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Fig. 1. Schematic diagram of the full-chain empowerment of material design accelerated by large language models.
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Kl 2 (a) CLAIRify fE42: 2T LLMs i NLP #8t. LLMs R A©; 254015 5 @ R IR L, Az BR300 (14 25 40 16 15
T Q; i 2 S R B K A IR R % 8 4 LLMs®); LLMs 7725 By f 3 5 6 UE 2% @; K 5 1 5 Hh D) 4 4T 55 Fig 3h
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H.H Python i AutoSuite 3 [7] 37 ¢ 142!

Fig. 2. (a) CLAIRify Framework: NLP Module Based on LLMs. The LLMs take input D; structured language definitions and re-
source constraints are used to generate unverified structured language @); the output is checked by a verifier and fed back to the
LLMs via feedback @); the output generated by the LLMs passes through the verifier @:; the correct output & is passed to the task
and motion planning module ©®); generating robot trajectories P, (b) Workflow of various systems in autonomous mobile robot
research and the functions of each module*”); (¢) Chemspyd communicates with AutoSuite via the Executor, which reads and writes
shared CSV files, providing a standardized communication method that is human-readable and supported by both Python and
AutoSuitel*?.
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Fig. 3. (a) Integration of various reaction modules and online analytical tools in a flow chemistry system, forming a continuous syn-
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thetic pathway®®¥. (b) The upper part illustrates the DiZyme workflow: from formulating scientific tasks to discovering new
nanozyme materials. The lower part shows the expansion of the database with new descriptors obtained using the pubchempy and
rdkit libraries, representing molecular features of organic coatings and material compositionsP”. (c) The top panel is a schematic
diagram of the standard text mining process: the left part involves expert annotation to construct a baseline corpus; the middle part
extracts key information from literature texts and builds an extended corpus; the right part stores the data in a database for future
data mining. The bottom panel provides an example of converting synthesis sentences into action sequences. Key components of the
action sequences, such as starting and target materials, synthesis steps, and their conditions, are identified and extracted from para-
graphs using different text mining algorithms/®s.
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Fig. 4. (a) Generative Al tools can enhance hypothesis generation in materials science®; (b) schematic diagram of a customized
workflow, from known alloy compositions to the discovery of new metallic glasses®; (c) a metallic glass model®!; (d) the basic

architecture of the MgBERT modell™.
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Abstract

With the rapid development of artificial intelligence technology, large language models (LLMs) have
become the core driving force for the paradigm shift in materials science research. This review explores the
comprehensive role of LLMs in accelerating material design throughout the entire research lifecycle from
knowledge mining to intelligent design. This work aims to emphasize how LLMs can leverage their advantages
in information retrieval, cross-modal data integration, and intelligent reasoning to address challenges in
traditional materials research, such as data fragmentation, high experimental costs, and limited reasoning
capabilities.

Key methods include applying LLMs to knowledge discovery through techniques such as retrieval-
augmented generation (RAG), multi-modal information retrieval, and knowledge graph construction. These
approaches can efficiently extract and construct material data from a vast repository of scientific literature and
experimental records. Additionally, LLMs are integrated with automated experimental platforms to optimize
workflows from natural language-driven experiment design to high-throughput iterative testing.

The results demonstrate that LLMs significantly enhance material research efficiency and accuracy. For
instance, in knowledge mining, LLMs improve information retrieval accuracy by up to 29.4% in tasks such as
predicting material synthesis conditions. In material design, LLMs can accelerate computational modeling,
structure and performance prediction, and reverse engineering, reducing experimental trial-and-error cycles.
Notably, LLMs perform well in cross-scale knowledge integration, linking material composition, processing
parameters, and performance metrics to guide innovative synthesis pathways.

However, challenges still exist, including dependence on high-quality data, the “black-box” nature of LLMs,
and limitations in handling complex material systems. The future direction emphasizes improving data quality
through multi-source integration, enhancing model explainability through visualization tools, and deepening
interdisciplinary collaboration, and bridging the gaps between AI and domain-specific expertise.

In summary, LLMs are reshaping materials science by implementing a data-driven, knowledge-intensive
research paradigms. The ability of LLMs to integrate vast datasets, predict material properties, and automate
experimental workflows makes them indispensable tools for accelerating material discovery and innovation.
With the development of LLMs, their synergistic effect with physical constraints and experimental platforms is
expected to open new fields in material design.

Keywords: large language models, material design, intelligent tasks, synthesis and property prediction
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