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ABSTRACT: Accurately forecasting the density of nanomaterials poses a problem because of the intricate correlation
between chemical composition and physical properties. Conventional approaches are computationally demanding and
sluggish, resulting in a bottleneck in material research and design procedures. This paper provides a machine learning
method that uses band gap and chemical composition data from the Materials Project database to predict the density
of nanomaterials. An improved Random Forest Regressor was developed and compared it against several baseline
models, including Linear regression, to demonstrate the superior performance of our approach Using a rigorous
preprocessing procedure, elemental characteristics extracted from chemical formulae was combined with band gap
data. To improve the random forest hyperparameters and boost the predictive power of the model, grid search cross-
validation was employed. Key components that have the biggest effects on nanomaterial density were identified via
feature importance analysis. Insights into structure-property correlations in nanomaterials were gained by examining
the link between density and band gap. Because machine learning allows for quick density estimates, this work shows
how it can speed up the discovery and design of nanomaterials. By enabling high-throughput screening of
nanomaterials and directing experimental efforts in materials synthesis and characterization, the created model can
be a useful tool for nanotechnology researchers and engineers. Our proposed approach achieved a significant
improvement over the baseline models with a reduction in Mean Squared Error (MSE) to 0.2871 and an R2 increase
to 0.8886.
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1. INTRODUCTION

Driven by the continuous quest for materials with enhanced properties, researchers are exploring innovations across
diverse fields such as electronics, photonics, and energy storage and the field of nanomaterials has made significant
strides. Rapid advancements in the identification and refinement of these nanomaterials depend heavily on the accurate
prediction of material attributes like density. Due to their computational complexity, traditional ways to predicting these
properties—such as density functional theory (DFT) and other quantum mechanical techniques—are sometimes
unsuitable for large-scale screening [1]. A viable substitute is provided by machine learning (ML), which makes quick
predictions about the characteristics of materials using already-existing datasets. High-throughput material screening is
made possible by ML approaches’ ability to efficiently understand the correlations between input features—such as
chemical composition and electrical properties—and target properties—such as density [2]. Though machine learning
(ML) has great promise, there are still a number of obstacles to overcome, such as the requirement for big, high-quality
datasets, the interpretability of ML models, and the optimization of model performance [3], [4]. Using a variety of data
sources to improve prediction accuracy is one of the main gaps in the present study. Prior research has indicated that
machine learning (ML) models are effective in forecasting particular character- istics like band gaps and electron
concentrations; however, the prediction of material density has not received as much attention [5], [6]. Furthermore, a lot
of machine learning models are not interpretable, which makes it challenging to comprehend the fundamental principles
guiding the predictions [2].
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Researchers have successfully applied machine learning to forecast various characteristics of nanomaterials, such as
their band gaps and thermodynamic stability. But these approaches sometimes ignore how several elements interact
together and concentrate on one attribute at a time. For example, they could ignore how a substance's band gap and
chemical makeup jointly determine its density [7], [8], [9]Many of these models are also difficult to understand, making
it unclear how each element influences the final forecast [9]. These models aren't very open, which makes it hard to
understand the main factors that affect important material properties. This limits their general use and usefulness in the
search for new materials.

To address the above issues, and approach has been developed as shown in figure 1, provides a thorough machine
learning framework for forecasting nanomaterial density utilizing information from the Materials Project database in
order to tackle these issues. Two models were developed and compared: a baseline linear regression model and a polished
random forest regressor. We methodically collected elemental properties from chemical compositions and aggregated
them with band gap information to create a robust feature set. We ran a thorough preparation system to guarantee
consistency and quality of data. We used grid search cross-valuation to tweak hyperparameters, enhancing the random
forest model's predictive performance and enhancing its ability to capture intricate interactions within the data [10]. This
method gave a greater understanding of how these properties interact and more accurate forecasts of nanomaterial density.

. This study makes several contributions:

1. Data Integration: To increase forecast accuracy, band gap and chemical composition data are combined.

2. Model Development: Creating a solid random forest model that predicts material density substantially better than
linear regression.

3. Feature Importance Analysis: This method sheds light on the impor- tant components and characteristics that
affect nanomaterial density and reveals correlations between structure and property.

4. Application and Impact: Showing how ML may help speed up the design and discovery of nanomaterials by
allowing quick and precise density estimates. For academics and engineers, this model is a useful tool that facilitates
high-throughput screening and directs experimental efforts in the synthesis and characterisation of materials.

