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Machine Learning based Analytical
Framework for Automatic
Hyperspectral Raman Analysis of
Lithium-ion Battery Electrodes

Ankur Baliyan® & Hideto Imai

The intelligence to synchronously identify multiple spectral signatures in a lithium-ion battery
electrode (LIB) would facilitate the usage of analytical technique for inline quality control and product
development. Here, we present an analytical framework (AF) to automatically identify the existing
spectral signatures in the hyperspectral Raman dataset of LIB electrodes. The AF is entirely automated
and requires fewer or almost no human assistance. The end-to-end pipeline of AF own the following
features; (i) intelligently pre-processing the hyperspectral Raman dataset to eliminate the cosmic
noise and baseline, (ii) extract all the reliable spectral signatures from the hyperspectral dataset

and assign the class labels, (iii) training a neural network (NN) on to the precisely “labelled” spectral
signature, and finally, examined the interoperability/reusability of already trained NN on to the newly
measured dataset taken from the same LIB specimen or completely different LIB specimen for inline
real-time analytics. Furthermore, we demonstrate that it is possible to quantitatively assess the
capacity degradation of LIB via a capacity retention coefficient that can be calculated by comparing
the LMO signatures extracted by the analytical framework (AF). The present approach is suited for
real-time vibrational spectroscopy based industrial applications; multicomponent chemical reactions,
chromatographic, spectroscopic mixtures, and environmental monitoring.

Raman spectroscopy is a fast, non-destructive, and inexpensive spectroscopic tool to probe the molecular varia-
tions for a given specimen. The characteristic fingerprinting pattern of Raman spectrum provides much-needed
access to the sample information at the molecular level. Besides, extending the singleton Raman spectrum anal-
ysis to the hyper-spectral domain either spatially or temporally, considerably, will help vibrational spectroscopy
to be put to use, routinely, for the quality control (QA/QC) and product development applications. At present,
hyperspectral Raman spectroscopy is mostly confined to the laboratory-scale measurement and analysis, and
there are specific reasons for it not being used as the real-time quality-control analytical tool; (i) the presence of
the cosmic noise and background signature in the hyperspectral dataset, (ii) inability to accurately identify the
number of spectral signature in the hyperspectral dataset, and (iii) non-transferability of the existing analytical
model from one set of hyperspectral measurement data to another set of newly hyperspectral measured dataset’.

Hyperspectral Raman imaging caters the ability to image multiple chemical signatures simultaneously, and the
spatial information is collected in the X-Y plane, and the spectral information is represented in the Z-direction,
hyperspectral images are represented in the form of data cubes (Fig. 1). The analysis of hyperspectral Raman
dataset (multidimensional) is usually cumbersome, complicated, and multistep process®. With modern scientific
characterization instrumentation and faster than ever data generation capabilities, there is an urgent need for an
innovative machine learning (ML) based computational framework to automate the entire life cycle of hyperspec-
tral analysis®. The analytical model should be constructed with fewer or no human assistance. In addition, it is
desired that the analytical model should be reusable, particularly on the newly measured dataset taken from the
same specimen or completely different specimen®.

Recently, a number of ML techniques such as; principal component analysis (PCA), multiple curve resolution
(MCR-ALS), independent component analysis (ICA), partial least square discriminant analysis (PLS-DA), voxel
component analysis (VCA) and non-negative matrix factorization (NNF) have been applied for the identification/
clustering of the significant spectral signatures from the test specimen’®'°. Among all, MCR-ALS analysis, also
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Figure 1. Illustration of hyperspectral images (3D data cubes), the spatial information is collected in the X-Y
plane and the spectral information is represented in the Z-direction.

referred to as un-mixing, has been extensively utilized to resolve the multiple pure spectral signatures and of their
respective concentration components in the hyperspectral datasets. Essentially, MCR-ALS is responsive to the
small variation within the specimen, and it helps to associates this variation to the contribution of the respective
components (spectral/concentration) that can be measured and analysed, either qualitatively or quantitatively®'!.
The indispensable condition for MCR-ALS analysis, to know beforehand, is the number of spectral signatures
that are expected to be present in the hyperspectral datasets. An incorrect selection of the number of components
can either lead to the inclusion of noise (i.e., overestimation) or loss of information (i.e., underestimation)>°. In
order to determine the appropriate number of components, to begin with, some methods such as; PCA, parallel
analysis test, cross-validation, NMF-SO, and Kaiser criterion have been commonly used>®!>!3. Unfortunately, for
any chosen dataset processed via MCR-ALS, the end-results using such methods are not consistent and result-
ing in a different number of spectral and concentration profiles. This inconsistency curtails the reliability of the
MCR-ALS analysis®®.

The peculiar challenge with MCR-ALS is to determine the total number of components that exist in the chosen
dataset; more importantly, the reliability of the emerged components, whether they are not falsely true. Although,
Hiromi et al. have purposed an innovative approach by tagging the component “reliable” or “unreliable” based on
the reproducibility of its appearance, regardless of the number of components chosen for analysis®. Nevertheless,
the clustering of the concentration profiles, which is in unfolded spectral format, is quite vague and provides
no visual confirmation to validate whether the rejected concentration profiles were really worth throwing out.
Furthermore, the MCR-ALS analysis, encompass an analytical model that genuinely represents the characteristics
of the test specimen, is a laborious process without having any reusability/transferability benefits, i.e., the newly
established analytical model that is meant explicitly for a particular test specimen.

Here, we propose an MCR-ALS based machine learning analytical framework (AF) to automate the entire
pipeline of hyperspectral Raman analysis of lithium-ion battery (LIB) electrodes. The AF pipeline to make an
analytical model involve; intelligently pre-processing the hyperspectral Raman data with fewer or no human
assistance, accurately identifying the reliable spectral signature from the hyperspectral dataset and assign the
class labels, training a neural network (NN) on to the accurately “labelled” spectral signature, and finally, testing
the reusability of already trained NN to evaluate other test samples in real-time (Fig. 2 for schematic diagram).
We started with data pre-processing; airPLS and modified-PCA based algorithms to remove the background and
cosmic noise from the raw dataset. Subsequently, determine the appropriate number of components (N,) with
NMEF automatic relevance determination (NMF-SO-ARD) and performed the cluster-aided MCR-ALS analysis
by sequentially changing the number of expected component from n=1 to N,, and tagging the component “reli-
able” or “unreliable” based on the reproducibility of its appearance (see the image 2).
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Figure 2. Machine learning based analytical framework (AF). The pipeline of the hyperspectral Raman analysis
of LIB electrodes has domains; (i) intelligently pre-processing the hyperspectral Raman data with fewer or no
human assistance, (ii) accurately identifying the reliable spectral signature from the hyperspectral dataset and
assign the class labels, (iii) training a neural network (NN) on to the accurately “labelled” spectral signature, (iv)
testing the reusability of already trained NN to evaluate other test samples in real-time.

