides a foundational framework
for future research, fostering collaboration and innovation at the nexus of spectroscopy and CH. lts
findings will inform strategic investments, methodological refinements, and interdisciplinary dialogue,

ensuring a vibrant, technologically advanced, culturally responsive heritage science.

Spectroscopy technique are powerful analytical tools that examine various
substances’ composition, structure, and properties. These techniques
leverage the interaction between the material and light or particle probes to
obtain more objective data'~. Spectroscopic analysis involves quantifying
the absorption, emission, scattering, and other light-related phenomena
exhibited by the studied substances’. This is achieved by examining
absorption, emission, and fluorescence spectra, which provide insights into
the chemical and physical characteristics of the materials’”. These char-
acteristics are non-invasive and non- or micro-destructive®, making spec-
troscopy technique highly applicable in materials chemistry,
environmental monitoring, and life sciences’™'. Spectroscopy tech-
nique plays a crucial role in cultural heritage by providing analysis,
protection, and solutions'.

Cultural heritage embodies the intangible memories and spiritual
significance tied to specific eras, places, and communities, manifesting in
tangible artifacts that convey historical, artistic, scientific, and societal
values'”™". These irreplaceable cultural assets, which have accrued over time,
are prone to deterioration due to a confluence of environmental and
human-related factors, including the pervasive impact of air pollution'®.
Spectroscopy technique is a crucial ally in heritage research, offering effi-
cient, precise methods for artifact characterization and condition
assessment'’ . By reliably identifying material composition, spectroscopy
technique illuminates production processes and origins, such as tracing
ceramic manufacturing techniques through chemical analysis of sherds.
This nuanced understanding directly informs sustainable conservation and
development strategies, safeguarding the rich cultural narratives embedded
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in these artifacts’. By bridging analytical rigor and cultural significance,
spectroscopy technique significantly enhances our capacity to preserve,
interpret, and transmit heritage values for future generations™.

Despite spectroscopy technique’s recognized potential in uncovering
cultural heritage lineages and conditions, existing reviews have focused
narrowly on specific techniques, neglecting a systematic, field-wide
perspective” . This oversight obscures spectroscopy technique’s broader
implications for understanding cultural heritage’s far-reaching influences
on community life, cultural identity, and modern society’ ", which are
increasingly explored by sociologists, economists, and anthropologists™™".
The sparse, technique-centric literature has demonstrated spectroscopy
technique’s value in preserving particular heritage types, such as paintings,
architecture, and metalwork. However, these studies represent a fragmented
subset of cultural heritage research, overlooking the full spectrum of
applications and recent breakthroughs™**. While Bitossi et al.” offer a more
extensive survey on spectroscopy technique, their work lacks timeliness in
relevant assessments. Recent advancements in the use of spectroscopy
technique in cultural heritage include their application for depth profiling of
material surfaces™ and detecting information in opaque layers’**. However,
the current literature has yet to comprehensively evaluate these emerging
applications, revealing a significant gap in research.

Given the current rate of progress in the field, this research aims to
provide a thorough and well-organized examination of how spectroscopy
techniques are being applied in the domain of cultural heritage. By gen-
eralizing and summarizing the existing applications, the study will analyze
these techniques from a multidisciplinary perspective, utilizing three bib-
liometric analysis software tools to perform visualization, qualitative ana-
lysis, and quantitative analysis of the relevant data. Understanding the
current status and future direction of the application of spectroscopy
technique in cultural heritage is of critical importance. This study will assess
the key characteristics and map the knowledge domains, such as through co-
word analysis, to identify the prominent topics in spectroscopy technique in
cultural heritage (STCH). Additionally, it will track the evolution of the
knowledge base in recent years and attempt to predict future research
directions in this field.

Data sources and methods

Data source

This study’s research methodology involves a comprehensive data collection
and screening approach. The first step is to consult references from the WoS
database, recognized as a reliable source for accurate and complete citation
information®. To make this research more scientifically sound, search
words were used to narrow the results*’. The goal of the second step was to
get database records. Specific criteria were used to choose papers from
academic journals in several databases relevant to the study topic. This
information came from the WoS because search words were put into the
subject field. The entire search term is (TS= (“heritage” OR “cultural heri-
tage”) And TS= (“spectroscopy” OR “spectral technology” OR “spectral”
OR “spectra”) And DT= (“Article” OR “Review”) And LA= (“English”)).
Bibliometric studies show that articles and reviews are more significant to
science than meeting proceedings or book reviews, so they should be
considered"’. The third step involved a careful screening and selection of the
references. This study extracted 2722 articles and reviewed them to ensure
they met the inclusion standards. The main points of each article were
thoroughly read and analyzed to determine their relevance to the subject
matter. Two types of literature were excluded: (1) these that mentioned
STCH only as supplementary information and (2) those that provided
relevant information on a specific research issue but were not directly related
to ST or CH. After this screening process, 2435 peer-reviewed articles were
selected for further bibliometric analysis (Fig. 1).

Research methods

Bibliometric analysis is a quantitative approach to evaluating and tracking
scholarly literature by studying referenced publications”. This research
utilizes CiteSpace, VOSviewer, and Scimat as main research tools. Citespace

and Vosviewer are valuable tools for researchers; those software are well-
suited for managing extensive datasets and producing visually appealing
representations of data****. VOSviewer can process and visualize various
datasets using advanced algorithms and computational logic, producing
high-quality visualizations*”. In addition, SCIMAT is a freely available soft-
ware for documenting the development of research topics and concepts™; it
can generate maps that cluster thematic evolution.

Results

Spatial and temporal distribution

Publications. Using data exclusively from WoS database, the evolution
of publications on STCH from 1992 to 2024 can be categorized into four
distinct periods (Fig. 2).

Phase1(1992-2002): there were no more than six articles per year, with
a slow and erratic growth. Many different spectroscopic methods where
published in at Laser Spectroscopy: Proceedings of the 10th International
Conference” in 1992. These techniques laid the foundation for ST study in
CH. Laser ST and RS have made a big difference in CH and can be used to
discover the materials used to create historical artifacts*.

Phase II (2002-2008): there was a steady growth trend. Following the
7th International Conference on Non-Destructive Testing and Micro-
analytics in 2002, ST's got more attention in CH, and the study on evaluation
methods grew in scope and depth®. For example, a shared database of
information on heritage materials was created”’. Researchers have seen how
useful ST is for managing safety and conducting scientific assessments in
CH’". This stage is named the growth and application stage. More and
more data is being collected by high-tech analytical tools, which can tell the
difference between different materials, look for signs of degradation, and
learn about the environment™ .