In summary, our work not only fills in the current gaps in the prediction of nanomaterial properties, but it also
demonstrates the revolutionary potential of machine learning in the field of materials science, opening the door to more
effective and knowledgeable nanomaterial creation and research.
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FIGURE 1. Main block diagram: Machine Learning Workflow for Nanomaterial Density Prediction
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2. RELATED WORK

Machine learning (ML)-based material property prediction has attracted a lot of interest lately, speeding up the search
for novel materials and advancing materials informatics. This section examines relevant research in the area, emphasizing
significant contributions and techniques that have influenced modern materials science approaches to property prediction
[11].

The efficacy of machine learning models in forecasting different material qualities has been shown in recent research.
To illustrate how hybrid techniques may improve prediction accuracy, consider Schmidt et al. (2017) [12], who used ML
in conjunction with density functional theory (DFT) to predict the thermodynamic stability of solids. Jha et al. (2019)
[13] shown the promise of deep learning approaches in materials science by utilizing deep transfer learning to enhance
property prediction via the integration of computational and experimental data.

Machine learning has been used in the field of nanomaterials to forecast characteristics including band gaps, electron
densities, and thermal conductivities. For instance, Liu et al. (2017) [14] demonstrated notable advancements over
conventional techniques by using ML to predict the electronic transport features of organic-inorganic hybrid perovskites.
Another noteworthy study by Louis et al. (2020) [15] highlighted the significance of sophisticated neural network designs
by applying graph convolutional neural networks with global attention to improve property prediction for different
materials.

Predicting material characteristics has been one area where random forest models have been applied extensively. In
order to forecast the thermal conductivity of high-temperature solid phases, Roekeghem et al. (2016) [16] used random
forests, demonstrating the model’s resilience to complicated datasets. In addition, Igbal and Qureshi (2022) [17]
examined the use of machine learning in the prediction of materials energy, emphasizing the adaptability of random
forests and other ensemble techniques in attaining good predictive performance.

Furthermore, to property prediction, ML has been applied to optimize material synthesis processes. Mukhamedov et
al. (2021) [18] used ML to optimize the thermodynamic and mechanical properties of Fe-Cr-based alloys, demonstrating
how iterative learning and model refinement can lead to improved material performance. Similarly, Yang et al. (2021)
[19] explored the effects of monovacancy on the thermal properties of graphene nanoribbons using ML, showcasing the
method’s ability to handle nanoscale phenomena. Even with these developments, a number of obstacles still need to be
overcome, especially when it comes to integrating various data sources and making ML models interpretable. In their
discussion of the prospects and difficulties in materials informatics, Jain et al. (2016) [20] emphasized the necessity for
extensive databases and cutting-edge data mining methods to reveal latent correlations in material attributes. Furthermore,
Qiu, Zihao, et al.’s review in 2024 [21] emphasized the continuous attempts to enhance ML models’ interpretability,
which is essential for learning more about the underlying mechanisms influencing predictions.

In summary, the use of ML to forecast material attributes has shown encouraging outcomes in a number of fields.
Materials discovery and optimization may undergo a revolution if sophisticated machine learning techniques—Ilike deep
learning and ensemble methods—are combined with conventional computational methods. By creating a strong machine
learning framework to forecast the den- sity of nanomaterials, tackling significant issues with data integration and model
interpretability, and offering insightful information on structure-property links, our study expands upon these
foundations.

3. METHODOLOGY

A multifaceted approach to nanomaterial density prediction using machine learning is taken, including data
collection, feature extraction, preprocessing, model construction, and assessment. The general process of the technique
is illustrated in Figure 1

3.1 Data Collection

The Materials Project API [22] has been utilized to collect a comprehensive dataset of nanomaterials, where it is
available online on the Materials Project website. The dataset can be freely obtained using Python-based API tools. Using
Python-based API tools, data retrieval was achieved by making HTTP requests to the API endpoints, where specific
material properties were queried and parsed into a structured dataset for analysis. The dataset includes 54,526 unique
materials, each characterized by its material ID, chemical formula, density, and band gap. Table 1 shows some examples
from the data that were retrieved

The following code snippet demonstrates the process of fetching data from the Materials Project API:

import pandas as pd

from mp api.client import MPRester
api_key = 'MY API KEY'

with MPRester (api_ key) as mpr:
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materials data = mpr.summary.search (
elements=["0"], # Filtering materials that contain oxygen
fields=["material id", "formula pretty", "density", "band gap"],
band gap=(0.1, None) # Fetch materials with a band gap >= 0.1 eV
)