The reliable component periodically appears irrespective of the number of components chosenn=1,2, 3...
N.. To cluster the reliable components, the concentration profiles were refolded to form images because, in con-
trast to the spectral format, the concentration profile provides better visual representation in pictographic format.
Clustering of all the refolded concentration image dataset classifies concentration images into distinct clusters
(collection of similar images). Clusters containing higher co-relation and reproducible images were stamped, as
reliable clusters, and was retained for NN modelling. Each retained cluster was marked as a known class label.
However, clusters having dissimilar images were rejected. Noting, by averaging all the concentration images and
corresponding spectral profiles, within an individual retained cluster, provides a trusted singleton concentration
image and spectrum profile.

Lastly, we trained a neural network (TNN) using the retained spectral data set and spectrum class labels and
accessed the accuracy of TNN against the same dataset that the TNN was derived. In addition, examined the
interoperability of the TNN from one dataset to another dataset, extending the benefit of reusable TNN analytical
model. Such a trained model is very efficient and reliable, considering the analysis can be completed in real-time.
The present approach is suited for real-time vibrational spectroscopy based quality control (QA/QC) and product
development tools for routine industrial applications such as; multicomponent chemical reactions, industrial
processes, chromatographic, spectroscopic mixtures, and environmental monitoring, etc.

Necessity of the Neural Network Model

It is essential to illustrate what sorts of benefits will be served by the neural network model (NN). The limitations
of routine MCR-ALS analysis are that it consumes considerable time before reaching an optimal solution of a
given data-set, i.e., concentration maps and respective spectrum. Usually, the background subtraction, cosmic
noise, MCR-ALS, and clustering required roughly forty to fifty minutes (on a personal computer- see details in
the results section). In addition, the instrument-operator has no idea of the quality of the acquisition data being
recorded during the characterization of the substrate. Considering, the analytics is often done in offline-mode
that need separate plugins for background subtraction/cosmic noise/MCR-ALS. In a nutshell, MCR-ALS based
analytical model is exclusive to the data-set it was created and cannot be reused to evaluate other similar speci-
mens from the same batch or different specimen from the other batches, i.e., restricting the reusability/transfer-
ability of the MCR-ALS analytical model.

The central idea of training a NN is to do the analytics in nearly real-time, for the purpose of curtailing the
analytics turnaround time to a few seconds after the acquisition of the data to pre-processing to spatially mapping
the concentration profiles. In an ideal scenario, it would be interesting if one could build an analytical model
using MCR-ALS via any chosen specimen dataset. Afterword, MCR-ALS based analytical model is translated
to create an NN model. Such a strategy will not only assist the instrument-operator to judge the quality of the
acquisition data instantly but at the same time, the neural network-based model can be used to evaluate other
analogous samples in real-time that would save time, cost and energy. Therefore, the necessity of NN becomes
imminent, and the use of NN allows hyper-spectral Raman analytics even with the personal computer almost in
real-time.
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Material and Method

Lithium-ion battery (LIB) cells were procured (Panasonic, Japan) and subsequently analyzed by Raman spec-
troscopy (Alpha-300 confocal Raman microscope - WITec, GmbH) for hyperspectral Raman dataset. A typical
cylindrical 18650-type LIB cell (2.1 Ah) consists of a graphite anode, Li(Ni,_,_,Mn,Co,)O, (NMC) cathode and
electrolyte; lithium hexafluorophosphate salt (LiPF,) dissolved in a mixture solvent of ethylene carbonate (EC),
propylene carbonate (PC), ethyl methyl carbonate (EMC) and dimethyl carbonate (DMC). The diameter and
height of LIB cell were 16 and 65 mm, respectively. The double-coating electrode was wound in the cylindrical
cell; the thickness of single-side of the cathode was about 80 pm. Charge/discharge of LIB cells was done at 25°C
with 1C rate up to 500 cycles in the voltage range of 2.6-4.2 V. The battery cells were charged and discharged in
constant current-constant voltage (CC-CV) and CC mode, respectively.

Raman sample preparation and image acquisition. In total, three LIB cells were prepared, (a) Pristine
sample — without any charge/discharge, (b) after 500 cycles of charge/discharge - from interior region of the
cathode, and (c) after 500 cycles of charge/discharge - from outer region of the cathode (Fig. S1 for illustration).
Here onward, (a), (b), and (c) will be addressed as pristine, 500_IN, and 500_Out samples, respectively. LIB
cells were disassembled under argon (Ar) atmosphere inside an argon glove box. All the samples were rinsed in
pure DMC and dried under vacuum, subsequently cross polished for the Raman characterization. Samples were
sealed under argon in a specially designed sample holder to avoid air exposure. Raman spectra in the spectral
range (100-3700 cm™!) were acquired with an Alpha-300 confocal Raman microscope (WITec, GmbH) using a
solid-state 532 nm laser (laser power: 0.5 mW, optical lens: 40x, integration time: 1 second). Typically, for each
sample thousands of spectra are acquired [pristine (scan width: 45 um, Scan Height: 45 pm, Point per Line: 60,
Lines per Image: 60), 500_IN (scan width: 55 pm, Scan Height: 20 jum, Point per Line: 72, Lines per Image: 26)
and 500_Out samples (scan width: 45 pm, Scan Height: 45 pm, Point per Line: 60, Lines per Image: 60)], each
containing position resolved information (Table T1 in SI). No, any additional data smoothing was done, and as
measured data is used for further ML analysis.

Analytical framework. Our analytical framework is built on the Matlab platform. At first, Raman imaging
Dataset for each sample was exported into a.txt file and was converted to.mat file for further data processing.
Extracting the vital information needs pre-processing of Raman spectra, i.e., background subtraction and despik-
ing, followed by multivariate data analysis methods to generate the chemical composition and spectral signature.
The main building blocks of the analytical framework is as follows; (1) Pre-processing the Raman dataset to
remove the baseline and cosmic noise from the dataset, (2) Estimating the appropriate N, with NMF-SO-ARD
followed by cluster assisted-MCR-ALS regression analysis to extract the spectral and concentration profile by
fitting the various number of componentsn=1, 2, 3 .... N,, (3) Refolding the concentration profiles into image
format, (4) feature extraction via image analytics and classification to assign the class labels, (5) designing a NN
analytical model by training a NN on to the spectral profile with known class labels, and (6) reusing the already
trained NN to test the random LIB Raman dataset for predicting the unknown concentration profile.

Raman data-set. We collected 3600, 1872 & 3600 Raman spectra from pristine, 500_IN, and 500_Out LIB
samples, respectively. A typical hyperspectral Raman image is a 3D dataset, hereafter addressed as a 3D spectral
hypercube (Fig. 1), the structure of the 3D spectral hypercube X (m by n by k), where m and n axes represent spa-
tial information of Raman image, and k number of data points per spectrum along the wavelength axis, respec-
tively. Finally, 3D spectral hypercube X was folded into a 2D matrix by systematically placing recorded spectrum
one over the other along the wavelength axis, transforming the hypercube (X: I x k), where /= m.n represent the
total number of Raman measurement for a particular sample.

