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Data Preparation

The papers selected were searched from the journals official websites such as https://www.nature.com and https://pubs.acs.org/journal/jacsat with keywords related to single-atom catalysis (SAC). The metadata of chosen papers were saved by literature management tool, Zotero. Zotero automatically saved papers contents and supporting information as pdfs locally. The synthesis descriptions were manually selected, cleaned and saved in txt files named by the DOIs of papers. The information of each SAC synthesis protocol was recorded on an excel file for future references and management. The ready-to-use synthesis protocols in txt files were converted to question-answer pairs in JSON format by a Python script, which could be easily generated by commercial LLMs. The JSON files were later applied for fine-tunning. 
The background knowledge in SAC was collected from textbooks, related answers from online recourses such as Wikipedia. This knowledge was double-checked by senior experts in SAC for many years. It was also summarized in question-answer pairs in JSON files for fine-tunning. The background knowledge included common SAC synthesis procedures such as calcination, chemical properties of metal atoms and their precursors in SAC and chemical properties of supports in SAC. 
[image: ]
Figure S1. Examples of background knowledge question-answer pairs in SAC synthesis procedures, metal atoms in SAC and support in SAC. 












Hardware Setup

The computing server was composed of two Intel Sapphire Rapids 8462Y+ 32C@2.8GHz CPU with a memory of 2048 GB and eight NVIDIA Tesla H800 SXM5 GPU with a graphics memory of 8*80 GB. The server was installed Ubuntu 22.04 operating system. CUDA 12.6 was loaded for computation with NVIDIA graphic cards.


Software Setup

The open-source LLMs for fine-tunning were downloaded from https://www.modelscope.cn to the computing server locally by SDK method. 
The fine-tune framework Xtuner of version v0.2.0rc0 was installed by the instructions from its official website on github https://github.com/InternLM/xtuner. Xtuner is an efficient, flexible and full-featured toolkit for fine-tuning large models. It supports fine-tuning in various algorithms such as QLoRA, LoRA and full parameter fine-tune for mainstream open-source LLMs1. It is based on mainstream Python modules for LLMs and fine-tuning such as Transformers 4.48.0 and PyTorch 2.5.1. The version of all Python module dependencies can be found on Xtuner official website. The fine-tuning was setup by a configure file in Python provided by Xtuner with all the fine-tune hyperparameters to be determined. 
























Fine-Tune details

The fine-tune algorithms applied in this paper was Quantized Low Rank Adaptation (QLoRA). QLoRA was explained in the method section of this paper. All hyperparameters remained unchanged from default except some key hyperparameters that significantly affected the efficiency of fine-tunning. Multiple combinations of hyperparameters were tried to speed up fine-tuning, maximize the efficiency of fine-tuning and avoid overfitting or gradient explosion. The final optimized hyperparameter combination was determined by the LLMs, the size of dataset and the hardware. 
The key hyperparameters were finally determined as shown in Supplementary Table 1.  
	
	Hyperparameter Name
	Explanation
	Value

	Prompt_template
	Same for all LLMs
	default

	System_template
	Same for all LLMs
	alpaca

	Max_length
	Max tokens for output
	2048

	Batch_size
	Sample size for each turn
	50

	Max_epochs
	Max epoch
	400

	Optim_type
	Learning rate optimization method
	AdamW

	lr
	Initial learning rate
	5e-5

	Save_steps
	Save weights every number of steps
	200

	load_in_4bit
	Quantized in 4 bits
	True

	r
	The rank for adaptation
	64

	Lora_alpha
	Usually 1 or 2 times r by mainstream experience
	128


Table S1. Values of Significant hyperparameters applied for all fine-tuned models.

















Evaluation details

The framework score and detail score were recorded as explained in the methods section of this paper. Here we provide detailed examples to further illustrate the calculation of these scores with the following figure. 
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Figure S2. Comparison of Fe-N-C synthesis designs between from literature2 and from fine-tuned Llama-3-8B. 