Phase IIT (2008-2015): phase III saw the constant use of ST in CH. At
the Eighth Biennial Conference in 2008, ST became an excellent tool for
conducting CH research. ST is used a lot in conservation science”™, art
technology®, and archeological surveys®, especially to examine trace
samples”’. Multispectral combining methods are also becoming more
common in CH studies®*.

Phase IV (2015-2023): this stage got new ideas than before. Since 2015,
the number of publications on this theme has grown quickly and steadily,
with more than 174 publications each year. This is expected to reach and
pass 250 at the end of 2024, showing that protecting and evaluating CH is
critical®. The number of ST papers in the applied literature for CH went up
in 2015 because of several academic conferences”. Related research
exploded during this period, and new ideas are being developed. For
example, more STs are being combined or synchronized for CH, and there
are new assessment methods, techniques, and tools**”. Machine learning is
even used to promote climate adaptation and ecological restoration””".

Thematic overlapping map. Analyzing the development of STCH from
1992 to 2024 reveals a pivotal shift in this research trajectory. Figure 3
presents four distinct periods, depicted chronologically from left to right
within four circular segments. These periods encompass the years
1992-2002, 2003-2008, 2009-2015, and most recently, 2016-2024.

1992-2002 (Phase I): 24 research themes were identified in this period,
50% of which persisted in subsequent periods.

2003-2008 (Phase II): during this period, there were 123 research
themes, including 111 emerging and 15 lost themes, while 88% of the
original themes were retained.

2009-2015 (Phase III): the number of themes increased to 307,
including 199 emerging themes and 10 lapsed themes. This phase retained
97% of the research themes for 2020-2024.

2016-2024 (Phase IV): the latest phase includes 445 research themes,
of which 148 are new.

Country distribution. The collaboration among countries in STCH is
illustrated in Fig. 4. The size of the dots corresponds to the number of
publications per country in this research area, while the width of the lines
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Fig. 2 | Number of publications output per year.

Fig. 3 | STCH thematic overlapping map.
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Table 1 | Top 10 institutions with the highest number of citations and total link strength

Id Institutions Citations Institutions Total link strength
1 The National Research Council (ltaly) 3797 The National Research Council (ltaly) 1564
2 Universita degli studi di Perugia 1543 University of Antwerp 669
3 University of Florence 1359 Universita degli Studi di Perugia 667
4 Centre National de la Recherche Scientifique 1345 Politecnico di Milano 615
5 University of the Basque Country 1254 European Synchrotron Radiation Facility 538
6 The National Centre for Scientific Research 1166 Synchrotron Soleil 527
7 University of Antwerp 1139 University Ghent 524
8 Politecnico di Milano 1044 Rutherford Appleton Laboratory 513
9 Université Paris VI 923 University of the Basque Country 504
10 University Ghent 896 Centre National de la Recherche Scientifique 442

indicates the extent of cooperation between the countries. Italy emerges
as the most proactive country, collaborating extensively with countries
such as Spain, the United States, and France. France is the second-highest
country in this field and closely cooperates with Germany and Portugal.
Despite their relatively lower publication counts, countries like China,
Japan, Greece, the Netherlands, and the UK actively contribute to and
collaborate with others in STCH. This research highlights the prominent
role of developed countries in science, technology, and health, both in
terms of research output and international collaboration. This emphasis
on cooperation facilitates the flow of knowledge and promotes the
advancement of research and development in applying ST's to the study
and preservation of CH. The interconnectedness of the global research
community, as evidenced by the collaborative networks, underscores the
importance of cross-border cooperation and knowledge sharing in
driving progress in this multifaceted field of inquiry.

Contributing institutions. Table 1 presents the top 10 institutions
ranked by citation count. The Italian National Research Council leads

with 3797 citations, followed by the Universita degli studi di Perugia
(1543 citations) and the University of Florence (1359 citations) in second
and third place, respectively. Notably, citation volume does not directly
determine collaboration intensity. The National Research Council stands
out, combining high citations with collaboration (total link strength).
The University of Antwerp and Universita degli Studi di Perugia also
show substantial partnership, with total link strengths of 669 and 667,
respectively. This nuanced analysis reveals that citation impact and
collaborative engagement contribute to an institution’s research influ-
ence in heritage science.

Co-occurring keyword analysis

Co-occurring keyword analysis revealed six distinct categories, each tightly
linked to a specific research theme (Fig. 5). Technology applications (green)
are directly combined with STCH, intersecting with keywords like painting,
art, and hyperspectral imaging. These terms focus on technology integration
within specific CH domains. Conservation and Sustainability (red)
addresses degradation, coatings, biodeterioration, and related topics crucial
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Table 2 | Clustering of literature co-citation

Clusterid Size Silhouette Mean Label (LLR)
(year)

0 114 0.937 2019 RS/LIBS

1 91 0.893 2013 SERS

2 89 0.897 2015 Archeological investigation

3 82 0.892 2010 Materials characterization

4 80 0.826 2007 Multi-technique approach

5 79 0.893 2018 Practical review

6 62 0.936 2017 Selective removal

7 47 0.948 2004 Multi-analytical spectroscopic
approach

9 37 0.952 2019 Non-linear microscopy

10 35 0.985 2001 accelerated aging processes

11 29 0.941 2002 museum object

13 27 0.985 2005 high-performance liquid
chromatography-diode array
detector analysis

17 20 0.967 2006 metallic CH

19 19 0.997 2009 molecular analysis

for CH preservation. Identification and evaluation (purple) encompass
techniques like scattering, dyes, and in situ analysis, informing CH assess-
ment. Pigmentation and materials (orange) cover pottery, wall paintings,
library, and archeological contexts. RS (yellow) bridges these categories,
highlighting its practical value in CH research. This categorization clarifies
vital themes, research directions, and information architecture, providing
valuable insights for scholars. It is worth noting that LIBS has significant
advantages in the field of CH. Figure 5 visualizes the keyword landscape,
underscoring their cross-disciplinary significance. By recognizing these
interconnected themes, researchers can better navigate the complex

relationships between ST, conservation, and CH, ultimately informing
evidence-based preservation strategies in the face of climate change and
human impacts.