Baseline correction & despiking. An adaptive iteratively reweighted penalized least-squares (air-
PLS) algorithm was used to remove the baseline from the Raman dataset (X: I x k), addressing the dataset as
baseline-corrected dataset (Xg: I X k) (see SI for Baseline Correction). In order to remove the cosmic noise from
the baseline-corrected Raman dataset (Xp: I x k), we have used the modified version of the PCA-despiking algo-
rithm originally purposed by X. Zhang et al.'*. In modified PCA-despiking algorithm concept is shown in Fig. S2,
the baseline-corrected Raman dataset (Xj: ,k) is sent as the input variable to the algorithm function, and the
algorithm returned the despiked dataset as output variable (Xpp: 1,k), the despiked dataset is transposed (Xpp:
k,1), and again sent as an input (Xjp: k,I) to the PCA-despiking algorithm function, subsequently, transposing
the output variable (Xpp: k,/) to make sure it returned to the initial dimension (Xpp: /,k), this process is repeated
until all the cosmic noise peaks were removed. Spike range and PCA variance cut-off were set to 20 and 0.85,
irrespective of the dataset processed. (Code for the algorithm will be available after the publication of this article
in supplementary information). The baseline-corrected dataset was normalized (row normalization) before the
cluster-assisted MCR-ALS analysis.

Cluster-assisted MCR-ALS. MCR-ALS analysis helps to identify the spectral (S*) and concentration profile
(C) from the large Raman dataset. However, accuracy is limited by the fact that the spectral and concentration
profile are not consistent across the number of components (n=1, 2, 3 ...) estimated by MCR-ALS analysis. In
conventional MCR-ALS analysis, the spectrum data set is analyzed by specifying the desired number of compo-
nents (it may be any positive integer)'®. Whereas, in the cluster-aided-MCR-ALS (C-MCR-ALS), the MCR-ALS
calculation was performed repeatedly by changing the number of components sequentially from one to an appro-
priate number of components (N,); N,, a positive integer, was estimated with NMF-SO-ARD was found to be 8,
irrespective of any LIB sample®. A flow chart illustrating the process of cluster-aided C-MCR-ALS is shown in
Fig. S3. Here, C-MCR-ALS analysis was performed for all three LIB samples, sequentially changing n from one
to N, =8. For individual LIB sample, the total number of resulting components (Z) was 36 (concentration profile:
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C=136 & spectral profile: §'=36). For a particular LIB sample, all the concentration profiles (C, ] X Z) were com-
bined into one dataset, and spectral profile (S', Z x k) was put in another dataset. All concentration profiles (C,
x Z) were refolded back to form the Raman concentration images (C: m X n, Z) (RCI) dataset.

Cluster Analysis and label assignment strategy. The strategy for the assignment of labels is as follows,
we have the Raman concentration images (C: m x n, Z) (RCI) dataset and corresponding spectral profile (S, Z
x k) and there is a one-to-one mapping between the former and latter. If we are able to assign the class labels
either of the two (RCIs or spectral profiles), others will automatically get the same class label. For training NN,
labeled spectral profiles are needed, and that can be done simply by clustering of the spectral profiles. However,
the challenge with clustering of the spectral profiles is that spectral clustering is quite vague, and visual confir-
mation of clusters is difficult given the large number of Raman feature space (wavenumber). Since the RCIs are
in image format, clustering of RCIs provide the opportunity to validate the clusters visually and discarding of
not trustworthy cluster becomes effortless. For this reason, the RCIs data-set was used for the clustering of RCIs
into various clusters and based on cluster-IDs of each cluster the RCIs were assigned class labels. Because of the
one-to-one relationship between the RCIs and spectral profiles, the spectral profiles also have access to the class
labels. Having spectral profiles that are labeled, a neural network is ready to be trained.

Cluster analysis and label assignment.  Cluster analysis was performed on Raman concentration images
(C:m x n, Z) (RCI) dataset using the Orange software with an add-on package of image analytics'¢. The image
embedding widget uses the inception algorithm to transform each image from the RCI dataset into 2048 feature
vectors, and hereafter the processed RCI dataset is addressed as an embedded dataset (E: 2048, Z). A correla-
tion coefficient (CC), i.e., threshold, was chosen to classify the embedded dataset (E: 2048, Z) of similar fea-
tures into various clusters using the hierarchical clustering widget. Hierarchical clustering segregates the RCI
images-dataset into numerous clusters (Ny: number of clusters), simultaneously, a numerical cluster-ID (ID=1,
2,3.. Ny) is get assigned to each cluster. In order to bring clarity about what a cluster contained, a typical cluster
has a bunch of images, from RCI images-dataset, whose feathers are similar to each other. Therefore, all the
images in a typical cluster will have common cluster-ID (ID) automatically assigned. Since there is a one-to-one
mapping of RCI image data-set (C: m x n, Z) and the images in clusters, by default, every RCI image and its cor-
responding spectral profile will also get the respective cluster-ID as the class label.

The clusters with higher correlation coefficient and minimum leaf size > = 3 were marked as ‘reliable clusters’
Conversely, the clusters with lower correlation coefficient and minimum leaf size <3 were considered ‘unreliable
clusters’. The reliable clusters were retained, whereas the unreliable clusters were not retained and discarded.
Since there is a one-to-one mapping of RCI image data-set (C: m x n, Z) and the images in clusters, the images
contained in unreliable clusters were also dropped from RCI (C: m x n, Z) dataset. Thereby, retained concen-
tration profile (R_C: m X n, Zr) and corresponding spectral profile was moved to the new database (R_S', Z; x
k); i.e., Z> Z=reliable number of concentration/spectral profile. Finally, averaging the concentration profiles
and corresponding spectral signatures of each cluster provides a trusted singleton Raman concentration profile
and spectrum, respectively. All of the reliable singleton Raman spectra were searched in Database (DB), and
cluster-ID was replaced with the labels found in the DB; such as: carbon, LMO, background etc. However, if the
cluster-ID was not found in the database it can be manually assigned such as ‘A, ‘B, ‘C;, and so on.

