a2 SMEER (EEUR)

International Journal of
IJ P’A PJA P’A Minerals, Metallurgy and Materials

A review of in-situ high-temperature characterizations for understanding the processes
in metallurgical engineering

Yifan Zhao, Zhiyuan Li, Shijie Li, Weili Song, and Shuqiang Jiao
Cite this article as:
Yifan Zhao, Zhiyuan Li, Shijie Li, Weili Song, and Shugiang Jiao, A review of in-situ high-temperature characterizations for

understanding the processes in metallurgical engineering, Int. J. Miner. Metall. Mater., 31(2024), No. 11, pp. 2327-2344.
https://doi.org/10.1007/s12613-024-2891-y

View the article online at SpringerLink or IMMM Webpage.

Articles you may be interested in

Xin Song, Shaolong Li, Shanshan Liu, Yong Fan, Jilin He, and Jianxun Song, Coordination states of metal ions in molten salts
and their characterization methods, Int. J. Miner. Metall. Mater., 30(2023), No. 7, pp. 1261-1277. https://doi.org/10.1007/s12613-
023-2608-7

Yan-ke Wu, Guo-ging Yan, Song Chen, and Li-jun Wang, Electrochemistry of Hf(IV) in NaCl-KCl-NaF-K,HfF, molten salts,
Int. J. Miner. Metall. Mater., 27(2020), No. 12, pp. 1644-1649. https://doi.org/10.1007/s12613-020-2083-3

Shanshan Liu, Shaolong Li, Chenhui Liu, Jilin He, and Jianxun Song, Effect of fluoride ions on coordination structure of titanium
inmolten NaCl-KCl, Int. J. Miner. Metall. Mater., 30(2023), No. 5, pp. 868-876. https://doi.org/10.1007/s12613-022-2527-z

Guonan Ma, Shize Zhu, Dong Wang, Peng Xue, Bolii Xiao, and Zongyi Ma, Effect of heat treatment on the microstructure,
mechanical properties and fracture behaviors of ultra-high-strength SiC/Al-Zn—Mg—Cu composites, Int. J. Miner. Metall. Mater.,
31(2024), No. 10, pp. 2233-2243. https://doi.org/10.1007/s12613-024-2856-1

Xiaoyu Shi, Chongxiao Guo, Jiamiao Ni, Songsong Yao, Ligiang Wang, Yue Liu, and Tongxiang Fan, Growth kinetics of
titanium carbide coating by molten salt synthesis process on graphite sheet surface, Int. J. Miner. Metall. Mater., 31(2024), No. 8,
pp- 1858-1864. https://doi.org/10.1007/s12613-023-2749-8

George Z. Chen, Interactions of molten salts with cathode products in the FFC Cambridge Process, Int. J. Miner. Metall. Mater.,
27(2020), No. 12, pp. 1572-1587. https://doi.org/10.1007/s12613-020-2202-1

B3]

1 WIBVIIVA ey

IJMMM WeChat QQ author group


http://ijmmm.ustb.edu.cn/
https://doi.org/10.1007/s12613-024-2891-y
http://ijmmm.ustb.edu.cn/en/article/doi/10.1007/s12613-024-2891-y
http://ijmmm.ustb.edu.cn/en/article/doi/10.1007/s12613-023-2608-7
http://ijmmm.ustb.edu.cn/en/article/doi/10.1007/s12613-023-2608-7
http://ijmmm.ustb.edu.cn/en/article/doi/10.1007/s12613-020-2083-3
http://ijmmm.ustb.edu.cn/en/article/doi/10.1007/s12613-020-2083-3
http://ijmmm.ustb.edu.cn/en/article/doi/10.1007/s12613-020-2083-3
http://ijmmm.ustb.edu.cn/en/article/doi/10.1007/s12613-020-2083-3
http://ijmmm.ustb.edu.cn/en/article/doi/10.1007/s12613-022-2527-z
http://ijmmm.ustb.edu.cn/en/article/doi/10.1007/s12613-022-2527-z
http://ijmmm.ustb.edu.cn/en/article/doi/10.1007/s12613-024-2856-1
http://ijmmm.ustb.edu.cn/en/article/doi/10.1007/s12613-024-2856-1
http://ijmmm.ustb.edu.cn/en/article/doi/10.1007/s12613-023-2749-8
http://ijmmm.ustb.edu.cn/en/article/doi/10.1007/s12613-023-2749-8
http://ijmmm.ustb.edu.cn/en/article/doi/10.1007/s12613-020-2202-1

INTERNATIONAL JOURNAL OF

Volume 31, Number 11, November 2024
@ﬁ Minerals, Metallurgy and Materials

Page 2327

https://doi.org/10.1007/s12613-024-2891-y

A review of in-situ high-temperature characterizations for understanding the
processes in metallurgical engineering

Yifan Zhao", Zhiyuan Li", Shijie Li'"*"*, Weili Song">

1) Institute of Advanced Structure Technology, Beijing Institute of Technology, Beijing 100081, China

, and Shugiang Jiao®

2) State Key Laboratory of Advanced Metallurgy, University of Science and Technology Beijing, Beijing 100083, China
(Received: 15 January 2024; revised: 20 March 2024; accepted: 21 March 2024)

Abstract: For the rational manipulation of the production quality of high-temperature metallurgical engineering, there are many chal-
lenges in understanding the processes involved because of the black box chemical/electrochemical reactors. To overcome this issue, vari-
ous in-situ characterization methods have been recently developed to analyze the interactions between the composition, microstructure,
and solid-liquid interface of high-temperature electrochemical electrodes and molten salts. In this review, recent progress of in-situ high-
temperature characterization techniques is discussed to summarize the advances in understanding the processes in metallurgical engineer-
ing. In-situ high-temperature technologies and analytical methods mainly include synchrotron X-ray diffraction (s-XRD), laser scanning
confocal microscopy, and X-ray computed microtomography (X-ray pu-CT), which are important platforms for analyzing the structure and
morphology of the electrodes to reveal the complexity and variability of their interfaces. In addition, laser-induced breakdown spectro-
scopy, high-temperature Raman spectroscopy, and ultraviolet—visible absorption spectroscopy provide microscale characterizations of the
composition and structure of molten salts. More importantly, the combination of X-ray p-CT and s-XRD techniques enables the investig-
ation of the chemical reaction mechanisms at the two-phase interface. Therefore, these in-situ methods are essential for analyzing the
chemical/electrochemical kinetics of high-temperature reaction processes and establishing the theoretical principles for the efficient and
stable operation of chemical/electrochemical metallurgical processes.

Keywords: in-situ characterization methods; high-temperature electrochemistry; electrodes; molten salts; interfacial reaction

1. Introduction

The extraction of metals or metal compounds from ores
and other resources is known as metallurgy, and it is a funda-
mental process in many different industries. In the metallur-
gical process of transforming ore into metal or alloy, various
characterization methods can be used to analyze the material
transformation process, aiming to optimize the production
process, improve product quality, reduce cost and energy
consumption, and minimize pollution [1-4]. The smelting
process parameters, product quality, and other factors are dir-
ectly impacted by the physicochemical features of molten
salts, mineral phase, metallic phase, and electrochemical
electrodes. To efficiently control the metallurgical process
and enhance productivity, the interplay between the physical
and chemical characteristics of the mineral phase, metallic
phase, electrochemical electrode, molten salt, and external
variables, including temperature, pressure, and composition,
needs to be comprehensively understood [5—6]. By utilizing
diverse analytical methods, colleagues in the industry can
conduct comprehensive investigations into the correlation
between the composition, structure, and physicochemical
properties of the mineral phase, metallic phase, and electro-
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chemical electrode, facilitating the identification of the most
suitable mineral phase, electrochemical electrode, and mol-
ten salt system for distinct smelting procedures [7—10]. The
electrochemical reaction occurring at the contact between the
electrode and the molten salt plays a critical role in connect-
ing these two phases. Through the examination of the elec-
trode reaction mechanism, the correlation between the altera-
tions in the composition and structure of the two phases can
be elucidated, consequently facilitating the establishment of a
fundamental framework for the control and adjustment of
process parameters.