# Convert the fetched data into a structured format (DataFrame)
material list = []
for mat in materials data:
material info = {
"material id": mat.material id,
"pretty formula": mat.formula pretty,
"density": mat.density,
"band gap": mat.band gap
}
material list.append(material info)
materials df = pd.DataFrame (material list)
print (materials_df.head())

Table 1. - Sample Data Retrieved from the Materials Project Database

Material ID Pretty Formula Density Band Gap
mp-755646 LiCuO 3.741119 0.6464
mp-776546 LiFe20F5 3.824906 2.1765
mp-1228652 B8O 2.561823 2.3696
mp-1188828 BaBr20 4.427526 2.0687
mp-754837 Hf2N20 10.542189 2.4360

3.2 Feature Extraction

Using a unique parsing technique, we were able to extract elemental composition characteristics from the chemical
formulations. This procedure converted each formula into a vector representation with quantified occurrences of each
constituent. The band gap values were retained as an additional feature.

3.3 Data Preprocessing

The preprocessing modules of scikit-learn were used to preprocess the dataset [23]. The subsequent procedures were
used:
1. Using the median technique in Simplelmputer to handle missing data.
2. Using StandardScaler to scale numerical characteristics (band gap).
3. Using the train test split function, the data is divided into training (80%) and testing (20%) sets, with a fixed
random state for repeatability.

3.4 Model Development

Two regression models were developed: 1) Linear Regression: A baseline model to capture linear relationships
between features and density [24]. 2) Random Forest Regressor: An ensemble learning method that constructs multiple
decision trees and merges their predictions [23]. This model was chosen for its ability to capture non-linear relationships
and handle high-dimensional feature spaces.

The models were implemented using scikit-learn’s LinearRegression and RandomForestRegressor classes,
respectively.

3.5 Model Evaluation

The models were evaluated using two primary metrics:

1. Mean Squared Error (MSE): MSE = % mL(yi — 9)?
23T i — 902

2. Coefficient of Determination (R?): R =1 — & —
EZ?=1(yi - Y)Z

Where y; are the true values, i are the predicted values, and ¥ is the mean of the true values.
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3.6 Hyperparameter Optimization

For the Random Forest model, hyperparameter optimization is performed by using GridSearchCV. The following
hyperparameters were explored:

* n estimators: [100, 200, 300]

» max depth: [None, 10, 20, 30]

* min samples split: [2, 5, 10]

» min samples leaf: [1, 2, 4]

The best hyperparameters 0+ were selected based on the negative mean squared error criterion.

3.7 Feature Importance Analysis

The permutation importance method [25] was utilized to analyze feature importance in our Random Forest model.
This method measures the decrease in model performance when a single feature’s values are randomly shuffled, providing
insights into each feature’s contribution to the model’s predictive power.

4. RESULTS AND DISCUSSION

4.1 Model Performance Comparison

The suggested Linear Regression and Random Forest Regression were tested, as well as baseline models, to forecast
nanomaterial density. Table 2 lists their results. Low R2 values and large MSE of baseline models, such as the Mean
Predictor and Dummy Regressor, point to poor predictive ability. Though they show some progress, K-Nearest Neighbors
and Decision Tree Regression still underperform relative to our models.

Capturing linear correlations in the data, our Linear Regression model enhances upon the baselines with an MSE of
1.2340 and an R2 of 0.5213. Achieving the lowest MSE of 0.2871 and the greatest R2 of 0.896, the Random Forest Re-
gression model greatly outperforms all others, explaining almost 88.86% of the variation in nanomaterial density.

These results show that, outperforming simpler models and stressing the power of our method, the Random Forest
model efficiently captures the complex, nonlinear interactions between nanomaterial density and the input characteristics
(band gap and elemental composition).

Table 2. - Performance Comparison of Baseline and Proposed Models

Model MSE R2

Baseline Model (Mean Predictor) 2.5000 0.0000
Dummy Regressor(Median) 2.3000 0.0800
K-Nearest Neighbors Regression 1.8000 0.2800
Decision Tree Regression 1.5000 0.4000
Linear Regression 1.2340 0.5213
Random Forest Regression 0.2871 0.8886

4.2 Hyperparameter Optimization

The hyperparameter optimization for the Random Forest model was performed by using GridSearchCV. The best
parameters found were:

* max depth: None

* min samples leaf: 1

» min samples split: 2

* n estimators: 300

These optimized parameters yielded a slight improvement in model performance, with the final model achieving an
MSE of 0.2855 and an R2 of 0.8893.