Training the neural network from labeled class members.  Configuration of the NN. A typical NN
architecture (Fig. S4) is consists of four layers; one input layer, two hidden layers, and one output layer, respec-
tively'”. The input layer, sometimes, so-called “the visible layer,” connects the input variables (R_S', Z; x k) to the
first hidden layer, where Z= reliable number of spectral profiles and k =number of data points per spectrum
along the wavelength axis, respectively. In our network, first and second hidden layers have 10 and six percep-
trons, respectively. The last layer in the NN is the output layer, received input from the last hidden layer of the
network, and has the output nodes equal to the number of cumulative reliable clusters identified by C-MCR-ALS
analysis®. Therefore, once the NN is trained, the output layer can predict the equal number of ‘class labels’ For
instance, if the cumulative reliable clusters identified by C-MCR-ALS analysis is found to be ‘five; then the NN
architecture needs ‘five output nodes, which in turn will predict five types of class labels. However, we found
that the cumulative reliable clusters identified by C-MCR-ALS analysis, irrespective of the LIB Raman data-
set (Pristine/500_IN/500_Out), was found to be four. Thereby, the NN architecture for all LIB Raman dataset
(NN pristine/ NN 500 1w/ NN 500_ou) had four output nodes in the last layer, irrespective of LIB Raman dataset.

Training the neural network. A neural network classifier was trained on to the reliable components (R_S"),
extracted with C-MCR-ALS analysis (Z;: training-set), using the spectrum class labels from a particular LIB
sample. Neural network (NN) corresponding to the each LIB Raman dataset (Pristine/500_IN/500_Out) was
trained and named NN _p,;ineo NN 509 v, and NN 50 oy respectively. The accuracy of each NN was examined
with fivefold cross-validation.

Testing the neural network. Once the NN is trained, prediction of the class labels either from the same Raman
dataset that the NN was derived or from the entirely new Raman dataset acquired using other LIB samples
becomes straightforward. However, the test-data set should have undergone the baseline and cosmic-noise
removal process (see baseline correction model section in SI). Three neural networks NN _p;ines NN 509 1n> and
NN 500_ou» Was tested against the each LIB Raman dataset (Pristine/ 500_IN/500_Out) and the corresponding pre-
dicted concentration profiles as the class labels are plotted in image format. Finally, the efficacy of the purposed
scheme is compared by cross-validating the results from the univariate (human intelligence), cluster-assisted
MCR-ALS (Unsupervised intelligence), and Neural network predicted spectral classes (Supervised intelligence).

SCIENTIFIC REPORTS |

(2019) 9:18241 | https://doi.org/10.1038/s41598-019-54770-2


https://doi.org/10.1038/s41598-019-54770-2

www.nature.com/scientificreports/

r 1.7E6 1.3E6
Y o
= o= &
5 B £ £
24 & : § 2
- v ] v <
A~ -+ R =
- 0
45 pm
r 2.0E6 2.9E6
%}
s B = £
g £ % £ 2
= = = = g
S = 0 < v =
v n ') ] v K
i
10 L
'
L & | 0 0
<>
20 pm 20 pm
[ 5.1E5 F 2.7E6
-
5 2
- £ g z
g = = 4 = 2
@ &
(o)) & < £ £
| 2
——
8 um
- 0 0
45 pm 45 pm

Figure 3. The univariate analysis of Raman spectral dataset analysis based on human intelligence. The
human intelligence identifies the existence of two components, namely carbon and LiMO, (M =Ni, Mn, Co),
irrespective of any LIB samples.

Results and Discussion

The charge/discharge cycle dependency of capacity retention in LIB cell is shown in Fig. S5(a). The capacity
retention is plotted against square-root of cycle number. The capacity retention inside the LIB cell decrease with
an increase in the charging/discharging cycles and, until 300 cycles, the drop in capacity retention curve is pro-
portional to the square-root of cycle number. Beyond 300 cycles, the capacity retention rate no longer follows
the square-root law and drop much quickly, possibly, due to the side reaction inside the LIB cell. The resistance
inside the cell also increases as the charging/discharging cycle progresses (Fig. S5(b). To investigate the effect
of side reaction on to cathode electrode before and after the charging/discharging of the of LIB cell, three LIB
samples were subjected to Raman spectral mapping; (1) Pristine (without any charging/discharging), (2) 500_IN
sample (after 500 cycle of charge/discharge form interior outer region, and (3) 500_Out sample (after 500 cycle of
charge/discharge from outer region, respectively. The objective of sampling from two different spatial positions
after 500 cycles of charge/discharge, in the LIB cell, was to investigate spatial uniformity (interior and exterior).
Figure 3 shows the univariate analysis of Raman spectral dataset analysis based on human intelligence. Results
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show the presence of two components, namely carbon and LiMO, (M =Ni, Mn, Co), irrespective of any LIB
sample. Human intelligence means the hyperspectral Raman data set (X) analysis done by an expert having three
years of experience in handling LIB Raman analysis.

Raman analysis of Pristine LIB sample. A typical hyperspectral Raman image is a 3D dataset (Fig. 1).
The structure of the 3D spectral hypercube Xp,iyine (60 X 60 x 1550) contains LiMO,, carbon, binder, and back-
ground information. The 3D spectral hypercube Xp,;yi, Was folded into a 2D matrix (Xpyigine: 3600, 1550) by
systematically placing recorded spectrum one over the other along the wavelength axis. Figure S6(a) shows the
raw Raman spectral dataset plot using the 2D Xp,;y matrix. The signal from the main lithium and carbon peaks
in the Raman data is minimal in contrast to the cosmic noise and fluorescence contributed by the background. It
is because the Raman spectrum is acquired using the CCD detectors, and the detectors often suffer from random
thermal noise and spikes caused by cosmic noise. Thermal noise causes the background signature is less severe
as compared to the “fluorescence” caused by the intrinsic binder of LIB cell, leaving a baseline trail. Additionally,
the spikes overlay the band of interest had a larger peak area; it can potentially screw the data analysis results. The
baseline correction was done before the despicking (cosmic removal). An adaptive iteratively reweighted penal-
ized least-squares (airPLS) algorithm was used to remove the baseline from the Raman dataset'*'8. Figure S6(b)
shows the baseline corrected Raman spectral data set (Xpyigine)- It is evident from the graph that the baseline was
corrected, and fluorescence was effectively removed.

For Despiking, although, there are several techniques such as wavelet processing, median/polynomial filters,
and Savitzky-Golay. However, these methods often have severe constraints, given that, knowing the peak width
of spikes is the prerequisite. Nevertheless, newly purposed PCA based despiking algorithm is very promising'*.
The PCA-despiking algorithm uses principal component analysis (PCA) that allows the number of variables in a
multivariate data set to be reduced by retaining the crucial features and excluding the features whose contribution
is either negligible or more like noise. The PCA-despiking algorithm is an ML technique that retains the essential
features (i.e., scores) depending on the threshold (T) specified by the user'*. Although the PCA-despiking algo-
rithm works well on various kinds of dataset, nevertheless, it has a significant challenge; in particular, it fails to
eliminate the spikes from the dataset in case the cosmic noise peak position for multiple spectra found to be iden-
tical. Conceding that, changing the threshold or using the algorithm in a loop does not facilitate to eliminate the
cosmic noise (Fig. S7)). Predominantly, it is because the algorithm is well suited if the noise peaks are at random
position, we exploited this problem for our advantage to purpose a modified version of the PCA-despiking. We
have used the algorithm in the loop by alternatively transposing the dataset until all the peaks are altogether elim-
inated. Transposing the dataset, before calling the PCA-despiking algorithm, causes the randomness in the data-
set, consequently removing all the spikes from the dataset. Figure S6(c) shows the baseline-corrected despiked
Raman spectral data set (Xp,igine.sp: 3600 X 1550). It is evident from the graph that the cosmic noise was utterly
eliminated, and lithium and carbon peaks can be seen with ease.