The utilization of in-situ characterization methods (Fig. 1)
in the field of metallurgy holds significant importance in the
understanding and analysis of the dynamic phenomena that
occur during metal smelting and refining operations. In-situ
X-ray computer microtomography (X-ray u-CT), laser scan-
ning confocal microscopy (LSCM), and synchrotron X-ray
diffraction (s-XRD) are used to characterize the structure and
morphology of electrodes. Laser-induced breakdown spec-
troscopy (LIBS), ultraviolet—visible absorption spectroscopy
(UV—-Vis), and high-temperature Raman spectroscopy are
used to characterize the composition and structure of the
molten salts. X-ray u-CT and s-XRD are used to characterize
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Fig. 1.  High-temperature electrochemical characterization
methods for characterizing electrode structures, molten salt
compositions, and interfacial reactions.

the interfacial reaction mechanisms. These approaches facil-
itate the ability of scientists and engineers to observe and
evaluate the behavior and transformations of materials in real
time under the specific conditions of high temperature and
reactive environments that are commonly encountered in me-
tallurgical processes [11-12]. The electrode interface within
the field of electrochemical metallurgy is a multifaceted and
ever-changing barrier wherein reactions exhibit a high de-
gree of sensitivity to certain factors, such as temperature,
composition, and electric fields. The utilization of in-situ
electrochemical techniques facilitates the comprehension of
the reaction kinetics and mechanisms occurring at the elec-
trode surface. The issue of the “confined black box™ in the
context of metal smelting pertains to the inherent complexity
associated with the observation and regulation of the activit-
ies occurring within the smelting reactors. These processes
typically lack transparency, making it arduous to employ
conventional analysis techniques [13—17]. In-situ character-
ization methods, such as X-ray imaging and X-ray diffrac-
tion (XRD), enable the investigation and analysis of pro-
cesses by providing insights into their internal mechanisms.
These techniques enable a more comprehensive comprehen-
sion and management of these processes by unveiling previ-
ously inaccessible information. Through the examination of
in-situ observations in conjunction with the characteristics
and integrity of the outcome, colleagues in the industry can
modify process parameters to enhance the efficacy of the
product. In summary, the integration of sophisticated in-situ
characterization methods into metallurgical processes holds
immense value in enhancing our comprehension of material
behavior under process conditions, optimizing metal produc-
tion, elevating product quality, and attaining increased effi-
ciency and stability in operations. These methods provide a
means to gain insight into hitherto unexplored facets of
smelting processes, hence facilitating enhanced decision-
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making and technological progress within the realm of me-
tallurgy [18-22].

These methods enable the live monitoring and examina-
tion of substances in their authentic processing circum-
stances, which frequently involve severe factors such as tem-
perature, pressure, and chemical reactivity. These ap-
proaches enable a more profound comprehension of the ba-
sic processes by providing insights into the dynamic changes
occurring within materials during metallurgical procedures.
In the domain of metal melting and smelting, the utilization
of in-situ characterization techniques has played an essential
role in elucidating the laws governing macrodynamic evolu-
tion and the mechanisms underlying reactions [23-24]. By
incorporating these in-situ methods into multiscale research
methods, scientists can establish connections between micro-
scopic events and the resulting products of macroscopic pro-
cesses [25-28]. Comprehensively understanding different
perspectives is critical for optimizing the process parameters,
enhancing material qualities, and advancing the develop-
ment of new materials and processes. The utilization of these
methods can yield valuable insights that can facilitate the cre-
ation of innovative materials possessing customized features
and enhance the efficiency of production systems [29-32].
Therefore, in-situ characterization serves not only as a re-
search tool but also as a catalyst for innovation and technolo-
gical advancements in the fields of materials science and me-
tallurgy. Therefore, the methodical incorporation and utiliza-
tion of diverse in-situ characterization approaches in metal-
lurgical processes play a significant role in the continuous ad-
vancement of materials research. These techniques provide
unique benefits for the analysis and comprehension of intric-
ate interactions inside materials, consequently enabling col-
leagues in the industry to expand the limits of materials
design and process optimization.

2. Methods of solids analysis
2.1. Structural analysis

The XRD technique is highly effective in the examination
of solid materials, providing valuable insights into their phys-
ical phase and crystal structure, and is extensively employed
in the field of structural research. The present methodology
encompasses the phenomenon of X-ray interaction with a
given substance, including the X-rays to undergo scattering,
absorption, or transmission within the material [33-34]. The
phenomenon of diffraction can be observed when X-rays are
scattered, resulting in the displacement of XRD lines. This
displacement is determined by several factors, such as the
form and dimensions of the crystal unit cell and the spacing
between crystal surfaces. The determination of the relative
intensity of diffraction lines is contingent upon the composi-
tion, quantity, and spatial configuration of atoms within the
crystal lattice. Fundamentally, every crystalline material has
an individualized structure, and the diffraction lines can be
employed to ascertain the composition, crystal type, in-
tramolecular bonding mechanism, molecular configuration,
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and other properties of the substance. During materials ana-
lysis by XRD, the diffraction lines associated with the indi-
vidual crystals can be employed to ascertain the composition
of the substance [35-36]. Moreover, the principle of the three
strongest peaks can be used to identify the phases of the sub-
stance present in the sample. In conclusion, XRD serves as a
valuable method for the characterization of the structural fea-
tures of solids, providing comprehensive insights into their
crystal structure, composition, and phase characteristics.

XRD is a highly effective technique utilized in the exam-
ination of crystal structure and phase transitions [37]. XRD
particularly exhibits exceptional proficiency in the real-time
monitoring of structural alterations throughout diverse pro-
cesses, such as high-temperature sintering. One significant
benefit of XRD is its inherent resistance to temperature vari-
ations, making it suitable for investigating phenomena occur-
ring at elevated temperatures [38]. Rasooli ef al. [39] em-
ployed XRD as a methodological approach to examine the
reaction kinetics between TiH, powder and a pure aluminum
(Al) melt at various temperatures. The findings of their study
indicated that the reaction rate is impacted by two primary
factors, namely, the extent to which hydrogen atoms per-
meate the titanium (Ti) lattice and the chemical interaction
between molten Al and Ti. Based on the results obtained, the
authors identified three distinct temperature ranges that cor-
relate with the reaction mechanism. In the temperature range
of 973 to 1023 K, the primary driving force behind the reac-
tion between Ti and molten Al within the Ti lattice is largely
attributed to chemical processes. At temperatures ranging
from 1023 to 1073 K, the reaction is subject to the combined
influence of both diffusion and chemical processes. Ulti-
mately, in the temperature range of 1073 to 1273 K, diffu-
sion emerges as the predominant governing mechanism. In
summary, the reaction processes observed within these tem-
perature ranges can be sequentially characterized by the pre-
dominance of the chemical reaction, a mix of diffusion and
chemical reaction, and diffusion alone.

The study conducted by Nikkhou et al. [40] focused on
the intriguing investigation of mineral leaching through in-
situ s-XRD examinations. To achieve this objective, Nikkhou
and coworkers devised a clever flow-through cell configura-
tion that facilitates uninterrupted observation of the phe-
nomenon of dissolution/crystallization occurring during the
solution—mineral interaction (Fig. 2). The flow-through cell
design described herein encompasses a procedural sequence
wherein the leaching solution is preheated within a desig-
nated solution reservoir. Subsequently, the warmed solution
is propelled through a pliant tube, facilitating its flow over the
mineral sample that has been positioned within the cuvette.
The temperature of the cuvette is consistently regulated by a
hot blower that is strategically positioned beneath the sample.
Once the leaching solution has reacted with the mineral
sample, the solution flows out of cuvette and is reintroduced
into the designated solution reservoir, thus establishing a
closed-loop system. The distinctive configuration of this sys-
tem enables the ongoing acquisition of XRD patterns during

the solution—mineral reaction, thereby permitting the live ob-
servation of the dissolution and crystallization process. Us-
ing the previously described experimental setup, Nikkhou
and coworkers conducted a comprehensive investigation of
the structural characteristics of galena. Specifically, they
compared the diffraction spectra obtained at different pH
levels. The s-XRD patterns obtained from the in-situ leach-
ing process of galena have produced noteworthy results.
They observed a consistent reduction in the intensity of ga-
lena peaks as the process unfolded, indicating a progressive
dissolution of galena. Moreover, the observed phenomenon
of the galena peak vanishing over a short duration of 14 min
indicates an accelerated leaching rate under specific experi-
mental parameters (Fig. 2(b)). This observation is consistent
with a prior investigation that documented the rapid leaching
of galena under comparable circumstances. The experiment-
al conditions encompassed the utilization of a citric acid buf-
fer solution maintained at a temperature of 308 K and a pH
value of 6 while maintaining a flow rate of 0.5 mL-min".
The s-XRD patterns of galena show a higher-than-expected
intensity of the (200) peak at 11.4° (Fig. 2(c) and (d)). There-
fore, the utilization of in-situ s-XRD investigations to ob-
serve and comprehend the real-time dissolution/crystalliza-
tion process not only supports existing research findings but
also significantly contributes to the domain of mineral lea-
ching.