Co-citation and cluster analysis

Citing articles and cited references. CiteSpace cluster analysis
identified 14 distinct groups with strong internal associations
(modularity Q=0.8404) and moderate similarity between clusters
(§=0.9192). Eleven significant clusters emerged, characterized by
robust structure and satisfactory similarity (Table 2). The most
influential clusters are RS/LIBS (cluster #0), Surface-enhanced Raman
spectroscopy (SERS) (cluster #1), Archeological investigation (cluster
#2), Materials Characterization (cluster #3), Multitechnique approach
(cluster #4), and Practical review (cluster #5). RS stands out as the
most crucial cluster. Analysis of average formation times reveals that
RS/LIBS (cluster #0), Non-linear Microscopy (cluster #9), Practical
review (cluster #5), and Selective removal (cluster #6) are the most
recent developments. In contrast, accelerated aging processes (cluster
#10) and Museum objects (cluster #11) formed earlier (Fig. 6). This
timeline mapping provides valuable insights into the dynamic evo-
lution of research focus in heritage science, informing strategic
investments and interdisciplinary collaborations.

Figure 7 illuminates the evolution of citation clusters, with node
size reflecting citation count and connecting lines indicating rela-
tionships. Inactive Clusters: Clusters #10 and #19 exhibit prolonged
publication gaps, suggesting diminished activity or research dis-
continuation. Cluster #3, spanning 2004-2017, displays remarkable
persistence and interconnectivity, signifying a vital research direc-
tion. Clusters #0, #1, and #2 maintained relevance over a decade,
underscoring their importance in long-term themes. Emerging Hot-
spots: Clusters #7 and #0 (2014-2024) demonstrate exceptional
longevity, poised to become enduring focal points, attracting sus-
tained attention and citations. These insights inform scholars about
cluster dynamics, guiding identifying themes that captivate long-term
interest and informing strategic research investments.
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The bibliometric analysis has identified the four most essential clusters
within STCH. The top five most highly cited and cited articles for each
cluster are highlighted below (Fig. 8).

Cluster #0 holds a preeminent position within the field of STCH
research. This cluster is primarily characterized by the application of RS, a
method that utilizes light scattering to investigate the molecular structure
and chemical composition of materials, with a particular emphasis on its
relevance to CH”’. The efficacy of RS is significantly augmented by its ability
to be seamlessly integrated with other analytical methodologies, notably
LIBS. This integration facilitates a range of analytical benefits, including
non-destructive testing’*, exceptional sensitivity’®, capability for fine-area
analysis’’, and ease of integration with other techniques”. RS has emerged as
a critical instrument in the identification, scholarly examination, and con-
servation of cultural artifacts. Over the past few years, there has been a
notable surge in scholarly interest and research activity focused on this
cluster, elevating it to a focal point of academic discussion, particularly
regarding the synergistic application of RS with LIBS. Botto et al.*, Rosi
etal”’, Bell et al.”’, Pozzi et al.*’, and Spizzichino and Fantoni®' represent the
forefront of study in STCH (Table 3).

Cluster #1 focuses on a spectroscopic technique that builds upon the
foundations of standard RS. This technique, known as SERS, enhances the
characterization of the examined molecules by significantly amplifying the
Raman scattering signal®’. This is achieved by adsorbing molecules from CH
materials onto rough metal surfaces, often made of gold, silver, or copper, or
onto nanoparticles. The SERS technique has demonstrated the ability to
detect individual molecules from CH samples®. This technology has proven
exceptionally beneficial in enabling researchers to examine CH materials
more sensitively, particularly when dealing with minute quantities or
materials that are challenging to analyze using conventional methods*. The
literature closely associated with this cluster regularly cites the work of
authors such as Miliani et al.”, Aceto et al.*, Arrizabalaga et al.”, Irazola
etal.*, Liang”. These publications represent the leading research in applying
SERS to the study and characterizing CH materials (Table 4).

Archeological artifacts are crucial to understanding the history of a
region, and this research cluster focuses on using scientific techniques to
identify and assess their presence accurately. The delicate and static nature
of archeological sites means that different scientific methods are needed to
study individual artifacts””'. For example, portable spectroscopy can
measure the condition of in situ artifacts”, while fiber-optic reflectance
spectroscopy can analyze the corrosion on bronze objects™. Optical pho-
tothermal infrared spectroscopy can study traditional glassy-metallic
objects™. This research cluster draws heavily on the work of leading
experts in the field. For example, Madariaga™, Conti et al.”, Casadio et al.”’,
Colomban™, and Conti et al.” have all made significant contributions to
understanding how to use scientific techniques to study historical artifacts.
Their research forms the foundation for this cluster of studies (Table 5).

Cluster #3 highlights the importance of spectroscopy as a powerful tool
for studying materials in CH”". Spectroscopy allows researchers to analyze
the unique features of materials, providing valuable insights into their
properties and composition. The diverse nature of materials found in CH
items makes it crucial to employ non-invasive methods for objective
material characterization. Simply relying on prior knowledge or analytical
systems alone is insufficient to fully understand these objects’ complex
composition and history™. This cluster of studies is built upon the work of
leading researchers in the field. For example, Dik et al.”’, Bertrand et al."™'"",
Cotte et al.'”*'"* have all made significant contributions to understanding
how spectroscopy can be used to study materials in CH (Table 6).

High centrality articles. This research examines highly centrality articles
in STCH, particularly those significantly impacting multiple disciplines.
These publications act as crucial milestones, driving advancements in
various research areas. They are precious because they connect different
fields of study, fostering a deeper understanding of complex issues. The
analysis reveals that the top five publications, which are highly influential
within the field, play a key role in connecting other research areas. These
publications are significant because they highlight the interconnected
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Table 3 | Citation and cited literature for Cluster #0

Cluster #0 RS/LIBS
Cited references Citing articles
Cites Author (year) Coverage Author (year)
%
29 Botto et al.”® 11 Riu and Giussani'®
18 Rosi et al.”® 10 Liu and Kazarian'"”
13 Bell et al.” 9 Russo et al.’®?
10 Pozzi et al.* 9 Vahur et al.'
10 Spizzichino and 8 Mastrotheodoros and
Fantoni®' Beltsios'’

Table 4 | Citation and cited literature for Cluster #1

Cluster #1 SERS

Cited references Citing articles

Cites Author (year) Coverage % Author (year)

21 Miliani et al.®® 11 Casadio et al.™

18 Aceto et al.®® 10 Bersani et al.'®*

17 Arrizabalaga et al.®’ 9 Bersani and Lottici'*®
15 Irazola et al.*® 9 Madariaga™

15 Liang® 8 Pozzi and Leona®

Table 5 | Citation and cited literature for Cluster #2

Cluster #2 archeological investigation

Cited references Citing articles

Cites Author (year) Coverage % Author (year)