Cluster-aided-MCR-ALS analysis of despiked Raman spectral data set (Xp,isine.zp: 3600 x 1550) was done
repeatedly by changing the number of components sequentially from n= 1 to N.=8. For X,,,;;,..zp LIB dataset,
the total number of resulting components (Z) was 36 (concentration profile: C=36 & spectral profile: §'=36).
The concentration profiles (Cp,;sine> 3600 X 36) were refolded back to form an image of dimension (Cpie» 60
x 60), i.e., a total of 36 concentration images. The refolded concentration profile and corresponding spectral
profiles (8'p,igsine> 36 X 1550) are shown in Figs. 4 and S8, respectively. As can be seen in Fig. 4, a few components
repeatedly emerged, irrespective of the component selected; however, some component emerged either once or
only a few times. The reliability of a component is directly proportional to its occurrence in the concentration
profile data set.

Given the fact that images are more intuitive to the human brain then spectrum, the refolding of individual
concentration profiles turned them into image format (CRF); sub-pixel Raman images (RCI)'. Motegi et al. have
used the unfolded concentration profile for clustering®. However, a typical concentration profile in unfolded for-
mat (CUF) is a one-dimensional (1D) spectrum vector, and clustering such CUF is reasonably vague and provides
no visual confirmation whether the rejected cluster was really worth throwing out. On the contrary, the CRF has
unique advantages because the cluster can be visualized to verify the effectiveness of the clustering process and
provide additional visual safeguards before discarding the cluster. The feature extraction of RCI was done using
the inception algorithms, followed by the hierarchical clustering®. Hierarchical cluster analysis of extracted fea-
tures helps to group similar images into groups called clusters.

Clusters with a lower correlation coefficient (<70%) and minimum leaf size <3 were rejected. Hierarchical
cluster analysis was repeated with the remaining RCIs with an increase in the CC (<80%). This process was
repeated until the CC reached (>90%), and beyond that, clustering does not improve. The remaining RCIs and
their corresponding spectral profile Criyged.pristine @04 ST pyusted-pristine ar€ ready to be trained by NN, given the class
labels are assigned to them. After the hierarchical cluster analysis (HCA), the averaged concentration image in
the respective cluster is shown in Fig. 5. All the clusters were assigned unique class labels depending on their
spectral signature. There are primarily four clusters; (a) Carbon, (b) LiMO,, (c) background and (d) LiMO, + flu-
orescence, (Table T2 in SI). Carbon, LiMO,, background, and LiMO, + fluorescence clusters were labeled with
specific variable class name ‘C, ‘LMO; ‘BG” and ‘LMO-II, respectively and so by default, all the corresponding
spectrum within a particular cluster also got the same class label. Since the dataset size of the ST, ed pristine 1
much smaller in contrast to the Cryyed.pristine S Trusted-pristine Das€d NN can be trained faster with the less compu-
tational cost. The entire analysis took around 40 minutes, starting from the background removal until the HCA
(Intel-powered PC running Windows 7 with 4.0 GB of RAM).

Notably, unsupervised intelligence (C-MCR-ALS) results show that carbon and LiMO, are a great match
with univariate results (Fig. $9)'. In contrast to univariate analysis, the unsupervised intelligence extracted
two additional components, namely; BG and LMO-II. The third component is the BG, where carbon and LMO
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Figure 4. The concentration profiles (Cp,,.» 3600 X 36) were refolded back to form an image of dimension
(Cprigtines 60 % 60), i.e., a total of 36 concentration images. Few components repeatedly emerged, irrespective of
the component selected. However, some components emerged either once or only a few times. The reliability of
a component is directly proportional to its occurrence in the concentration profile data set.

microparticle can be seen evidently with a background signature that helps to ascertain the boundary between
the LMO and C microparticle. The presence of the fourth component is surprising and indicates that LiMO, is
composed of two phases; LMO without any fluorescence and LMO-II with fluorescence.

Training the neural network classifier (NNp,;gine). For supervised intelligence, a neural network
(NNp,siine) classifier was trained on spectral components that were extracted by Cluster-aided-MCR-ALS analy-
§i8 (ST pyusted-pristine: training-set). Subsequently, the class labels of hyperspectral Raman dataset (test-set: Pristine,
500_IN, and 500_Out LIB samples) were predicted. Figure S10 shows the predicted concentration images for
pristine, 500_IN, and 500_Out samples, respectively. With pristine LIB neural network model, results comparing
the human, unsupervised, and supervised intelligence is shown in Fig. 6.

Raman analysis of 500_In LIB sample. Hyperspectral Raman image for 500_In LIB sample, is a 3D spec-
tral hypercube X 1, (72 x 26 x 1550). The 3D spectral dataset X5y, ;, was folded into a 2D matrix (X549 5,: 1827,
1550). Raman spectral dataset plot using the 2D X, ;, matrix is shown in Fig. S11(a). The baseline-corrected was
done using Modified-PCA before the despiking (cosmic removal), baseline corrected Raman spectral data set is
shown in Fig. S11(b); as a result, the baseline was corrected, and fluorescence was effectively removed. Baseline
corrected despiked Raman spectral data set (Xsg_1,.pp: 1827, 1550) shows that the cosmic noise was eliminated
and LiMO, and carbon peaks can be distinctly identified (Fig. S11(c)).

Cluster-aided-MCR-ALS analysis of despiked Raman spectral data set (Xsy) j,.5p: 1827, 1550) was done repeat-
edly by changing the number of components sequentially from n=1 to N,=8. For X5y, 1, sp LIB dataset, the total
number of resulting components (Z) was 36. The concentration profiles (Csg 1, 1827 x 36) were refolded back
to form thirty-six (36) sub-pixel RCI having a dimension (Csg j,» 72 X 26). The RCI and corresponding spectral
profiles (S'sgy 1> 36 X 1550) are shown in Fig. S12. Hierarchical cluster analysis (HCA) of averaged concentration

SCIENTIFIC REPORTS |

(2019) 9:18241 | https://doi.org/10.1038/s41598-019-54770-2


https://doi.org/10.1038/s41598-019-54770-2

www.nature.com/scientificreports/

Averaged Averaged

(a ) Concentration image spectrum
h : ::::: Average Concentration
% ! N lh !| of cluster 4
E ) ‘ gne‘ F‘J \
O N
= 0.02
— ‘ . J’\/V MW