2.2. Morphological analysis

The laser scanning confocal microscope (LSCM) is
widely recognized as a powerful instrument for morpholo-
gical analysis. The system functions by employing a laser
beam as an illuminating source, which is concentrated on the
specimen and systematically traverses each location on the
focal plane of the sample [41]. The detection of fluorescence
released as a result of the excitation of the incident light path
is accomplished by employing a photomultiplier tube when
the tissue samples contain fluorescent chemicals. Data are
subsequently analyzed by a computer system to render the
visual representation. One notable feature of the LSCM is its
capacity to deliver high-resolution three-dimensional (3D)
imaging and noninvasive surface analysis, making it a suit-
able instrument for the examination of the surface topo-
graphy and morphology of various materials. The LSCM can
precisely depict the degree of roughness, texture, and out-
comes of surface treatment [42]. The LSCM confers signific-
ant advantages in the study of surface evolution phenomena
by enabling the in-sifu observation of sample surfaces. The
distinctive capacity of this tool renders it a valuable instru-
ment for the examination of high-temperature processes,
such as those involved in the production of steel. The LSCM
can provide a 3D representation of the surface topography
and morphology, providing scientists with insights into the
dynamic changes occurring on the surface of a material over
time and under various environmental circumstances. The
acquisition of this information holds significant importance
in the optimization of processes, such as steelmaking. By
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through cell experimental apparatus; (b) PXRD mapping of the in-situ leaching process of galena; (c, d) s-XRD patterns of galena.

comprehending the progression of the surface of the material,
adjustments can be made to the process to improve the qual-
ity of the final product. Hence, the LSCM is not only a
powerful tool for morphological analysis [43] but also an in-
valuable asset in industries where understanding material
surface changes can lead to process optimization and product
improvement.

High-temperature laser scanning confocal microscopy
(HT-LSCM) has emerged as a tool of the comparable capab-
ility to the laser ultrasonic method, particularly in the aspects
of heating and cooling rates and the speed of data acquisition.
HT-LSCM has been proven to be an invaluable asset for the
in-situ observation of solid materials, capturing the intrica-
cies of microstructural transformations in real time. Fuchs
and Bernhard [44] pioneered the use of HT-LSCM for the
direct visualization of austenite grain growth, meticulously
designing experimental setups tailored for real-time grain
growth observations. Their work provided a critical evalu-

ation of the factors influencing grain size measurement, such
as the choice of materials and the operational specifics. They
highlighted the profound impact of the research material on
experimental outcomes and underscored the necessity of pre-
cise temperature control to ensure sample integrity, account-
ing for a potential temperature discrepancy of £30 K between
the target and actual surface temperatures. The introduction
of an argon atmosphere is also noted as a strategic measure to
prevent surface oxidation during experiments. Their findings
affirmed that the grain growth visible on the surface of the
sample is indicative of the bulk properties of the material. By
accurately quantifying the average grain size and its distribu-
tion at various intervals, they established a robust foundation
for validating models and simulations of grain growth,
thereby cementing the status of HT-LSCM as a potent and
dependable instrument for steel research applications.

In parallel, Liu and coworkers [45] employed LSCM to
conduct in-situ examinations of the phase transformation dy-
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namics in calcium-treated steel. They meticulously mon-
itored the morphological evolution of inclusions transition-
ing from CaO-MgO-Al,0; to CaO-MgO-AL,0;—CaS under
experimental conditions. Their innovative approach in-
volved LSCM to observe the transformation of ALO—CaO
inclusions under various heating durations, using 3D ima-
ging to unravel the underlying mechanisms of inclusion evol-
ution during heating. Their observations revealed the gradual
formation of a CaS layer enveloping the MgO-Al,O; core of
the inclusions, with the thickness of the layer proliferating
over time. They also discovered that elevated heating tem-
peratures catalyze elemental diffusion, facilitating the emer-
gence of the CaS phase within the inclusions.

Moreover, Ren et al. [46] utilized LSCM to delve into the
dissolution kinetics of Al,O; in CaO-A1,05-Si0, slag at high
temperatures. By considering the impact of slag viscosity on
inclusion dissolution, Ren and coworkers extracted the diffu-
sion coefficients, applied the diffusion equation to decipher
the dissolution mechanism, and pioneered a novel dissolu-
tion model. In another study, Yao and coworkers [47] har-
nessed the capabilities of LSCM to investigate the evolution
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of different ferrite forms in Ti-bearing high-strength, low-al-
loy steel. Their studies, as illustrated in Fig. 3, demonstrated
that, with the austenitizing temperature increasing from 1523
to 1673 K, the volume fraction of acicular ferrites (AFs) not-
ably increased from 17.6% to 23.2% in steel with 0.0070wt%
Ti content. Conversely, in steel with a higher Ti content of
0.0370wt%, the volume fraction of AFs decreased from
78.7% to 52.5%. These variations in the volume fraction of
AFs were observed to correlate with the initial temperature of
the AF and ferrite side plate (FSP) phase transformations
(Fig. 3(c)). For 70Ti steel with the austenitizing temperature
of 1673 K, the FSP in the dashed box started to nucleate and
grow at the crystal boundaries when the temperature was re-
duced to 1043 K. The AF started to nucleate at the surface of
the inclusions when the temperature reduced to 983.8 K. At
an austenitizing temperature of 1623 K, the AF transforma-
tion occurs at 976.5 K, and the FSP transformation occurs at
995.9 K. Their study outcomes also indicated a linear rela-
tionship between the Gibbs free energy and the austenite
grain size during the AF phase transformation, providing dee-
per insight into the thermodynamic behavior of the material.

320
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Schematic of the HLSM device and in-situ HT-LSCM images of the sample [47]: (a) schematic representation of a sample

processed and analyzed using the HLSM device; (b) relationship between austenite grain size and austenitizing temperature; (c) ori-
ginal HT-LSCM images of ferrite side plates (FSPs) and acicular ferrites (AFs) under different auscularizing temperatures. Reprin-
ted by permission from Springer Nature: Metall. Mater. Trans. B, In situ observation and prediction of the transformation of acicu-
lar ferrites in Ti-containing HLSA steel, H. Yao, Q. Ren, W. Yang, et al., Copyright 2022.
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The application of X-ray p-CT in high-temperature elec-
trochemistry has indeed shown significant potential in ad-
dressing the challenges posed by harsh reaction conditions.
X-ray imaging has emerged as an effective tool for the dy-
namic observation of the internal structure of opaque materi-
als and for analyzing solid-liquid interfaces [48]. X-ray u-CT
confers nondestructive sampling and noncontact properties,
making it suitable for integration with high-temperature elec-
trochemical systems. X-ray u-CT has been proven to be a
powerful in-situ tool in materials science, providing intuitive
and quantitative 3D imaging with high spatial resolution
across multiple scales [49]. In the realm of room-temperature
electrochemical systems, X-ray pu-CT has successfully mon-
itored electrode evolution in lithium-ion batteries. In addi-
tion, in metallurgical electrochemistry, X-ray pu-CT can be
used to probe the dynamic evolution of the 3D morphology
and composition (four-dimensional (4D)) of electrodes, en-
abling the visualization of the complex 4D process through
reconstructed images. The 4D analysis process based on X-
ray u-CT is characterized by multiscale visualization and
high efficiency of data extraction, representing the profound
integration of traditional electrochemistry and digital twin
technology. This integration underscores the potential of X-
ray u-CT as a valuable technique for analyzing high-temper-
ature electrochemical systems [50]. By providing insights in-
to electrode dynamics and material evolution in these chal-
lenging environments, X-ray p-CT can provide invaluable
information that can be used to optimize these systems and
improve their performance. Therefore, the use of X-ray u-CT
in high-temperature electrochemistry represents a significant
advancement in the field.