28 Madariaga™ 25 Janssens et al.'®

27 Conti et al.” 16 Rousaki et al."®®

23 Casadio et al.”* 14 Casadio et al.™’

22 Colomban® 14 Bersani et al.'®®

20 Conti et al.”® 13 Rousaki and Vandenabeele'®’

Table 6 | Citation and cited literature for Cluster #3

Cluster #3 materials characterization

Cited references Citing articles

Cites Author (year) Coverage % Author (year)

21 Dik et al.*® 21 Janssens et al.'®

15 Bertrand et al.'® 21 Janssens et al.'®®

15 Cotte et al.'” 15 Alfeld and Broekaert*"°
14 Bertrand et al."”’ 12 Brunetti et al.®®

14 Cotte etal.'® 21 Thoury et al.'”

Table 7 | Top 5 high betweenness centrality articles

Centrality Years Author Source

29 2019 Botto A Journal of Analytical Atomic
Spectrometry

28 2015 Madariaga JM  Analytical Methods

28 2016 Cucci C Accounts of chemical research

27 2015 Conti C Journal of Raman Spectroscopy

23 2016 Casadio F Analytical chemistry for cultural heritage

nature of heritage science and its potential to contribute to a broader
understanding of CH (Table 7).

Strongest citation bursts. This research examines the impact of certain
publications within the field of heritage science, specifically those that
experience a sudden and substantial increase in citations. This phe-
nomenon, known as a “citation burst,” can indicate a growing interest
and importance in a particular area of study. Figure 9 reveals that articles
with the highest citation rates are primarily of two types: comment
articles and case study articles. Comment articles provide comprehensive
overviews and theoretical perspectives on specific topics or fields, often
becoming highly influential and cited (such as refs. 25,73,104). Case study
articles, on the other hand, analyze specific CH cases using specific ST
(such as refs. 99,105).

Theme evolutionary analysis

This research employs a sophisticated methodology to analyze the evolution
of research themes. This approach involves creating co-occurrence matrices,
conducting thematic clustering analysis, and generating density- and
centrality-based coordinate plots to visualize the clustering techniques. This
method allows researchers to identify prominent research areas at different
times and predict potential future research topics. Furthermore, by exam-
ining the relationships between clusters of topics, a map can be created that
illustrates the chronological progression of concerns, providing a visual
representation of the evolution of research. The analysis was conducted
using SciMATv1.1.04 software, with specific parameters set to reduce fre-
quency and network redundancy and to measure similarity in the nor-
malized network. A simple centrality algorithm was used to cluster the data.
The g-index was used as a bibliometric analysis measure, and the Core
Document Mapper was used to calculate the metrics. These tools and set-
tings provide researchers with a comprehensive understanding of the field’s
dynamic and evolving nature of research.

Thematic evolution map. Figure 10 provides a visual representation of
the evolution of research themes. The diagram clearly illustrates the
interconnectedness of various topics and the distinct development paths
within the field. Each node in the diagram represents a cluster of research
themes, with the node’s size reflecting the number of associated articles.
Solid lines connecting the nodes signify the sharing of significant key-
words between topics, indicating the mainstream evolution of research.
Dashed lines represent less significant keyword sharing, indicating
branching evolution. The thickness and color of the lines reflect the
similarity between themes, with darker and thicker lines indicating a
more vital connection. The diagram demonstrates that new research
areas emerge at each time interval, highlighting the dynamic nature of the
field. For example, the strong correlation observed between pigmentation
and spectroscopy implies a possible evolutionary interconnection. This
relationship is further emphasized in the figure by the sequential tran-
sition from “pigment” — “pigment” — “spectroscopy”. Another notable
sequence is the “temperature” — “crystal-structure” — “instrument”
pathway, which highlights the influence of specific characteristics of CH
on the choice of ST. The diagram also reveals other diverging pathways,
such as the connection between “models” and “nanotechnologies”
leading to “shipwrecks” and the link between “pulses” and “spectro-
meter,” illustrating the relationship between secondary keywords in the
development of STCH.

Strategic coordinate diagram. Figure 11 provides a visual representa-
tion of the evolution of STCH. The diagram uses coordinate plots gen-
erated by SciMAT software to illustrate the developmental stage of
research themes across 4-time intervals. Each node represents a cluster of
research topics, with the node’s size reflecting the number of articles
associated with that topic. Higher numbers indicate more popular
themes. The x-axis of the coordinate graph represents centrality, which
demonstrates the degree to which a theme is connected to other themes.
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Fig. 9 | Top 5 references with the most robust cita-
tion bursts.

Top 5 References with the Strongest Citation Bursts

References Year Strength Begin End 1992 - 2024

Dik J, 2008, ANAL CHEM, V80, P6436, DOI 10.1021/ac800965g, DOI 008 10.742009 2013 —
Madariaga JM, 2015, ANAL METHODS-UK, V7, P4848, DOI 10.1039/c5ay00072f, DOI 2015 9.492016 2020 —
Cucci C, 2016, ACCOUNTS CHEM RES, V49, P2070, DOI 10.1021/acs.accounts.6b00048, DOIR016 10.932017 2021 —
Botto A, 2019, J ANAL ATOM SPECTROM, V34, P81, DOI 10.1039/c8ja00319j, DOI 2019 9.992019 2024 —
Picollo M, 2020, SENSORS-BASEL, V20, PO, DOI 10.3390/520102843, DOl 2020 9.612021 2024 —

Year Strength Begin End 1992 - 2024

2008  10.742009 2013 —

2015 9.492016 2020 P

2016  10.932017 2021 —

2019 9.992019 2024 e

2020  9.612021 2024 s

A higher centrality value indicates a more central position within the
research field. The y-axis displays density, which reflects the correlation
between terms within a topic. A higher density suggests a more developed
topic. The figure is divided into four quadrants, each representing a
distinct research area. The upper left quadrant contains mature themes
that are isolated. The lower left quadrant includes emerging or declining
themes. The upper right quadrant represents well-developed driving
themes and is highly relevant to other issues. The lower right quadrant
contains potential research hotspots that are important but have not been
explored yet.

Figure 11 illustrates the evolution of driving themes and potential areas
for development in heritage science over several decades. From 1992 to
2002, laser spectroscopy emerged as the primary focus, with manuscripts
and ceramics identified as promising areas for future research. The period
from 2003 to 2008 saw a shift in focus. Pigments became a key area of
interest, alongside temperature, historical buildings, and models. Simulta-
neously, research on clay, epoxy resins, and proteinaceous binders gained
traction, with the latter receiving particular attention. Between 2009 and
2015, the field’s focus broadened to include stone, acid, and oil as primary
research areas. Pigments remained relevant, while metals, microemulsions,
and lake pigments emerged as potential areas for further exploration. The
most recent period, from 2016 to 2024, has seen spectroscopy reclaim its
position as a central theme. Artifacts, artworks, and silk have been identified
as promising research subjects. Concurrently, studies on stone, films, and
three-dimensional modeling have driven the field. These observations
provide valuable insights into the field’s progression and shifting priorities.
This analysis can help researchers identify emerging trends and potential
future focus areas in STCH.