; - - v v -
500 1000 1500 2000 2500 3000 3500
Raman Shift (cm )

b)

il

i i k." =1 0.10 verage Concen n
8 ‘.‘ 1. ¥ “ ﬁ 8 o;”d:l'.'-"mm
2] k) | ™

R |

U ® " 4 ! gouH w

) o 9 £ *

= = 4l | .02 WW
3 B T i i

500 1000 1500 2000 2500 3000 3800
Raman Shift (cm™)

]
( C) h o8- Average Concentration
of cluster - 18
S : o]
@z -
- ’ 7 oes
— . E
@) g o]
) 4
2
= 2 o
-
o 000
’ 500 1000 1500 2000 2600 3000 3800
Raman Shift cm™)
s
‘ 0.07 1
3 0.08 Average Concentration
of cluster - IV
’ 0.05
0.04

Intensity (a.u.)
2

4™ Cluster

500 1000 1500 2000 2500 3000 3800
Raman Shift cm ')

Figure 5. Hierarchical cluster analysis (HCA) of Xy, dataset. The averaged concentration image and
corresponding spectra in the respective cluster can be seen. The clusters were assigned unique class labels
depending on their spectral signature, primarily four clusters were identified; (a) Carbon, (b) LiMO,, (c)
background, and (d) LiMO, + fluorescence (LB).

image in the respective cluster is shown in Fig. S13 (we used a similar analytical pipeline, as mentioned for pris-
tine sample analysis). Each Cluster was assigned a unique class label depending on their spectral signature. There
are primarily four clusters: Carbon, LIMO,, LiMO, + fluorescence, and background with the class label ‘C, LMO;,
‘LMO-IT’ and ‘BG, respectively (Table T3 in SI). All the corresponding spectrum within a particular cluster also
assigned the same class label’>.
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Figure 6. Results from three type of analytics is compared for pristine LIB sample; human, unsupervised, and
supervised intelligence.

The unsupervised intelligence (C-MCR-ALS) analysis depicts that carbon and LMO mapping matches exactly
with univariate results (Fig. S14). Unsupervised intelligence extracted two additional components, namely
‘LMO-II and BG. Analogous to the pristine electrode, 500_IN also have LMO in two different phases (LMO
& LMO-II). However, the high fluorescence coming from the core of LMO is surprising, given the fact that the
binder is always attached on to the surface of the LMO microparticle?”. However, a closer look reveals that there
is little contrast within the LMO-microparticle (Fig. S15 LMO at higher magnification); it is because that some
particles of the binder might have fallen on the LMO microparticle during the cross-polishing or handling of the
LIB sample?. The fourth component is the BG, where carbon and LMO microparticle can be seen evidently with
a background signature that helps to ascertain the boundary between the LMO and C microparticle. The fourth
component is merely because the entire wavelength (multiple variables) was used, which is the residual imprint
of data and acts as a background’.

Training the neural network classifier (NN5y ;). A neural network (NNsy, 1) classifier was trained
on spectral components that were extracted by Cluster-aided-MCR-ALS analysis (ST j,,ed.500 1 training-set).
Subsequently, the class labels of hyperspectral Raman dataset (test-set: Pristine, 500_In, and 500_Out LIB sam-
ples) were predicted. Figure S16 shows the predicted concentration images for pristine, 500_IN, and 500_Out
samples. With 500_IN LIB neural network model, results comparing the human, unsupervised, and supervised
intelligence are shown in Fig. 7.

Raman analysis of 500_Out LIB sample. Hyperspectral Raman image is a 3D spectral hypercube X5 ou
(60 x 60 x 1550). The 3D Xy, o, dataset was folded into a 2D matrix (X509 oy 3600, 1550). Here too, a similar
analytical pipeline, as mentioned for pristine sample analysis. Raw Raman spectral, baseline corrected, and base-
line corrected despiked Raman spectral data set (Xsyo_ou.pp: 3600, 1550) is shown in Fig. S17. It is evident from
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Figure 7. Results from three type of analytics is compared for 500_IN LIB sample; human, unsupervised, and
supervised intelligence.

the Fig. S15 that the baseline and cosmic noise were eliminated, and LMO, and carbon peaks, obviously, can be
seen. Cluster-aided-MCR-ALS of a matrix (Xs0y_ou.pp: 3600, 1550) was done repeatedly by changing the number
of components sequentially from n=1 to N, = 8. The concentration profiles (Csyy_ou»> 3600 X 36) refolded to
form sub-pixel RCIs (Csyo_ou» 72 X 26 X 36) and corresponding spectral profiles (S'spy oy 36 % 1550) is shown
in Fig. S18. After HCA, averaged concentration images is shown in Fig. S19. Coincidently, four clusters were
extracted; Carbon, LiMO,, Carbon + fluorescence (CFL), and background (Table T4 in SI) and labeled as ‘C;,
‘LMO;, ‘CFEL and ‘BG, respectively. All the spectrum within a particular cluster also assigned the same class label.
The unsupervised intelligence (C-MCR-ALS) analysis depicts that carbon and LiMO, mapping matches exactly
with univariate results (Fig. S20). CFL is because of the fluorescence caused by the presence of the binder, depict-
ing the boundary between the Li and carbon microparticle. The fourth component cannot be assigned to the
LMO because the peak position is around 300 cm™; the possibility is the incomplete removal of the background
signature during baseline correction.

Training the neural network classifier (NNsgg o). A neural network (NN, o) classifier was trained
on spectral components that were extracted by Cluster-aided-MCR-ALS analysis (ST ,,es.500 o training-set).
Subsequently, the class labels of hyperspectral Raman dataset (test-set: Pristine, 500_In, and 500_Out LIB sam-
ples) were predicted. Figure S21 shows the predicted concentration images for pristine, 500_Out, and 500_IN
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Figure 8. Results from three type of analytics is compared for 500_Out LIB sample; human, unsupervised, and
supervised intelligence.

samples. With 500_Out LIB neural network model, results comparing the human, unsupervised, and supervised
intelligence are shown in Fig. 8.

In order to understand how significant the clustering-aided MCR-ALS verses, conventional MCR-ALS analy-
sis is, the results are illustrated in Fig. $22. Cluster-aided-MCR-ALS allowed the convoluted information content
to be extracted according to the hypothesis that the original data can be reconstructed from a limited number
of significant factors that are trustworthy and reproducible, irrespective of the number of components selected
for extraction from the raw data®. The hierarchical clustering threshold removed the outliers, i.e., non-trusted
spectral signature. Silhouette-clustering was performed while gradually increasing the number of components
from 1 to N, = 8 for pristine LIB Raman dataset. The Silhouette-clustering illustrate as the number of components
changes the different number of segmentation emerges (Fig. S22(a))'®. On the contrary, Silhouette-clustering
of all four clusters (C, LMO, Background, and LMO-II extracted by Cluster-aided-MCR-ALS) results into two
distinct segmentation (Fig. S22(b)); (i) trusted spectral signature, (ii) the background. The existence of the two
distinct segmentation indicates that there is only a singleton spectral signature and validate the fact that the
extracted components are trustworthy.