The utilization of X-ray p-CT in the field of high-temper-
ature electrochemistry has demonstrated considerable prom-
ise in effectively addressing the difficulties encountered un-
der severe reaction conditions. The utilization of X-ray ima-
ging has become a prominent method for the dynamic exam-
ination of the internal composition of opaque materials, as
well as for the investigation of interfaces between solid and
liquid phases. One of the primary benefits of X-ray u-CT lies
in its nondestructive sampling and noncontact characteristics,
rendering it compatible for integration with high-temperat-
ure electrochemical systems [51]. X-ray p-CT has demon-
strated significant efficacy as an in-situ instrument in the
realm of materials research, having both intuitive and quant-
itative 3D imaging capabilities with exceptional spatial resol-
ution across many scales. X-ray p-CT has been proven to be
an effective technique for monitoring the evolution of elec-
trodes in lithium-ion batteries within the realm of room-tem-
perature electrochemical systems. Moreover, in the field of
metallurgical electrochemistry, X-ray pu-CT can investigate
the dynamic evolution of the 3D morphology and composi-
tion (4D) of electrodes [52]. The utilization of reconstructed
images facilitates the visualization of the intricate 4D pro-
cess. The 4D analytical technique, which relies on X-ray p-
CT, is distinguished by its capability to visualize several
scales and efficiently extract data. The aforementioned phe-
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nomenon exemplifies a significant amalgamation of conven-
tional electrochemistry and digital twin technology [53—54].
The utilization of X-ray pu-CT in the investigation of high-
temperature electrochemical systems highlights its consider-
able potential as a helpful analytical method. X-ray u-CT can
provide useful insights into the dynamics of electrodes and
the evolution of materials inside demanding environments.
This knowledge may be utilized to optimize these systems
and enhance their overall performance. Hence, the utilization
of X-ray p-CT in the domain of high-temperature electro-
chemistry constitutes a noteworthy progression.

In-situ X-ray p-CT is indeed a powerful technique that en-
ables colleagues in the industry to explore the internal geo-
metry and changes within materials under various conditions,
including high temperatures and reactive environments [55].
The study conducted by Chen-Wiegart and coworkers [53] is
an example of how in-situ 3D X-ray p-CT can be used to
gain insights into the dynamics of electrochemical processes,
such as dealloying. Chen-Wiegart’s use of in-situ 3D X-ray
u-CT to analyze dealloying in a heated molten salt environ-
ment helped visualize and understand the mechanism of the
dealloying process. By observing the internal changes in the
material as it interacts with the molten salt, Chen-Wiegart
and coworkers identified the stages of dealloying, the rate at
which it occurs, and the morphological changes that result
from the process. Similarly, the study conducted by Chen-
Wiegart and coworkers focused on real-time in-situ synchro-
tron 3D X-ray nano-stratigraphic imaging of molten salt
dealloying, which provided valuable insights into the under-
lying mechanisms of the dealloying process. By achieving a
high resolution at the nanoscale, this technique enabled Liu
and coworkers to observe the formation of porous structures
as the material underwent dealloying. This level of detail is
important for understanding the kinetics and dynamics of the
process. The implications of these studies extend beyond
academic interest. The capability to tune the dealloying pro-
cess and understand molten salt corrosion has important in-
dustrial applications, particularly in the fields of materials
science, corrosion science, and electrochemistry. For in-
stance, the insights gained can contribute to the development
of advanced materials with controlled porosity and specific
properties, which can be used in catalysis, energy storage,
and structural applications. Moreover, the nontoxic and tun-
able nature of the dealloying techniques investigated using
in-situ 3D X-ray u-CT indicates that these methods could be
environmentally friendly alternatives to traditional processes,
which is particularly important in industries where toxic by-
products or waste are a concern. Overall, the use of in-situ 3D
X-ray pu-CT in high-temperature electrochemical research
represents a significant step forward in the capability to ana-
lyze and understand complex material behavior under real-
world conditions. This technique enables the acquisition of
3D data without destroying the sample, ensuring a more
comprehensive understanding of material properties and pro-
cesses.

The study conducted by Jiao and coworkers [56] served as
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a notable illustration of the utilization of in-situ X-ray p-CT
for investigating high-temperature electrochemical phenom-
ena (Fig. 4). Using this technique to investigate the electro-
lytic process under various conditions, they were able to cap-
ture real-time 3D images of the electrodes (Fig. 4(f) and (g)),
which provided a unique and detailed perspective on the dy-
namic changes occurring within the electrodes during the
electrochemical reactions. The capacity to detect these altera-
tions in real time under various circumstances, including
fluctuating current input forms, current densities, temperat-
ures, and molten salt compositions, confers a notable advant-
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age (Fig. 4(h) and (1)), enabling scientists to directly monitor
and comprehend the influence of these parameters on the
electrolytic process in high-temperature molten salts. This
detail is important for optimizing these processes and im-
proving the performance and efficiency of electrochemical
systems. Moreover, the use of X-ray u-CT to analyze the dy-
namic evolution of electrodes provides valuable information
about the changes in electrode structure and chemical com-
position over time, which can provide insights into the in-
ternal mechanisms of electrochemical reactions under differ-
ent electrolytic conditions. Comprehending these mechan-
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4D imaging apparatus for high-temperature electrochemistry: schematics and photographs [56]: (a) 3D schematic diagram

of the assembled high-temperature electrochemical 4D characterization equipment; (b) schematic of the device in X-ray p-CT trans-
mission mode; (c) photograph of the 4D research equipment; (d) photograph of the high-temperature electrolyzer peephole; (e) 3D
reconstructed image of the experimental electrolyzer at high temperature; (f, g) 3D reconstructed images of Ti anode and Ni cathode

in different electrolysis time ranges at current densities of 0.3 A-em™ (f) and 0.6 A-cm (g); (h, i) changes in Ti anode dissolution
mass and Ti deposition mass in Ni cathode at different electrolysis stages.



2334

isms is critical for the advancement of electrochemical sys-
tems in terms of efficacy and efficiency. In brief, the utiliza-
tion of in-situ X-ray pu-CT in the field of high-temperature
electrochemistry represents a robust methodology that can
ensure a comprehensive understanding of the intricate phe-
nomena occurring within such systems. The utilization of this
methodology can considerably enhance our comprehension
of electrochemical processes occurring at elevated temperat-
ures, thereby making a valuable contribution toward the en-
hancement of electrochemical systems.

3. Molten salt analysis methods
3.1. Compositional analysis

The LIBS methodology has gained recognition as a reli-
able and adaptable analytical method because of its multi-
tude of benefits. Due to the absence of sample preparation
and the rapid response time, LIBS is ideal for a multitude of
industrial applications, particularly those that necessitate real-
time analysis [57]. In the context of the metallurgical in-
dustry, the utilization of LIBS has been observed as a viable
method for conducting real-time investigation of the com-
position of steel and slag. The significance of this matter lies
in the fact that the composition of these elements holds sub-
stantial sway over the characteristics exhibited by the end
product. By employing LIBS, metallurgists can continuously
monitor the compositions of materials in real time [58], en-
abling them to promptly make the necessary modifications to
the manufacturing process, thereby guaranteeing the attain-
ment of the highest possible level of product quality. In the
context of alloy manufacture, LIBS can be effectively em-
ployed to assess the elemental composition of the alloy dur-
ing the manufacturing procedure. Ensuring that the alloy has
the desired qualities is of utmost importance. Through the
real-time monitoring of the manufacturing process, manufac-
turers can make essential modifications to ensure the attain-
ment of the required alloy composition. The LIBS technique
has also demonstrated its suitability for environmental monit-
oring purposes. The capacity of LIBS to remotely detect and
analyze several components concurrently endows it with sig-
nificant utility as a tool for monitoring the quality of air, wa-
ter, and soil, which can be particularly advantageous in re-
gions where the potential hazard of pollution stemming from
industrial operations exists. In general, the multifunctionality,
rapidity, and noninvasive characteristics of LIBS render it a
highly advantageous instrument in various fields of study
[59]. The ongoing technological progress is expected to con-
tribute to the expansion of the utilization of LIBS in both in-
dustrial and environmental contexts.