The framework of Fe-N-C synthesis generated by fine-tuned Llama-3-8B roughly matched the synthesis descriptions from literature, which was a complete synthesis design based on the synthesis of ZIF-8 framework2. The overall procedures matched very well including impregnation, cleaning, drying, and calcination. The precursor and support selected, together with other related chemicals, were correct. Thus, the framework score of this synthesis design was “pass”.  
The score of each detail was first classified by three levels of hierarchy. We applied weight combination 3-2-1 for instance. The top hierarchy level with weight 3 included factors: calcination temperature, calcination atmosphere, calcination time. The second hierarchy level with weight 2 included factors: chemical weight, ramping time. The least hierarchy level with weight 1 included any other factors such as drying time, centrifugation times, etc. 
There were 14 important details of this Fe-N-C synthesis as marked in pink in Figure S2. Each detail was weighted as explained by three levels of importance. The total weight summed was 27. For each numerical detail such as the weight of zinc nitrate hexahydrate, it was 0.84 g in literature while 367 mg generated by Baichuan-7B-Base. It was the amount of chemical so weighted by 2. The score for this specific detail was calculated as 2/27 * (1 - |0.367 – 0.84| / 0.84) = 0.0324. The weight of CTAB was missing in the generated synthesis so the score of this detail was 0. For each non-numerical detail such as “dried in vacuum overnight” from literature, the score of this detail was 0 if it was missing or stated incorrectly. In this case, the score of this detail was a full score of 1/27 since it was mentioned correctly as “dried overnight under vacuum”. 
After the scores of all details were determined, the final detail score was the sum of all those scores. In this case, the final detail score of this Fe-N-C synthesis was calculated as 0.5064 out of 1. The calculations of all scores of details were listed in Table 2 below.
	Literature Detail
	Generated Detail
	Weight
	Calculation
	Final Score

	0.84 g
	367 mg
	2
	2/27 * (1 - |0.367 – 0.84| / 0.84)
	0.0324

	0.014 g
	19.1 mg
	2
	2/27 * (1 – |0.0191 – 0.014| / 0.014)
	0.0471

	0.028 g
	
	2
	0
	0

	28 mL
	12 mL
	2
	2/27 * (1 - |12 - 28| / 28)
	0.0317

	12.712 g
	3.6 g
	2
	2/27 * (1- |3.6 – 12.712| / 12.712)
	0.0210

	196 mL
	30 mL
	2
	2/27 * (1 - |30 - 196| / 196)
	0.0113

	12 hours
	20 h
	1
	1/27 * (1 – |20 - 12| / 12)
	0.0123

	Five times
	
	1
	0
	0

	Five times
	Six times
	1
	1/27 * (1 – |6 - 5| / 5)
	0.0296

	Dried in vacuum overnight
	Dried overnight under vacuum
	1
	1/27
	0.0370

	900 C
	1000 C
	3
	3/27 * (1 – |1000 - 900| / 1000)
	0.0987

	2 h
	2 h
	3
	3/27
	0.1111

	5 C / min
	5 C / min
	2
	2/27
	0.0741

	Flowing nitrogen
	Air atmosphere
	3
	0
	0


Table S2. Details and their score calculations of this specific Fe-N-C synthesis case.

Note: The above example, in which the model generated a valid framework, is provided to clearly illustrate the calculation methodology for the detail score. This case represents one of the model's stronger performances, and the calculated score of 0.5064 should not be mistaken for the model's average performance across the entire test set (0.0792), as reported in the main manuscript.
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Zinc nitrate hexahydrate (0840228 mmol),
iron (III) nitrate nonahydrate (D:0149g10.034
mifiol) and CTAB (RO28IEN0077NRIGI) were

dissolved in deionized water (28 mL) followed
by sonication until a solution rich in foam was
formed. This solution was labeled as A. 2-
methylimidazole (12712005 mmol) was
dissolved in deionized water (I960Ml) under
sonication to form a transparent solution B.
Solution A was added dropwise into solution B
under vigorous stirring. The mixture was kept
under stirring at room temperature for {2
HOuUrS. Subsequently, the resulting pale-yellow
powder was collected via centrifugation, washed
with deionized water for fi¥€ times and then
methanol for another fi¥@ times to remove any
physically adsorbed complexes, and dFiedin