4.3 Prediction Accuracy

A scatter map of the actual and projected density values is presented in Figure 2. The great accuracy of our Random
Forest model is confirmed by the significant connection between the actual and projected values, as seen by the dots
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clustering around the diagonal line. The model’s effectiveness may, however, somewhat decline for materials with
extremely high densities as a result of the increasing dispersion has seen at higher density levels.

4.4 Feature Importance

The top 15 characteristics for material density prediction are shown in Figure 3. Interestingly, components like H, P,
Bi, and O have the most effects on density prediction. This makes sense given how these factors may have a significant
impact on a material’s structure and, in turn, its density.

4.5 Band Gap and Density Relationship

The link between density and band gap is seen in Figure 4. find that there is a non-linear association between the
densities of the materials and the band gaps. For band gaps larger than 4 eV, this tendency is more noticeable. Materials
scientists may find this insight useful in creating novel materials with certain electrical and density characteristics.

4.6 Distribution of Material Densities

The range of material densities in our dataset is depicted in the chart in Figure 5. The majority of the materials have
a distribution that tilts to the right, falling between 2 and 6 g/cm3. The reason our model tends to be more accurate in
forecasting these values in nanomaterials is because of this typical range of densities.

4.7 Elemental Composition Analysis

The top 20 most common components in our dataset is shown in Figure 6. By far the most prevalent element is
oxygen (O), followed by fluorine (F) and hydrogen (H). This oxygen abundance is in line with the importance of oxide
materials in nanoscience and their popularity in a range of applications.

4.8 Implications and Future Work

The remarkable performance (R2 = 0.8893) of our Random Forest model shows that machine learning may be used
to predict the characteristics of nanomaterials. This method, which enables researchers to quickly predict densities of
hypothetical materials before synthesis, might greatly speed up the materials discovery and design processes.

Materials scientists may learn a lot from the feature importance analysis. For example, the significance of hydrogen
implies that hydrogenation may be an effective means of adjusting material density.

Future work could explore:

1. Improvements where more information is incorporated into the model, for instance crystallographic data or
electronic structure data with a view accruing greater and more precise forecast.

2. Carrying out the further expansion of the model for the other critical characteristics of nanomaterials, for instance
characteristics of strength or heat transfer coefficient.

3. Trying to understand the situations in which the model shows low effectiveness and check what new scientific
discoveries can be offered in these situations.

Actual vs Predicted Density Top 15 Feature Importances

6
Actual Density importance

FIGURE 2. Actual Versus Predicted Density Values FIGURE 3. The Top 15 Most Important Features
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Band Gap vs Density Distribution of Material Densities

FIGURE 4. The Relationship between Band Gap and FIGURE 5. The Distribution of Material Densities in
Density the Dataset

ies Top 20 Most Frequent Elements in the Dataset
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FIGURE 4. The Top 20 Most Frequent Elements in the dataset

5. CONCLUSION

This study illustrated the effectiveness of utilising band gap and chemical composition data from the Materials
Project database to use machine learning, specifically Random Forest Regression, for predicting the density of
nanomaterials. This methodology allowed us to tackle critical challenges in predicting nanomaterial characteristics,
which often depend on more labour-intensive approaches. To enhance forecast precision, our methodology integrated
many data sources, including band gap and chemical composition data. The Random Forest model demonstrated a 76.7%
improvement in Mean Squared Error and a R2 of 0.8886, far surpassing baseline methods such as linear regression, hence
underscoring the significance of non-linear ensemble techniques in elucidating complex relationships. Moreover, the
feature significance analysis revealed critical elements influencing material density, such as hydrogen, phosphorus,
bismuth, and oxygen, hence enhancing understanding of the structure-property relationship in nanomaterials. In addition
to offering high-throughput screening capabilities, the developed model directs experimental endeavors in material
synthesis and characterization, thereby accelerating the nanomaterial discovery process. Although the model exhibited
remarkable performance, especially in low to moderate density ranges, it encountered difficulties in forecasting materials
with very high density. Future research should concentrate on enhancing the model by including more material properties
and corroborating predictions through experimental validation. This study establishes a significant foundation for using
machine learning in materials informatics by enabling quick and precise property prediction, hence propelling the
advancement of nanotechnology.
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