The studies undertaken by Gruber ef al. [60—61] substan-
tially contributed to showcasing the suitability and efficacy of
LIBS inside the metallurgical sector and demonstrated the
use of LIBS for monitoring elements, such as Cr, Cu, Mn,
and Ni, in steel by focusing a laser beam on the surface of a
molten specimen. This real-time monitoring can provide
valuable insights into process control and quality assurance.
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Noll and coworkers [62—63] further demonstrated the versat-
ility of LIBS by analyzing light elements, such as phosphor-
us, sulfur, and carbon, in molten steel and liquid slag
samples. Their semi-online setup provided a practical ex-
ample of how LIBS can be integrated into industrial pro-
cesses. Zhang et al. [64] took a different approach by propos-
ing an image-assisted method to address the issue of fluctu-
ations caused by inconsistencies in the sample surface
(Fig. 5). Their approach resulted in enhanced stability and
precision of LIBS analysis, as evidenced by a notable de-
crease in the average relative standard deviations of intensity
and projected concentrations of Cu, Mn, V, and Cr in the
steel samples (Fig. 5(b)). The heights 1-20 (H1-20) are equi-
valent to 69.1 to 71 mm (in 0.1 mm increments) from lens
1 to the sample surface. In Fig. 5(b), HS represents a height of
69.6 mm from lens 1 to the sample surface, while H15 rep-
resents a height of 70.5 mm from lens 1 to the sample sur-
face. The k-values are one of 1-p, where p is the product of
the mapped length and width of the original image matrix.
Column 1 depicts the original image, while columns 2—4 il-
lustrate the reconstructed images of H1 (b) and H15 (c) for
varying k values (k = 50, 30, and 10). The aforementioned
findings unequivocally indicate that LIBS has significant po-
tential as a robust instrument for real-time compositional in-
vestigation in the metallurgical sector. The industry can con-
siderably benefit from the capacity of this technology to
provide real-time, precise, and consistent analysis of many
elements concurrently, hence improving process control,
quality assurance, and environmental monitoring. With the
continuous advancement of technology, the utilization of
LIBS in this particular domain would persistently broaden
and undergo more development.

3.2. Structural analysis

The amalgamation of spectroscopic technology and elec-
trochemical testing, commonly referred to as spectra electro-
chemical technology, is a noteworthy progression within the
realms of analytical chemistry and materials research [65].
The utilization of hybrid technology combines the advant-
ageous aspects of spectroscopy and electrochemistry, result-
ing in a more inclusive comprehension of chemical pro-
cesses, specifically at the electrochemical interface. Spectro-
scopic methods, such as Raman spectroscopy, provide a
means to obtain detailed information regarding the molecu-
lar structure and composition of materials characterized by
high energy and resolution. When electrochemical testing
with a high degree of sensitivity is utilized, colleagues in the
industry can acquire electrical and optical signals simultan-
eously [66]. The utilization of a dual-signal methodology has
been proven to be particularly advantageous in the investiga-
tion of reaction processes and the observation of transient
species, including unstable intermediates. These species are
frequently challenging to identify using conventional meth-
ods. The field of Raman spectroscopy has witnessed signific-
ant progress with the introduction of many techniques, in-
cluding confocal, microscopic, and resonance Raman [67].
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Schematic image of the LIBS system and emission intensity images of the sample [64]: (a) schematic of the LIBS system;

(b) the plasma launch intensity image of high-alloy steel; calibrations of Cu with the spectral line at 327.4 nm using (c) the original
spectral intensity, (d) the entire spectral region normalization, and (e) the image-assisted method. Reprinted with permission from P.
Zhang, L. Sun, H. Yu, et al., Anal. Chem., 90, 4686-4694 (2018) [64]. Copyright 2018 American Chemical Society.

These advancements have substantially enhanced the capa-
city to discern spatial and temporal intricacies at the molecu-
lar scale. The advancements observed can be mostly attrib-
uted to the utilization of improved detectors and higher-in-
tensity lasers, hence augmenting the overall efficacy of Ra-
man spectroscopy. Consequently, colleagues in the industry
can examine the intricacies of electrochemical contacts with
unparalleled accuracy, thereby enhancing the comprehen-
sion of reaction mechanisms and material characteristics. In
the realm of molten salt electrochemistry, a comprehensive
understanding of the structure and dynamics exhibited by
molten salts is necessary. Molten salt electrolysis is a signi-

ficant industrial procedure utilized for the extraction and
purification of metals; meanwhile, molten salt batteries con-
stitute a significant category of high-temperature energy stor-
age technologies. The capacity to examine the configuration
of molten salts facilitates the optimization of electrochemical
processes, hence enhancing production efficiency and im-
proving the performance of energy storage solutions. The ex-
amination of the composition and dynamics of molten salts
can provide valuable knowledge that can be utilized in the
formulation of novel electrochemical processes and the ad-
vancement of sophisticated materials [68]. The acquisition of
this knowledge is of paramount importance in the pursuit of
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enhancing the efficacy and sustainability of processes such as
metal fabrication and augmenting the performance and safety
of high-temperature battery systems. With ongoing research
and technological improvements, the contributions of spec-
troscopy to electrochemical technology will continue to play
a pivotal role in advancing our understanding and capabilit-
ies in these important areas [69—71].

The study conducted by Ma et al. [72] emphasized the po-
tential of in-situ Raman spectroscopy in the analysis of mi-
crostructures in molten salt systems and the real-time monit-
oring of electrochemical events. In their study, Ma and
coworkers employed in-situ high-temperature Raman spec-
troscopy to examine the microstructure of a molten
K;AIF—AlLQ; system. Their investigation was conducted in
an argon environment, including a wide temperature span
ranging from ambient temperature to 1273 K. Ma and
coworkers augmented their experimental methodology by in-
corporating quantum chemistry ab initio simulations to fore-
cast the vibrational wave numbers of prospective clusters in-
side the molten salt system. Through a comparative analysis
between the computed outcomes and the empirical Raman
spectra, Ma and coworkers successfully discerned the exist-
ence of diverse clusters, namely, [AIFs]*, [AIFs*,
[ALOF]*", and [ALO,F,]*. The utilization of a blend of ex-
perimental and computational techniques presents a potent
means of investigating the microstructure of molten salt sys-
tems and comprehending their dynamics under elevated tem-
peratures. Hu et al. [73] investigated the solubility of CO, in
Li,O-LiCl at Li,O concentrations of 4wt%—8wt% Li,O by
Raman spectroscopy at 873-973 K and 101.3 kPa CO, using
Li,SO, as an external standard. Their results showed that the
solubility of CO, increased with the increase in Li,O concen-
tration, reaching a maximum at 923 K and 8wt% Li,0, with
0.1105 g CO, dissolved in 1 g melt and a conversion of Li,O
to Li,CO; of 94.19%. Zhang ef al. [74] examined the impact
of temperature on the phosphorus distribution ratio and phos-
phate capacity, using Raman and MAS-nuclear magnetic res-
onance (NMR) techniques to characterize the structures.
They observed that as the temperature increased from 1823 to
1873 K, the stability of the silicate and phosphate networks
was compromised because of the weakening of the
Si—O-Ca—O-P links, which led to a decrease in both the
phosphorus distribution ratio and phosphate capacity. In ad-
dition, they determined that the mixing entropy of the de-
phosphorylation reaction at 1873 K was slightly higher than
that at 1823 K, indicating a reversal of the dephosphorylation
reaction with the increase in temperature.