Analysis of results

Spatial and temporal distribution

STCH has experienced a consistent and progressive increase in the volume
of scientific publications spanning the period from 1992 to 2024. This
upward trend suggests a mounting interest and increasing research activity
within the domain. As depicted in the thematic map in Fig. 3, there is a
noticeable expansion in the emergence of new keywords relative to those
that have disappeared, indicating a field that is both evolving and preserving
its core concepts. The expansion in the number of keywords and a high
retention rate points to the maturation and continuity of the field. The
patterns observed in the publication counts and keyword dynamics imply
that heritage science has considerable research potential, promising
numerous avenues for future exploration. Italy, Spain, and France are at the
forefront of scientific and technological advancements in heritage applica-
tions. These countries have many publications and foster collaborative
relationships with other nations. This is likely due to their rich CH resources
and the strength of their academic and research institutions'**'”". Interna-
tional collaboration is vital in addressing global challenges in STCH. A

prime example is the National Research Council of Italy, which leads in
academic contributions, as evidenced by its high number of citations and
extensive collaborative networks. However, not all institutions match their
publication output with collaborative engagement. For instance, Ghent
University in Belgium has a notable citation record in the field but lacks a
similarly robust network of collaborations and research connections.

Co-word analysis

This review identifies six key categories in STCH: spectroscopy and CH,
conservation, identification, pigment analysis, RS, and corrosion studies.
These categories form the foundation of our analysis.

Firstly, the parallel prominence of “spectroscopy” and “cultural heri-
tage” in our findings reflects the symbiotic relationship between these fields.
Over the past decade, there has been a marked increase in STCH'"".
Advances in spectroscopy have deepened our understanding of heritage
materials, while CH has driven innovations in spectroscopic methods.
Spectroscopy is crucial in examining cultural artifacts’ physical and che-
mical properties, revealing historical information beyond surface-level
observations™. For instance, environmental monitoring and degradation
studies inform conservation strategies'”. The unique characteristics of
certain heritage materials, such as rock paintings, have led to the develop-
ment of specialized analytical approaches combining multiple techniques'”.
This interdisciplinary approach has gained traction among researchers, who
increasingly employ spectroscopic methods for comprehensively analyzing
CH objects''*""". Asa result, various STs have emerged in this field, including
X-ray analysis, microscopy, and hyperspectral imaging (Fig. 6). This theme
islocated within the most advantageous quadrant of the strategic coordinate
map, indicating its pivotal role in advancing CH.

Secondly, STCH primarily focuses on conservation, as evidenced by
numerous research titles'>"”’. This emphasis has grown in response to
increasing threats from climate change, human activities, and natural dis-
asters, which have heightened the urgency of preservation efforts™'*'".
Scanning tunneling techniques offer non-destructive analysis, a crucial CH
conservation tool'°. Conservation of CH is typically carried out utilizing
mid-infrared  (4000-400cm™') and visible and near-infrared
(400-2500 nm) spectroscopy. Near-infrared spectroscopy (400-2500 nm)
suits the non-destructive study of CH materials. It can address various
conservation issues such as degradation, environmental concerns, and
erosion'®'"”!"®, This technique is effective in developing appropriate solu-
tions for conservation purposes. Given the challenges associated with
relocating CH sites, particularly those related to architecture and landscapes,
portable STs have emerged as a crucial tool for conserving these sites. These
technologies allow for on-site measurements, as evidenced by studies™"*'*".
Furthermore, CH research significantly emphasizes preserving unique
materials'?'. This involves utilizing various ST techniques, such as neutron-
based ST, which allows for analyzing CH unique materials’ composition,
environmental effects, structure, and manufacturing methods'”. In
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Fig. 10 | The thematic evolution map of STCH.

addition, there are micro-destructive spectroscopic tests that, although they
cause minimal damage to CH, are primarily focused on ensuring long-term
sustainable conservation'>™',

Thirdly, identification is critical in applying STs to CH preservation
and assessment. This non-invasive approach allows for consistent

evaluation of material conditions without the limitations associated with
microdestructive analysis, which often lacks representativeness”(’. Different
STs offer unique identification capabilities. For instance, Fourier transform
infrared spectroscopy excels in detecting organic materials'”, RS is bene-
ficial for identifying the molecular structure of minerals, pigments, and
inorganic materials', LIBS possesses the capability to concurrently detect a
broad spectrum of elements within a sample, including metals, non-metals,
and trace elements'”’, multi-spectroscopy and hyper-STs analyze complex
image data'”, nuclear spectroscopic methods reveal detailed internal crystal
structures”'. Imaging spectroscopy uses visualizations to aid in material
identification, color calculation, base map enhancement, composition
change detection, and assessment of damage and past conservation
treatments’. This technique provides objective information for preservation
and restoration efforts, especially in manuscripts and geographic
environments"***. Spectroscopic databases play a crucial role in CH
identification by compiling standardized spectral data for various object
categories, including pigments, minerals, and fibers'”"'”. These databases
serve as essential references for determining artifacts’ authenticity, age, and
origin through comparative analysis with standard spectra'*.

Finally, there are three co-occurring words. Pigment analysis is crucial
for CH restoration, conservation, and identification'”. The colors used in
paintings, sculptures, and pottery provide valuable insights into artistic and
technological advancements across different historical periods and cultural
contexts'*”*. By examining the composition, origins, and preparation
methods of pigments, researchers can gain a deeper understanding of his-
torical artistic practices and the sociocultural environment of the time. STs
play a vital role in this analysis, offering non-invasive methods to study these
materials'**'*“. RS has emerged as a potent tool in CH. This technique allows
for examining large quantities of chemical samples with minimal sample
size requirements, sometimes as small as 1-2 um'*. RS can provide rapid
measurements, often within seconds, and easily integrated with other
analytical techniques for comprehensive analysis"“*'¥. Its non-invasive
nature and ability to provide detailed chemical information have led to
widespread adoption in the field. Corrosion is a significant concern in CH
preservation, particularly for metallic and outdoor CH'*’. Human activities
and climate change have accelerated the deterioration of many CHs, making
studying corrosion processes increasingly important™'*. STs play a crucial
role in evaluating the extent and nature of corrosion, helping researchers
accurately assess the current condition of heritage objects. This information
is essential for developing effective conservation strategies, especially for
metallic artifacts and outdoor heritage sites"™""*.