From the preceding sections, we have seen the advantage of the AF, which was designed explicitly for the LIB
analysis. The analytical framework is not idiosyncratic, and it can be applied to any spectral dataset from other
instrumentation as well. Cluster-assisted MCR-ALS analysis helped to resolve the genuinely reliable spectral sig-
natures (Zpugq) and concentration components (Cryygeq) in the hyperspectral Raman datasets. Clustering and
labeling the RCIs in Raman dataset has not only provided the visual confirmation for validation of the MCR-ALS
results, besides it has safeguarded throwing any vital information by choosing the CC (threshold) with bet-
ter objectivity. Spectral signatures (Zr,q.q) Were more fruitful than concentration profile (Cryygeq)- Firstly, the
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reference of extracted spectrums can be searched in the spectral database'®. Secondly, the number of extracted
spectral signatures were few in numbers, smaller in size, as a consequence, training the neural network on
cluster-assisted MCR-ALS labelled data was computationally inexpensive, faster and extendable on to the enor-
mous dataset, makes it viable for inline analysis in real-time (Quantitate analysis of LIB electrodes is discussed in
SI)’. End-to-end AF pipeline from baseline-removal till NN analysis took 45 minutes. Finally, the prediction of
labels was instantly within 2 seconds, and the accuracy of the network was >94%, irrespective of using any trained
NN (NNp;istineNNsoo_1/NNsgg_our)- It shows the effectiveness of the trained network in predicting the class labels
for real-time Raman analysis with almost no human assistance.

Capacity degradation analysis of LIB electrodes. Although, the identification of the main compo-
nents (Carbon and LMO) become very intuitive using cluster-aided-MCR-ALS, irrespective of all the Raman
dataset (Pristine, 500_In, and 500_Out). Nevertheless, the trace amount of components other than (C and
LiMO,) were not consistent across all the three Raman dataset; it is because all three LIB samples contain dif-
ferent amount of degradation?!. Figure $23 shows the LMO and carbon spectrum, respectively, extracted using
cluster-aided-MCR-ALS analysis from pristine, 500_In, and 500_Out LIB samples. The state of charge can be
qualitatively analyzed by comparing the LiMO, signature'®-*2. The LIB electrode has only three transition metal
ions, so there is a possibility of three A, and three E, modes (Table T5 in SI). For pristine LIB sample, LMO spec-
tra have a broad symmetric peak. The peak deconvolution shows the spectra are composed of four main peaks at
458,524, 594, 635cm ! can be assigned to Ni (Ep), Co (Ap), Mn (Ey), and Mn (A,,), respectively (SI Table T6). The
ration of Co (A ) and Mn (E,) (retention coefficient) provide the state of health of battery; i.e., capacity retention.
After 500 cycles, the retention coefficient reduces dramatically, and Mn (E,) peak gets more intense as the cycling
of LIB progresses (Fig. S24). ICP results show that the stoichiometric ratio in the LIB cell was Ni: Mn: Co (5.03:
3.0: 1.97). The Raman bands are due to the motion of oxygen atoms only, M-O stretching, and O-M-O bending
modes. Raman active modes of LiMO, can be described as follows:

T =24,, +2E,, + A, + E, (1)

The Raman bands for 500_IN and 500_out samples are listed in Tables T7 and T8 in SI. Given the fact, Mn
is electronically inactive, and it only takes part in electronic charge transfer with Ni cations. The cation mixing
between nickel cobalt and lithium ions is feasible because ionic radii of Li*, Ni**, and Co®" are very close to each
other 0.76, 0.69, and 0.65A, respectively. Cation mixing is responsible for the loss of capacity and reduces lithium
diffusion'?. In the present study, Raman active modes were found to be broader before charge/discharge cycling
and become narrower after the LIB cycling. The chances of cation mixing in the early stage of charge/discharge are
higher and drastically reduces as the charge/discharge cycle progresses because of the parasite reactions. As can
be seen in Fig. S24, the pristine LIB sample has a broader Raman peak compared to the 500_In and 500_Out LIB
samples, notably, the Raman peak for 500_Out LIB sample has much narrow Raman peak than 500_In LIB sam-
ple, and it indicates that the interior and exterior electrode have experienced different amount of side reactions.

In order to cross-validate the cluster-assisted MCR-ALS results, pristine, 500_In, and 500_out LIB Raman
datasets (baseline and despiked dataset without normalization) were also processed using NMF-SO-ARD. The
results show that the LMO signature extracted by NMF-SO-ARD has close resemblance with cluster-assisted
MCR-ALS signature (Fig. S25). The cluster-assisted MCR-ALS and NMF-SO-ARD results complement each
other. It is recommended that the ration of Co (A,,) and Mn (E,) (retention coefficient) can provide the state of
health of battery; i.e., capacity retention. Aiming the quantitative analysis of LIB electrodes, the elemental compo-
sition was evaluated for LMO and carbon. Each pixel (Fig. S26) contains the concentration of LMO and carbon.
The number of pixels with an appropriate threshold is used as a metric for LMO and carbon quantification and
was found to be within the range prescribed by the manufacturer of LIB electrodes.

Conclusion

We demonstrated that the analysis of hyperspectral Raman LIB electrodes was autonomous with almost no
human assistance. Modified-PCA cleansed the cosmic noise efficiently, consequently, avoid the erroneous quan-
titative analysis. NMF-SO-ARD algorithm was well suited for automatically identifying the maximum number
of components to be fitted for the LIB hyperspectral Raman dataset. For MCR-ALS analysis, the refolding of the
concentration signatures into image brought the visual confirmation and safeguarded throwing any vital informa-
tion; i.e., more intuitive. Unsupervised analytics “Cluster aided MCR-ALS” has helped to extract additional com-
ponents that were not identified by univariate analysis. For inline real-time analytics, the results must be instant
and that it was made possible by bridging the gap between the unsupervised and supervised analytics. Cluster
aided MCR-ALS analysis helped to label the reliable signatures; as a result, the trained NN helped to predict the
class labels with accuracy higher than 94.0%. For the LIB electrodes, the interoperability of the NN model was
found to be consistent for its major constituents, such as C and LMO. The degradation of the LIB electrode can be
quantified by monitoring the retention coefficient; the ratio between Co (A;,) and Mn (E,). The present analytical
framework is not idiosyncratic and could be utilized for molecular variations containing spectroscopic dataset.

Received: 17 July 2019; Accepted: 19 November 2019;
Published online: 03 December 2019

References
1. Zhang, D. et al. Quantitative Vibrational Imaging by Hyperspectral Stimulated Raman Scattering Microscopy and Multivariate
Curve Resolution Analysis. Anal. Chem. 85,98 (2012).
2. Olmos, V. et al. Relevant aspects of unmixing/resolution analysis for the interpretation of biological vibrational hyperspectral
images. Trends Anal. Chem. 94, 130 (2017).