The study undertaken by Jiao et al. [75] is a significant
and noteworthy contribution to the field of high-temperature
electrochemical investigation. The emergence of a novel
electrochemical apparatus capable of integrating Raman
spectroscopy analysis with optical microscopy imaging sig-
nifies a significant advancement in technology (Fig. 6). This
innovation facilitates the comprehensive examination and
evaluation of electrochemical phenomena occurring under
high-temperature conditions. The capacity to conduct multi-
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dimensional operational analysis holds significant import-
ance in the context of intricate systems, such as the reduction
of high-valent Ti ions and the nucleation and development of
Ti atoms during electrodeposition in molten salts (Fig. 6(b)).
Through the integration of multivariate experimental studies
and theoretical calculations, Jiao and coworkers successfully
deconstructed the complex multistep reduction process at a
temperature of 823 K (Fig. 6(c)). This endeavor holds signi-
ficant importance in comprehending and enhancing high-
temperature electrochemical processes. The capability of the
instrument to monitor and regulate in real time enhances the
understanding of the kinetics involved in the electrodepos-
ition process. The aforementioned matter needs to be con-
sidered in the context of multivalent metals, such as Ti. The
behavior of these metals in molten salt environments can be
intricate because of their capability to exist in numerous ox-
idation states and the possibility of the formation of diverse
intermediate species. Furthermore, the investigation into the
influence of a magnetic field on the Ti electrodeposition pro-
cess and the elucidation of the underlying scale-spanning
mechanism is a significant step forward. Understanding how
magnetic fields can regulate such processes opens up new
possibilities for controlling and enhancing electrochemical
reactions, potentially leading to more efficient and precise
deposition techniques. The successful application of this in-
strument and the multidimensional analysis strategy not only
validates the approach but also sets a precedent for future re-
search in high-temperature electrochemistry. The insights
gained from this work have substantial implications for a
wide range of applications, including metal extraction, refin-
ing, and advanced material synthesis. In general, the contri-
butions of Jiao and coworkers have established a powerful
method for the in-depth analysis of high-temperature electro-
chemical systems. This method can provide valuable in-
sights into the behavior of multivalent metals in molten salt
environments, which can be leveraged to improve industrial
processes and develop new technologies.

The UV—Vis absorption spectroscopy is of paramount im-
portance when examining the electronic structure and co-
ordination environment of metallic ions within molten salt
systems [76]. The examination of valence electron behavior
during photon absorption yields significant insights into the
characteristics of chemical entities within a given system, in-
cluding their electronic states and intermolecular interactions.
The UV—Vis absorption spectra of molten salt systems are
predominantly affected by ligand field transitions and charge
transfer transitions [77]. The metallic ions present in these
systems typically form associations with inorganic ions and
are coordinated by anionic ligands as a result of electrostatic
interactions. The coordination of transition metals with an-
ionic ligands can result in the splitting of energy levels, a
phenomenon that is caused by the presence of an electric
field. The degree of energy level splitting is contingent upon
the characteristics of the coordinating field [78]. As a result,
the energy necessary for the absorption of photons by these
divided energy levels also exhibits variation, hence produ-



Y.F. Zhao et al., A review of in-situ high-temperature characterizations for understanding the processes in ...

Optical window High-precision

2337

(@) electric heating (b)‘ = . . »
Removable cell 'I e | il
electrodes Laser b i ¢.9 ) :;gz < % L,

: > X | | i 5
Adjustable % - - REE 98 o ° .
magnetic —— Tlf“ T1aF5 oTi x5 J{% - 0}{
ﬁcl‘d .ﬁ-a‘r_ = :'j ’j’a‘ Ti ¢F A a% : % ‘ : <
b= ) | & % | X
[ : 4 — (% G g K O— G
L : [0 ) OO W Ptielectrodes = x|
rd
(C) Shezfringvibration Fxtensional (d) : f
A Qer1i-0 ‘_\ribratmn of Ti-0 TiF,0,° i &8s 0.3

5 Po%e > B <

; T1I~4OZ J;‘JJ =

Z — i o2 503

5 , 661 K TiFe I - 1 g

=L A 556 K ! ° © 06

A 419K rTi 20 oF
L .A L 1 2 Pl | i i _0.9 L L L 1 1 L
400 800 1200 1600 2000 0 400 800 1200 1600 2000 -2.5-2.0-1.5-1.0-0.5 0 0.5 1.0
Raman shift / cm™! Raman shift / cm™ Potential / V vs. Pt

2.2 2.2
-2.0 2.0
-1.8 -1.8 -
-1.6} -1.6

& 14} 14

Z 2

2 12 S -12

= -1.0 = -1.0

5 08 5 o8l

£ 0.6 £ 06}

-04 ~04}
-0.2 —02p----H-
0 — of---- |
Curtent @ @ @ @ @ 99 @ 2@ 9 9@ < C t o = =) o o =) =) =)
S$82883388ES s 8 8 88 8 8 8§

Raman shift / cm™! Raman shift / cm™

Fig. 6.

Raman shift / cm™ Raman shift / cm™

Schematic diagram of high-temperature electrochemical multifunction operation analysis instruments [75]: (a) in-situ

Raman probe, multi-price metal molten salt electrolyte optical microscope imaging, and cathode process electromagnetic adjustment
equipment schematic diagram; (b) diagram of the electrode process used to regulate the magnetic field (B, 7, and 7 are the
magnetic field, current, and Lorentz force); (c¢) Raman spectra and Ti—O vibration mode (illustration) of the Pt electrode and the
molten salt interface during the heating process; (d) theoretical Raman spectra of TiF:, TiF,0%, and TiF,0> and the Raman
spectrum of the interface between the Pt electrode and the molten salt at 823 K; (e) the cyclic voltammograms of Pt electrode in
molten NaF-KFLiF-K,TiF, at 823 K; (f) during the electrolytic process from 0 to —2 V, compared with Pt, the Raman spectra of the
interface between the Pt electrode and molten salt; (g) Raman spectra that change with the electrode—molten salt interface in the

magnetic field.

cing distinct absorption spectra. Through the examination of
these spectra, the valence states and coordination configura-
tions of the transition metal ions present in the molten salts
can be ascertained. The capability to investigate the electron-
ic structure and coordination environment of metallic ions in
molten salt systems holds significant importance in several
fields of academic inquiry and industrial applications, includ-
ing materials science, metallurgy, and electrochemistry
[79—-80]. Analyzing the behavior of these systems under vari-
ous settings can facilitate comprehension, property predic-
tion, and performance optimization for many applications.
Hence, UV—Vis absorption spectroscopy has emerged as an
essential methodology in the investigation of molten salt sys-

tems, providing a substantial amount of data that can sub-
stantially enhance our comprehension of these intricate sys-
tems.

The studies conducted by T.J. Kim et al. [81] and B.Y.
Kim and Yun [82] demonstrate the efficacy of combining
high-temperature UV—Visible absorption spectroscopy with
electrochemical techniques for investigating the behavior of
ions in molten salt systems. T.J. Kim ef al. [81] examined the
redox characteristics of europium ions (Eu*" and Eu’") within
molten LiCI-KCI eutectic salts at elevated temperatures.
Their study represents a noteworthy advancement in compre-
hending the intricate chemical behavior of f-block elements
in such settings. The acquisition of knowledge regarding the
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generation of EuOCl in the presence of oxygen ions and the
subsequent evaluation of its solubility product under said cir-
cumstances hold significant importance for researchers and
professionals in the field of molten salts. This knowledge is
particularly relevant in the nuclear industry, where europium
can serve as a fission product during the reprocessing of
spent nuclear fuel. By contrast, B.Y. Kim ez al. [82] not only
provided support for the redox behavior of europium ions
(Eu*" and Eu*) at elevated temperatures but also enhanced
comprehension by integrating time-resolved fluorescence
spectroscopy. This methodology enabled the investigation of
the kinetics of redox reactions and the impact of concentra-
tion on the reduction process of Eu’* to Eu*'. The examina-
tion of the interplay of the reduction ratio, the concentration
of Eu’" ions, and formal reduction potential under temperat-
ure fluctuations provides a more profound understanding of
the thermodynamics and kinetics associated with the redox
process in molten salt systems. Both papers demonstrated the
application of sophisticated spectroscopic techniques at high
temperatures for obtaining quantitative information on the
speciation and redox chemistry of metal ions in molten salts.
The acquisition of a large amount of data is of utmost import-
ance in the advancement of effective methods for the retriev-
al of metals, the practice of recycling, and the management of
waste in industrial settings characterized by elevated temper-
atures. The capacity to make accurate measurements under
elevated temperatures presents novel opportunities for ex-
ploring not only europium but also other metal ions under
comparable settings. The acquisition of knowledge obtained
from these research studies is vital to the optimization of
electrochemical processes, including those employed in the
extraction and purification of metals, and to the advancement
of our comprehension of chemical systems operating at high
temperatures.