Co-citation and cluster analysis

Cluster analysis. To illustrate the citation patterns in this research, the
most frequently cited references and articles from the four critical clusters
(#0, #1, #2, and #3) identified using CiteSpace were selected. Clusters #0
and #1 represent word clusters related to STCH techniques, while clusters
#2 and #3 focus on the value of STCH. This study will delve into these
two-word clusters to uncover their interrelation. By examining literature
with high co-citation or citation rates, the research seeks to establish the
foundational knowledge and delineate the boundaries of each cluster,
thereby organizing their conceptual frameworks.

Techniques for STCH. (1) The foundation of the research

RS has emerged as the primary method in CH, with SERS representing
a significant advancement in this technique. However, despite its wide-
spread use, Raman technology faces challenges in identification accuracy
and detection sensitivity'”*'*. The evolution of LIBS***" and infrared
ST**7%%% has substantially influenced the application of RS in CH. LIBS
enhances analytical sensitivity and facilitates material analysis across diverse
and extreme environmental conditions®. For example, it can simulta-
neously analyze heterogeneous and deep materials, detect CH samples in the
nanogram range, and identify samples concealed by opaque coverings™.
The integration of Raman and IR ST enhances the precision of identifica-
tion, provides an understanding of material degradation processes'™*'**, and
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Fig. 11 | Strategic coordinate diagrams of ST and CH from 1992-2024.

unveils intricate internal structures and compositions of material con-
stituents in CH'* or the relative importance of specific materials'>. Mul-
tispectral techniques such as RS and SERS, in combination with
hyperspectral imaging, are recommended to obtain more detailed infor-
mation about complex CH material characterization. This approach allows
for assessing mural color species, mortar materials, restoration processes,
and degradation products by combining RS with scanning electron
microscopy*™”’. For example, degradation products resulting from the
interaction of environmental factors with the material substrate are ana-
lyzed, thus informing the development of targeted conservation strategies™.
In addition, portable RS devices are frequently employed to gather data
within museum galleries, storerooms, or conservation rooms. Integrating
portable devices with Fourier-transform infrared spectroscopy enables a
more thorough evaluation and preservation of museum CH. Fourier-
transform infrared spectroscopy is pivotal in identifying polymeric com-
ponents in museum artifacts’****"’.
(2) Areas of cutting-edge research

Scholars recognize the importance of analytical and metrological
chemistry in CH'. Analytical chemistry has made strides in developing
methods for accurate elemental analysis, molecular characterization, and
assessing the preservation status of materials, which are crucial for successful
CH applications. RS, especially micro-Raman (u-Raman), is widely used for
pigment analysis to identify compounds definitively'*”'**. Advancements in
laser Raman and infrared spectroscopy have significantly enhanced the
potential of RS in CH"”'*’. When integrating Raman and laser STs, careful
selection of the laser, excitation wavelength, and parameters is crucial to
achieving a strong Raman signal, precise spatial resolution, and minimizing
spectral fluorescence background while ensuring no damage to the
sample'”. Continuous-wave lasers can provide detailed insights into RS,
although further investigation is needed to optimize the stability and scope
of combined applications'**"**. The combined use of infrared and Raman
techniques allows for precisely identifying pigments, fillers, and binders in
paintings. The complex composition of pigments can be thoroughly
examined using Fourier Transform Infrared and Raman ST'**'®", These
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techniques have successfully identified metal soaps and organic salts formed
when fatty acids react with metal cations'®”. SERS shows promise for
detecting organic dyes, colorants, and pigments used by painters”™""!,
although there are challenges in conducting measurements on paints and
fabrics'®. Researchers have developed a unified system integrating SERS,
High-Performance Liquid Chromatography, and photodiode array detec-

tion to comprehensively analyze natural dyes in mixtures'®.

Value of ST CH. (1) The foundation of the research

In CH studies, archeological investigation and materials character-
ization are increasingly integrated through the application of scientific and
technical methods. This interdisciplinary approach facilitates a more
comprehensive understanding of the materials under study. The focus on
surface material analysis in archeological research has grown significantly,
with LIBS playing a prominent role in this integrated analytical strategy”*"".
Particularly for examining surface layers of sculptures, stucco, and thin
painted layers’'. However, the effectiveness of these analyses has been
historically limited by the lack of comprehensive reference databases”.
Recent developments in spectral databases have significantly enhanced the
efficiency of material characterization in archeological investigations™. For
instance, a database containing over 500 molecular formulas has been
created, enabling more precise examination of archeological residues
compared to traditional methods”. Complementing RS and synchrotron
radiation-based scanning techniques have become valuable tools for
examining archeological materials’ physical and chemical properties'”.
Synchrotron radiation microscopy is used to analyze the chemical com-
position of ancient paintings”. In contrast, synchrotron radiation X-ray
techniques are employed to identify subsurface contents in classical paint-
ings and assess the condition of artworks".

(2) Areas of cutting-edge research

RS is a widely used technique in archeological surveying and con-
servation in heritage science""'®. Recent advancements have significantly
enhanced its capabilities. The integration of fiber optic technology, system
improvements such as automatic shift baseline subtraction, and the advent
of spatially offset RS have all contributed to more effective analysis'®. These
developments have proven invaluable for the documentation and pre-
servation assessment of field items'?’. However, when dealing with artifacts
with small quantities of minute pigments, X-ray fluorescence scanning and
full-field hyperspectral imaging emerge as promising alternatives'®. At the
forefront of material characterization in CH, synchrotron radiation tech-
nology plays a pivotal role. It allows the combination of p-X-ray fluores-
cence, p-X-ray absorption, and p-scan micro-nano X-ray diffraction to trace
chemical changes in natural pigments over time'®. Synchrotron UV
luminescence technology represents an innovative method for identifying
materials and artistic techniques and assessing the craftsmanship quality. Its
precision in detecting and locating luminous materials is particularly
noteworthy'”’. In addition, MOLAB—a unique array of portable instru-
ments—enables on-site examination of various cultural artifacts, yielding
successful outcomes. This development is poised to revolutionize future on-
site assessments in the CH”.