SCIENTIFIC REPORTS |

(2019) 9:18241 | https://doi.org/10.1038/s41598-019-54770-2


https://doi.org/10.1038/s41598-019-54770-2

www.nature.com/scientificreports/

w

. Kallepitis, C. et al. Quantitative volumetric Raman imaging of three dimensional cell cultures. Nat. Commun. 8, 14843 (2017).
. Rajan., K. Materials informatics. Mater. Today 8, 38-45 (2015).
5. Maslova, O. A. et al. Raman imaging and principal component analysis-based data processing on uranium oxide ceramics. Mater.
Charact. 129, 260 (2017).
6. Motegi, H., et al. Identification of Reliable Components in Multivariate Curve Resolution-Alternating Least Squares (MCR-ALS): a
Data-Driven Approach across Metabolic Processes. Sci. Rep., 5(1) (2015).
7. Scholz, M., Gatzek, S., Sterling, A., Fiehn, O. & Selbig, ]. Metabolite fingerprinting: detecting biological features by independent
component analysis. Bioinformatics 20, 2447 (2004).
8. Nascimento, J. M. P. & Dias, J. M. B. Vertex component analysis: a fast algorithm to unmix hyperspectral data. IEEE Trans. Geosci
and Remote Sens. 43, 898 (2005).
9. Shiga, M. et al. Sparse modeling of EELS and EDX spectral imaging data by nonnegative matrix factorization. Ultramicroscopy 170,
43 (2016).
10. Holmes, E. et al. Human metabolic phenotype diversity and its association with diet and blood pressure. Nature 453, 396 (2008).
11. Hedegaard, M. A. B., Bergholt, M. S. & Stevens, M. M. Quantitative multi-image analysis for biomedical Raman spectroscopic
imaging. J. Biophotonics 9, 542 (2016).
12. Josse, J. & Husson, E. Selecting the number of components in principal component analysis using cross-validation approximations.
Comput Stat Data An 56, 1869 (2012).
13. Shiga, M., Muto, S., Tatsumi, K. & Tsuda, K. Matrix Factorization for Automatic Chemical Mapping from Electron Microscopic
Spectral Imaging Datasets. Transactions of the Materials Research Society of Japan 41, 333 (2016).
14. Zhang, X., et al Method for Removing Spectral Contaminants to Improve Analysis of Raman Imaging Data. Sci. Rep. 7(1) (2017).
15. Alfonso-Garcia, A. et al. A machine learning framework to analyze hyperspectral stimulated Raman scattering microscopy images
of expressed human meibum. J. Raman Spectrosc. 48, 803 (2017).
16. Demsar, J. et al. Orange: Data Mining Toolbox in Python. J. Mach. Learn. Res. 14,2349 (2013).
17. LeCun, Y., Bengio, Y. & Hinton, G. Deep learning. Nature 521, 436 (2015).
18. Felten, J. et al. Vibrational spectroscopic image analysis of biological material using multivariate curve resolution-alternating least
squares (MCR-ALS). Nat. Protoc. 10, 217 (2015).
19. Otoyama, M., Ito, Y., Hayashi, A. & Tatsumisago, M. Raman Spectroscopy for LiNi, ;Mn,;;Co,,;;0, Composite Positive Electrodes in
All-Solid-State Lithium Batteries. Electrochemistry 84, 812 (2016).
20. Ben-Kamel, K., Amdouni, N., Mauger, A. & Julien, C. M. Study of the local structure of LiNij 33, sMny 33, 5C033_2,0, (0.025 < 8 <
0.075) oxides. J.Alloy. Compd. 528, 91 (2012).
21. Julien, C. M. & Mauger, A. In situ Raman analyses of electrode materials for Li-ion batteries. AIMS Materials Science 5, 650 (2018).
22. Ruther, R. E.,, Callender, A. F, Zhou, H., Martha, S. K. & Nanda, ]. Raman Microscopy of Lithium-Manganese-Rich Transition Metal
Oxide Cathodes. J. Electrochem. Soc. 162(1), A98-A102 (2015).

IS

Acknowledgements

Authors would like to thank NISSAN ARC, LTD. to provide the necessary supports into order to complete the
purposed work. Authors would like to thank Miss Nina Matsuzaki for the Raman measurements and Dr. Teruhisa
Baba for electrochemical characterization.

Author contributions
A. Baliyan conceived, developed the concept and perform the data analytics. A. Baliyan prepared the manuscript
and H. Imai reviewed the manuscript.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary information is available for this paper at https://doi.org/10.1038/s41598-019-54770-2.

Correspondence and requests for materials should be addressed to A.B.
Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

= License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2019

SCIENTIFIC REPORTS |

(2019) 9:18241 | https://doi.org/10.1038/s41598-019-54770-2


https://doi.org/10.1038/s41598-019-54770-2
https://doi.org/10.1038/s41598-019-54770-2
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Machine Learning based Analytical Framework for Automatic Hyperspectral Raman Analysis of Lithium-ion Battery Electrodes

	Necessity of the Neural Network Model

	Material and Method

	Raman sample preparation and image acquisition. 
	Analytical framework. 
	Raman data-set. 
	Baseline correction & despiking. 
	Cluster-assisted MCR-ALS. 
	Cluster Analysis and label assignment strategy. 
	Cluster analysis and label assignment. 
	Training the neural network from labeled class members. 
	Configuration of the NN. 
	Training the neural network. 
	Testing the neural network. 


	Results and Discussion

	Raman analysis of Pristine LIB sample. 
	Training the neural network classifier (NNPristine). 
	Raman analysis of 500_In LIB sample. 
	Training the neural network classifier (NN500_In). 
	Raman analysis of 500_Out LIB sample. 
	Training the neural network classifier (NN500_Out). 
	Capacity degradation analysis of LIB electrodes. 

	Conclusion

	Acknowledgements

	Figure 1 Illustration of hyperspectral images (3D data cubes), the spatial information is collected in the X–Y plane and the spectral information is represented in the Z-direction.
	Figure 2 Machine learning based analytical framework (AF).
	Figure 3 The univariate analysis of Raman spectral dataset analysis based on human intelligence.
	Figure 4 The concentration profiles (CPristine, 3600 × 36) were refolded back to form an image of dimension (CPristine, 60 × 60), i.
	Figure 5 Hierarchical cluster analysis (HCA) of XPristine dataset.
	Figure 6 Results from three type of analytics is compared for pristine LIB sample human, unsupervised, and supervised intelligence.
	Figure 7 Results from three type of analytics is compared for 500_IN LIB sample human, unsupervised, and supervised intelligence.
	Figure 8 Results from three type of analytics is compared for 500_Out LIB sample human, unsupervised, and supervised intelligence.