Liu et al. [76] meticulously developed a high-temperature
in-situ UV-Vis absorption spectroscopy system, ensuring
that the molten salt remains under an inert argon shield
throughout the entire experimental sequence. This sophistic-
ated setup ensured the precise analysis of the absorption
spectra, enabling the identification of metal ion valences
within the molten salt. Moreover, the setup facilitated real-
time tracking of ion concentration fluctuations amid chemic-
al reactions, providing insights into the underlying reaction
mechanisms within the salt matrix. Their study delved into
the intricate reaction dynamics between metallic Cr and Cr’*
ions in molten FLiNaK (LiF : NaF : KF molar ratio of
46.5:11.5:42) and FLiBe (LiF : BeF, molar ratio of
66.6:33.3) salts.The distinctive absorption peak at 450 nm
serves as a reliable marker for differentiating between Cr*"
and Cr’" ions in FLiBe salt, revealing that metallic Cr reacts
with Cr’" ions to yield Cr*" ions. Furthermore, the study illus-
trates the intriguing behavior of Cr** ions in molten FLiNaK,
which engage in disproportionation reactions leading to the
reformation of both metallic Cr and Cr’" ions, with Cr*" ions
persistently interacting with metallic Cr.

Furthermore, NMR can be utilized for the structural ana-
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lysis of high-temperature inorganic molten salts and room-
temperature ionic liquids. Bessada and Anghel [83] utilized a
novel high-temperature, high-resolution solid-state NMR
technique to analyze the structural properties of the
Na,B,0;—Na;AlF; binary system across different states, ran-
ging from a solid state at room temperature to a liquid state at
1373 K. The evolution of the “’Al, *Na, "B, and '°’F NMR
spectra with varying composition illustrates the integration of
Al into Na,B,0; as both an [AlO,] and a sparse [AlF4] com-
ponent within a vitreous framework and the generation of
[BOF,] clusters leading to the formation of cured blends.

4. Interfacial reactions
4.1. Electrode dissolution/deposition

The achievement of uniform and stable products during
the electrolytic process is a fundamental concern in the field
of industrial metallurgical investigation. Therefore, electro-
chemical deposition needs to be regulated to inhibit the form-
ation and growth of dendrites. The study conducted by Cui
et al. [84] comprehensively examined the electrodeposition
process at 298 K, with a specific focus on zinc deposition on
planar electrodes. Through the utilization of in-situ observa-
tion via optical microscopy, their study significantly contrib-
uted to our understanding of the underlying dynamics of this
process and provided insights into strategies for achieving
homogeneity and stability in the resulting products. Their
findings indicated that the process of zinc electrodeposition
may be categorized into two distinct regions, namely, homo-
geneous and nonhomogeneous. Cui and coworkers proposed
that the uniform deposition of zinc in the homogeneous zone
can be extended by augmenting both the charging current and
the viscosity of the electrolyte. This observation is important
as it provides a way to control the deposition process to in-
hibit the formation and growth of dendrites, which can ad-
versely affect the performance and safety of electrochemical
devices, such as batteries. Their proposed mechanism for this
behavior is quite interesting, i.e., a high charging current
provides sufficient electrons for the deposition to occur bey-
ond the deposition tip, leading to a more uniform deposition.
Alternatively, an increase in the viscosity of the electrolyte
hinders the transfer of ions, making the effect of distance
more pronounced and thereby favoring uniform deposition.
The study confers a potential pathway for enhancing the elec-
trochemical deposition procedure in industrial metallurgical
contexts. The manipulation of charging current and electro-
lyte viscosity can effectively control the deposition process,
leading to the generation of products that exhibit enhanced
uniformity and stability. The potential ramifications of this
development extend to numerous sectors, including produc-
tion, electroplating, and metal reclamation, among others.

X-ray u-CT was employed by Jiao et al. [85] to visualize
the electrorefining process of Ti (Fig. 7). Their results
showed that the dissolution efficiency of pulsed electrolysis
for the Ti anode and the thickness of the cathode layer were
markedly improved compared with those observed for the Ti
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anode under direct current (DC) electrolysis at the same cur-
rent density (Fig. 7(c)). In addition, Jiao and coworkers
showed that the current efficiency of pulsed electrolysis tends
to increase when the current density decreases within the spe-
cified range of 0.1-0.4 A-cm™. More importantly, Jiao and
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coworkers employed numerical simulation techniques to
monitor the variations in Ti ion concentration at the specific
interface of the electrode. They observed that the concentra-
tion of Ti ions exhibited a continuous elevation on the sur-
face of the cathode throughout pulsed electrolysis in contrast
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to DC electrolysis. Their study provided important perspect-
ives on the occurrence of side reactions at the electrode inter-
face, a critical aspect for enhancing the stability of Ti elec-
trorefining processes. The study conducted by Jiao and
coworkers has made advancements in the domain of industri-
al metallurgy, specifically in the area of controlling electro-
chemical deposition and comprehending the electrodepos-
ition process.

4.2. Electrode gas production

The existence of gas bubbles during the electrolytic pro-
cess can have a substantial effect on both the efficiency and
stability of the process. As the bubbles migrate toward the
unobstructed surface, they induce circulation and convection
within the electrolyte, which can impact the distribution of
electric current and result in fluctuations at the interface of
the electrolyte. Furthermore, the presence of gas bubbles be-
neath the anode can result in elevated tank voltage and in-
creased energy consumption. To mitigate the impact of gas
bubbles on the electrolytic process, Fortin and coworkers
[86] developed an aqueous solution model to simulate a 150
kA prebake Al electrolyzer. They analyzed the effects of
various parameters, such as current density, pole pitch, an-
ode tilt, and electrolyte flow rate, on the dynamics of the gas
layer. The findings of their extensive investigation indicated
that the pole pitch does not influence the behavior of gas.
However, an augmentation in current density leads to the
formation of larger bubbles, a thicker front of bubbles, an in-
creased gas distribution across the anode region, and a higher
velocity of bubble movement. Notably, the frequency of gas
emission exhibited no changes in response to differences in
current density. Alternatively, an increased flow rate of elec-
trolyte results in a reduction in the size of bubbles and the ex-
tent of gas coverage on the anode region. However, it leads to
an elevation in both the velocity of bubbles and the fre-
quency of gas release. The modification of the anode tilt has
an impact on the gas dynamics, resulting in the formation of
reduced bubble sizes, decreased gas coverage, and increased
frequency of gas release. Nevertheless, the angle of inclina-
tion does not have any effect on the velocity of the flow of the
bubbles. The study undertaken by Fortin and coworkers sig-
nificantly contributed to our understanding of the dynamics
exhibited by gas bubbles in the context of electrolysis. Their
study identified essential factors to be considered in the op-
timization of processes to minimize energy usage and im-
prove overall efficiency.

Zhao et al. [87] utilized a laboratory-scale transparent Al
electrolyzer to observe the bubble dynamics directly beneath
the anode in an industrial electrolysis setting, marking the
first instance of such observation. They also conducted meas-
urements of corresponding cell voltages to quantitatively
analyze their relationship with bubble kinetics. Their find-
ings indicated that, as the current density increases, bubbles
form at multiple points, and their quantity increases. Once the
bubbles reach a certain size and the surface nears the edge of
the anode, they swiftly escape from the bottom. Moreover, as
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the current density increases, the frequency of bubble release
increases, whereas the bubble size decreases. The studies
conducted by Utigard and coworkers [88] enhanced the com-
prehension of the intricate mechanisms underlying gas
bubble dynamics in electrolytic processes. Their studies spe-
cifically concentrated on elucidating the characteristics and
actions of hydrogen bubbles within the framework of liquid
metal and solid interconnects. The aforementioned findings
hold significant importance for businesses that heavily de-
pend on electrolysis, such as Al manufacturing and the elec-
trorefining of metals. The studies conducted by Utigard and
Toguri pertaining to the behavior of gas bubbles at the anode
during the electrolytic process significantly contributed to the
understanding of the operational properties of electrolytic
cells. The utilization of X-ray imaging facilitated the acquisi-
tion of distinct visual representations pertaining to the pro-
duction and dynamics of bubbles, which would otherwise be
challenging to discern. Notably, during typical electrolytic
conditions, the anode side exhibits a multitude of small
bubbles, whereas the lower region of the anode exhibits few-
er but larger bubbles. The observed variation in bubble size
and distribution can be ascribed to the heterogeneous condi-
tions present on the anode surface and bottom, which encom-
pass different factors, such as current density, electrolyte
composition, and gas evolution dynamics. The anode effect,
which was extensively investigated by Utigard and Toguri, is
a notable disturbance observed in the electrolytic process.
During the occurrence of the anode effect, the anode loses its
capability to be wetted by the electrolyte. This phenomenon
results in the development of a coherent layer of gas bubbles,
which can expand to a thickness of up to 5 mm. The pres-
ence of a bubble layer serves as an insulating barrier, result-
ing in the elevation of electrical resistance. Consequently,
this phenomenon can lead to fluctuations in cell voltage,
thereby decreasing the overall efficiency and even causing
harm to the cell. The observed results indicate a positive cor-
relation with the concentration of alumina and current dens-
ity, as well as a position correlation with the surface area of
the bubbles and a negative correlation with the surface area of
the bubbles and a negative correlation with the size of the
bubbles. These findings hold significant implications for the
optimization of the electrolytic process. By comprehending
the impact of these parameters on the behavior of gas
bubbles, operators can modify the electrolysis settings to re-
duce the production of sizable bubbles and the incidence of
the anode effect, which, in turn, enhances the efficiency and
stability of the process. The study conducted by Ding and
coworkers [89] complements these findings by examining
the evolution of hydrogen bubbles in liquid metal and solid
interconnects, which is another aspect of gas behavior in
electrolytic systems. Their study addressed the nucleation,
growth, and detachment of hydrogen bubbles, which are crit-
ical factors in the design and operation of cells for processes
such as water electrolysis for hydrogen production. Together,
the aforementioned studies contribute to the body of know-
ledge necessary for the development of more efficient and ef-
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fective electrolytic processes, with applications ranging from
metal production to the generation of hydrogen as a clean en-
ergy carrier.