High betweenness centrality. Based on the data from CiteSpace, the
publication authored by Botto et al.”* has the highest mesocentricity value
of 29. This research comprehensively evaluates LIBS in CH and arche-
ology, detailing the team’s approach to analyzing common materials such
as metals, paints, ceramics, and glass. Secondly, two other notable pub-
lications are by Cucci et al.'” and Madariaga”. Cucci and Delaney
advocate using hyperspectral diffuse reflection imaging technology,
demonstrating its application through experimental data sets. While this
technology is more complex, it offers promising results. Madariaga’s
work provides a thorough overview of advancements in analytical
chemistry within the CH, covering improved techniques for material
characterization and protocols for assessing the preservation state of
cultural assets. Conti et al.'> expand on the applications of RS in CH,
enhancing the repertoire of non-destructive analytical tools available to

researchers. In a separate article, the authors offer a concise overview of
RSs for examining CH materials, including sampling methods, data
processing, and instrumentation. This work provides valuable insights
into the application and advancement of RS.

Citation bursts. The top 5 publications with burst citations in STCH
primarily focus on research development’s third and fourth stages. With
the highest burst value, Cucci et al."” appear predominantly in the fourth
stage. Their work introduces a hyperspectral sensor system and
demonstrates its application in CH through case studies. This research
highlights the potential of reflectivity hyperspectral imaging in the field.
Dik et al.” featured prominently in the third stage, present a significant
contribution with their focus on synchrotron radiation X-ray fluores-
cence mapping technology, particularly in the analysis of paintings.
Madariaga” study, which has been reissued, underscores the crucial role
of chemical analysis in recent CH research advancements. This work
emphasizes the close relationship between the progress of chemical
analysis and the development of ST. The remaining two publications
continue to exert influence today, indicating their lasting significance in
the field. Botto et al.” have maintained a substantial impact from 2019 to
2024, introducing concepts such as micro-LIBS, 3D element imaging, and
surface and nanoparticle enhancement. Their work also explores emer-
ging patterns and future advancements in LIBS for CH. Picollo et al.'"
examine hyperspectral imaging across various application scenarios.
Their research demonstrates how this technique can be applied using
different devices with diverse sensors and camera types to enhance the
visualization of information related to CH materials.

Theme evolutionary analysis
The theme evolution chart generated by SciMAT (Fig. 9) reveals the
development of CH over time. The initial stage shows limited themes,
indicating an exploratory phase in the field. Two primary evolutionary
trajectories emerge from this analysis. The first, centered on “pigments,”
progresses from “pigments” to “spectroscopy.” This path represents the
highest number of publications, with new subjects related to pigment
research appearing over time, demonstrating significant advancements in
the field. The second trajectory focuses on “instruments,” evolving from
“temperature” to “crystal structure” and finally to “instrument.” This pro-
gression reflects the need for comprehensive methodologies to explore
various materials with high resolution and precision in CH, given the pre-
sence of complex organic-inorganic systems. Characterizing historical
materials has become crucial for developing accurate conservation and
intervention plans. Analytical chemistry offers a wide array of techniques for
artwork characterization, including molecular, elemental, imaging, surface,
thermal, separation, nuclear, dating, and electrochemical technologiesm.
This comprehensive approach examines material properties from surface to
core, considering external temperature and internal structure. The research
process has evolved from simplicity to complexity, driven by advancements
in instrument capabilities. These improvements have mainly benefited CH’s
analysis of crystal structures'>""7*, Each research period sees the emergence
of new themes from existing ones, especially in the fourth phase. These
include studies on materials such as stone, silk, copper, and iron oxides and
advanced assistive technologies like films, ground-motion techniques, and
air-lime-mortar. Additionally, several derivative themes have emerged,
further expanding the field of CH.

Based on the strategic coordinate diagram generated by ScIMAT (Fig.
10), the implementation of ST in CH primarily focuses on different research
subjects within CH, which aligns with the evolution diagram. Nevertheless,
the development of it is inadequate, indicating the significant potential for
additional research in this field. During the study periods spanning from
2003 to 2015, the topic of “pigments” had promising prospects. Pigments are
present in various artifacts found in CH, including architectural murals'”,
cave rock paintings'’’, ceramic ornamentation'”’, handicraft surfaces'”, and
paintings'”’. These pigments play a significant role in CH. Between 2016 and
2024, there was a resurgence in the development of spectroscopy, leading to

npj Heritage Science| (2025)13:169

12


www.nature.com/npjheritagesci

https://doi.org/10.1038/s40494-025-01622-0

Review

substantial advancements in characterizing unique materials of CH through
numerous developing STs™'**'*'. Stone materials were the predominant
focus regarding high density during the third and fourth stages. Recently,
there has been significant worry about the extent of deterioration of CH
stone materials due to the changing climate environment'”’. Conversely,
advanced non-destructive analytical techniques for CH stone have become
well-established, and these approaches have greatly facilitated related
research'”.

Discussion

This study identifies four distinct developmental stages in STCH, tracing its
evolution from initial development to the current era of multispectral
applications. From 2019 to 2024, there has been a significant increase in the
quantity and diversity of publications, emphasizing ST’s importance and
scientific validity in studying, evaluating, and preserving CH. The scope of
ST applications has expanded to encompass a wide range of historical forms,
including paintings, artifacts, landscapes, and architecture. This expansion
has underscored the need to employ various types of ST or combine dif-
ferent techniques to address specific material characteristics effectively. An
emerging trend in CH studies is the emphasis on interdisciplinary
approaches. Researchers increasingly combine scientific methods, including
ST, with humanities-based approaches to comprehensively understand CH.
Italy, France, and Spain have emerged as influential leaders in this field.
Their prominence can be attributed to their status as cultural powerhouses
with rich histories and diverse CH. Additionally, these countries have
prioritized heritage protection through policies and laws that support sci-
entific and technological research in this domain. This evolution in STCH
reflects a growing recognition of the importance of advanced scientific
techniques in preserving and understanding our cultural past. It also
highlights the increasing collaboration between scientific and humanistic
disciplines in studying CH'*'*'*,