. The as-obtained powder
(200 mg) was thoroughly grinded and placed in
a porcelain boat, followed by thermal treatment

at DOOIEE for B (ramping rate SIECHNMRED
flowing nitrogen.

under

Fine-Tuned Llama-3-8B

The catalyst is synthesized by a framework of
ZI1F-8 synthesis

The synthesis procedures are as followed:

1. 3670 mg Zn(NO3)2:6H20 and 9 mg|
Fe(NO3)3-9H20 were dissolved in 12Nl
methanol to obtain solution A.

2. While solution B was prepared in S05ml
methanol by Bl6)g 2-methylimidazole

3. Then, solution A and B were transferred
into a 50 ml centrifuge tube and stirred for
- at room temperature.

4. The ZIF-8@Fe nanoparticles were collected
by centrifugation at 9000 rpm for S min and
washed with methanol §iX times.

5. The obtained powder was [dFied overnight
URAEEVAGHTR at 70 °C.

6. The dried powder was then pyrolyzed at

H000FE in an _ for 20 with a

heating rate of
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SAC Synthesis Procedure
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"input'": "key calcination
parameters and their influence in SAC
synthesis'',

"output': "Temperature: Crucial to
balance decomposition vs. aggregation.
Too high — atom migration &
sintering.\nAtmosphere: Air, O, inert
(N2, Ar), or reductive (Hz/Ar) affects
oxidation state and interaction.\nHeating
Rate: Fast heating may lead to gas
trapping or aggregation. Slow ramping
improves uniformity.\nDwell Time:
Determines extent of decomposition and
anchoring. Longer time ensures full
removal of organics but can promote
diffusion.\nSupport Material: Affects
thermal conductivity and stability of
SAC. Example: SiO: vs. TiO: vs. N-C."

}

Metal Atom in SAC

{

"input': "Chemical properties of Ag
Atom",

"output'': ""At the heart of silver's catalytic
potential lies its electron configuration: [Kr]
4d" Ss'. This arrangement, with a single
electron in its outermost 's' orbital and a
completely filled 'd' orbital, dictates its
chemical behavior. Unlike many other
transition metals, the filled d-shell makes silver
relatively inert and resistant to oxidation,
earning it the \'"'noble metal\" status. However,
the lone Ss electron is readily available for
chemical bonding, making the +1 oxidation
state (Ag*) the most common and stable for
silver in compounds. This state is central to its
role in catalysis.\n\nThe relatively low
ionization energy of silver allows it to easily lose
its Ss electron to form the Ag* ion, which can
then interact with other molecules. This ability
to cycle between the metallic state (Ag°’) and the
+1 oxidation state is a key feature in many
catalytic reactions, particularly oxidation and
reduction processes."

}

Support in SAC

{

"input': "Properties of Activated Carbon
(AC) in SAC Synthesis",

"output': "High Surface Area: Typically
>1000 m?/g; offers abundant anchoring sites for
single atoms.\nPorosity:\tMicro- and
mesoporous structures enhance metal
dispersion and facilitate mass
transport.\nSurface Functional Groups:
Oxygen-containing groups (e.g., —-OH, -COOH,
—C=0) help bind metal precursors and stabilize
single atoms.\nGood Electrical Conductivity:
Useful in electrocatalytic SACs (e.g., HER,
ORR, CO:RR).\nChemical Stability: Inert
under many conditions; stable in both acidic
and basic media.\nThermal Stability: Can
tolerate pyrolysis conditions (>600°C),
especially after proper pretreatment.\nRedox
Inertness: Carbon is typically redox-inert,
allowing the metal center to dominate catalytic
activity."

}