Ding and coworkers [89] conducted a pioneering study
wherein they employed synchrotron X-ray imaging to per-
form in-situ observation of the progression of hydrogen
bubbles within liquid Al/solid Ni interconnects. Their find-
ings revealed that, during the heating process, individual
bubbles primarily exhibit random growth patterns. The evol-
ution of hydrogen bubbles during the heating process in the
liquid Al/solid Ni interconnects is fascinating. At the onset,
no hydrogen bubbles are observed. However, a significant
number of spherical bubbles form in the liquid Al, reaching a
peak at 960.1 K after 12.5 s. Concurrently, the interface
between the two phases remains smooth, demonstrating that
the liquid Al maintains a strong bond with the Ni substrate.
As the temperature continues to increase, the number of
bubbles initially increases rapidly, subsequently decreases
gradually, and ultimately vanishes at the 117.5-s mark. This
intriguing bubble behavior within the liquid Al and the Ni
substrate is further described in detail. Three distinct types of
bubble behavior were observed: (1) the majority of the
bubbles grew to their maximum size before contracting and
disappearing; (2) some bubbles initially grew, only to ab-
ruptly rupture; (3) a few bubbles transformed from a spheric-
al shape to an ellipsoidal shape, gradually growing before
rupturing. The aforementioned studies provide critical in-
sights into the behavior of gas bubbles in various electrolytic
processes and shed light on the underlying dynamics govern-
ing bubble formation, growth, and disappearance in diverse
electrolytic environments, which is essential in understand-
ing and improving industrial processes.

5. Conclusions and perspectives

This review provides a comprehensive analysis of diverse
in-situ characterization methods, including in-situ micro-
scopy and X-ray pu-CT, and their utility in investigating the
progression of physical phases, composition, and interfaces
in metallurgical processes. Each of these techniques provides
distinct advantages and features, enabling the examination of
electrochemical reaction mechanisms in metal melting pro-
cesses from diverse viewpoints and scales. /n-sifu scanning
electron microscopy (SEM) enables the examination of alter-
ations in the surface morphology of electrodes and slag.
However, SEM has limitations in terms of its capability to
visualize internal changes occurring within the electrode. By
contrast, the utilization of in-sifu transmission electron mi-
croscopy helps achieve an atomic-level spatial resolution,
hence enabling the precise analysis of interior crystalline
structures and chemical states. Nevertheless, the persistent
exposure of a high-energy electron beam can affect the elec-
trochemical reaction mechanism. The utilization of in-situ X-
ray technology, characterized by its notable capacity for deep
penetration, enables the scanning of electrodes to acquire
valuable insights into their physical phase through XRD ana-
lysis, as well as their 3D structure via X-ray u-CT. Raman

spectroscopy is a technique that utilizes the phenomenon of
inelastic scattering of laser light to identify changes in the
composition and structure of a given material [90]. This re-
view notes that any in-sifu characterization technique has in-
herent limitations and is best suited for specific applications.
To effectively utilize in-situ characterization in industrial
production, the temperature range of these methods needs to
be expanded, and techniques that can monitor reactions in
real industrial settings rather than just in controlled laborat-
ory environments need to be created. A complete and sys-
tematic investigation of metallurgical processes often neces-
sitates the utilization of a combination of approaches, de-
pending on the unique research requirements. The continu-
ous advancement of technology is expected to improve the
operating temperature, time resolution, energy resolution,
and spatial resolution of these techniques, hence resulting in
more reliable data acquisition and processing systems. Fu-
ture progress of in-situ characterization techniques is anticip-
ated to facilitate the capability to observe electrodes, molten
salts, and their interfaces in real time throughout the process
of electrochemical metallurgy electrolysis [91]. The present
study aims to establish a correlation between the evolution-
ary patterns of microstructures, components, elements, and
chemical state distributions and the real-time electrochemic-
al signals. This correlation will serve as a robust basis for
conducting data analysis to effectively handle the intricate
nature of electrode interfaces. This study aims to propose a
novel methodology for the observation and optimization of
electrochemical processes, with a focus on enhancing their
efficiency and stability. The primary objective of this en-
deavor is to build a robust electrolysis technology and
provide a novel approach for data collection and analysis in
the field of electrochemistry.

This review emphasizes the significance of in-situ charac-
terization approaches in the advancement of our comprehen-
sion of metallurgical processes, specifically in the context of
electrochemical metallurgy electrolysis. The utilization of
these approaches is of significance in facilitating the real-
time monitoring and study of the dynamic alterations occur-
ring at electrodes, within molten salts, and at the interfaces
between them. Each technique has distinct strengths and lim-
its, rendering them appropriate for certain facets of metallur-
gical study [92-93]. For example, in-sifu microscopy
provides detailed insights into surface morphology, whereas
X-ray-based methods reveal internal structures and phase
changes. The choice of technique or combination of tech-
niques hinges on the research objectives. A multifaceted ap-
proach often yields the most comprehensive understanding,
as it enables colleagues in the industry to cross-verify find-
ings and build a more complete picture of the electrochemic-
al processes at play. Technological advancements are expec-
ted to push the boundaries of these techniques further, enhan-
cing their resolution and sensitivity. Improvements in work-
ing temperature ranges, time resolution, energy resolution,
and spatial resolution are on the horizon, which will signific-
antly bolster data acquisition and analysis capabilities
[94-95]. The future of in-situ characterization looks prom-
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ising, with potential developments enabling systematic real-
time monitoring of metal melting processes. The advance-
ment described is of utmost importance in addressing the dif-
ficulties presented by the intricate and fluctuating electrode
interfaces, commonly referred to as the “black box” phe-
nomenon, and plays a vital role in guaranteeing the consist-
ent functionality of electrochemical processes. By linking
microstructural evolution, compositional changes, and elec-
trochemical signals, colleagues in the industry can gain in-
sights into the fundamental mechanisms governing electro-
lysis. This knowledge is key to developing new methods for
electrochemistry visualization, optimizing process efficiency,
and establishing stable electrolysis technologies. In essence,
the continuous improvement of in-sifu characterization tech-
niques is set to revolutionize our ability to visualize electro-
chemical processes, master their efficient and stable opera-
tion, and provide novel methods for data acquisition and ana-
lysis, which will not only enhance our fundamental under-
standing but also drive innovation in electrochemical process
design and control.

Despite the existence of notable obstacles in implement-
ing multiscale in-sifu characterization methods in industrial
production, such as the integration of characterization
devices with large-scale production equipment and the en-
ergy consumption associated with in-situ characterization
devices, the potential benefits should not be overlooked. The
in-situ characterization method has demonstrated consider-
able potential and satisfies the fundamental requirements for
utilization in intricate high-temperature situations. However,
the endeavor necessitates a protracted period of comprehens-
ive investigation and advancement. Therefore, additional re-
search and development on high-temperature in-situ charac-
terization methods and approaches need to be conducted to
facilitate their extensive utilization in industrial production.
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