Future research trends

The STCH has evolved from using individual methods to integrating
multiple techniques as a cohesive unit. While single spectral techniques are
limited to examining specific aspects of CH materials and may overlook
crucial data, combining diverse spectral approaches overcomes individual
limitations, resulting in more accurate and scientifically valid material
identification. Integrating various ST technologies, such as synchronous
spectroscopy, imaging spectroscopy, and spectral databases, along with
auxiliary technologies like portable devices, is driving the advancement of
multi-ST in CH>"**'¥". RS has emerged as a particularly influential technique
due to its compatibility with other supporting technologies. Advancements
in scanning technology have expanded the capabilities of detecting coun-
terfeit items. Initially limited to describing basic physical and chemical
properties, these techniques can now discern complex sandwich structures
and unique materials at the molecular and compound levels. This progress
allows for a more nuanced evaluation of CH protective measures, particu-
larly in addressing issues like metal soap formation. Pigment analysis
remains a crucial aspect of CH research. As the range of spectroscopic
identification techniques broadens, researchers can gain more compre-
hensive insights into the historical significance of pigments. Recent stages of
research have focused extensively on stone CH, with ST's enabling accurate
analysis of material deterioration and erosion, significantly impacting pre-
servation efforts. Despite its successful application in CH, spectroscopic
analysis still faces challenges related to data availability'**, complexity'®, and
uncertainty'”, primarily due to the heterogeneous nature of CH materials'*’.
As the field of STCH continues to advance, it is anticipated that their
integration will offer numerous opportunities in the future:

Firstly, integrating ST with machine learning in CH data analysis is
poised to revolutionize our understanding of CH materials and their pre-
servation. This convergence of technologies offers the potential to uncover
previously hidden patterns, address limitations in existing recognition
methods, and develop more effective strategies for protecting CH based on
visual information'”'”'”. Recent acknowledgment by scientists of the

importance of artificial intelligence and machine learning in spectroscopic
applications underscores the need for further advancement in this area"*"*.
Future research should focus on developing intervention analysis, theories,
and frameworks incorporating artificial intelligence technology in STCH.
To achieve this goal, a comprehensive approach is necessary. This approach
should examine the interaction between ST and CH and consider techno-
logical advancements in related fields. By adopting this interdisciplinary
perspective, researchers can foster more extensive and innovative studies
that bridge the gap between CH preservation and cutting-edge technology.

Secondly, RS will continue to play a significant role in CH due to its
inherent advantages and versatility. Its compatibility with other techniques,
such as infrared and laser spectroscopy, further expands its potential
applications in the field. However, RS still faces certain limitations, parti-
cularly in dealing with fluorescence interference, which can significantly
impact the accurate identification of various CH materials'*’. The fluores-
cence signal of some chemical compounds often overwhelms the Raman
signal, leading to inaccurate detection results or failure to detect the desired
material. While several emerging RSs can mitigate fluorescence interference
to some extent, their widespread adoption faces challenges: Time-resolved
RS equipment is costly'”’, Resonance RS requires substantial amounts of CH
material, which is often not feasible'”, SERS poses potential risks to CH
objects'”, Shifted-Excitation Difference RS can be operationally complex™”.
The future development of STCH will likely focus on enhancing RS to
address fluorescence interference issues. Despite these challenges, RS is
expected to remain a frequently used technique in CH studies, often in
combination with other spectroscopic methods to compensate for indivi-
dual limitations.

Finally, the operating cost of the STCH industry is expected to decline.
There has been a notable increase in the accessibility and user-friendliness of
portable ST devices™'”. These devices offer the convenience of on-site
measurements, providing accurate data that inform repair and conservation
decisions. They also reduce the need for purified materials, significantly
lowering the experimental requirements for CH analysis. Enhancing the
spectral database can further reduce the financial burden on researchers in
the CH field, improve the efficacy of ST in CH protection, and promote
standardization®”, rapid identification'”', data sharing, and collaboration®”.
This development will substantially relax the quality standards expected of
ST when used by CH professionals. Currently, the potential of the spectrum
database for material identification is not fully realized***, highlighting a
critical area for future focus. The advanced state of multi-ST integration,
which allows for concurrently analyzing complex structures or unique
materials, is a significant milestone. Karagiannis®” has developed an inte-
grated system that combines high-resolution, in situ, multispectral, and
spectral mapping imaging. This system enables the simultaneous exam-
ination of various levels of detail in the underlying layers and identifies
materials based on the spectrum of each pixel in the cube imaging dataset.
Such advancements have significantly reduced the time required for tradi-
tional analysis procedures.

Research limitations

This study has several limitations. Firstly, we relied exclusively on SCI-E and
SSCI publications from the WoS database for data collection, without
including other databases such as Scopus and Google Scholar. This lim-
itation may have restricted the breadth of our research sample. Future
studies could consider integrating multiple databases to validate the relia-
bility of the research findings. Additionally, our analysis included only
articles published in English, excluding papers in other languages. Secondly,
in the context of scientific bibliometric analysis, we utilized only the LLR
algorithm for cluster analysis. Combining multiple association analysis
algorithms may enhance the accuracy of the results. Furthermore, due to
space constraints, this study focused on the analysis and interpretation of
key clusters and did not delve deeply into non-focus clusters. Finally, while
identifying research frontiers and future development trends through
software analysis provides objectivity, it still requires further reading and
meticulous organization of the literature to obtain more precise conclusions.
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Conclusion

This research employs bibliometric analysis alongside qualitative and
quantitative analyses to evaluate the implementation of STCH from 1992 to
2024. The findings provide a foundation for future studies and offer valuable
insights for managers and decision-makers in the field, contributing to the
advancement of CH sustainability and overall human welfare. Key con-
clusions from this research include:

The evolution of ST in CH can be categorized into four distinct phases.
The current publication trend indicates growing interest in STCH, with
multiple techniques broadening the scope and improving the accuracy of
material identification. The main research subjects in this field include
spectral replication, CH preservation, identification, crowd analysis, RS, and
corrosion studies. Advancements in ST have shifted the focus from studying
physical and chemical characteristics to analyzing molecular material
identification at a microscopic level. Current research emphasizes inte-
grating multi-spectral and multi-auxiliary technologies, with Raman spec-
troscopy emerging as a crucial tool.

Citation burst analysis revealed key documents focusing on LIBS,
hyperspectral imaging technology, and CH chemical materials. These areas
continue to be prominent research topics, highlighting the versatility of ST
in identifying cultural assets across various categories and historical periods.

Thematic evolution and strategic coordination map analyses indicate
that pigment research is a pivotal topic driving advancement in the field.
Additional subjects explore modifications of ST in CH materials research
and ST-assisted technologies, suggesting a more comprehensive approach
to addressing CH sustainability. While ST aims to enhance CH material
assessment, its development has limitations, including insufficiently
advanced mechanical learning systems, challenges in Raman spectrum
identification, and high operational costs.

Future research should prioritize a holistic approach to CH and utilize
multidisciplinary methods. Integrating chemical research with new tech-
nologies can potentially address CH assessment challenges more effectively.
This comprehensive analysis provides a clear overview of the current state
and future directions of STCH, offering valuable insights for researchers,
managers, and decision-makers in the field.

Data availability
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