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A B S T R A C T   

Chemical imaging (CI) is the spatial identification of molecular chemical composition and is critical to characterising the (in-) homogeneity of functional material 
surfaces. Nanoscale CI on bulk functional material surfaces is a longstanding challenge in materials science and is addressed here. 

We demonstrate the feasibility of surface sensitive CI in the scanning electron microscope (SEM) using colour enriched secondary electron hyperspectral imaging 
(CSEHI). CSEHI is a new concept in the SEM, where secondary electron emissions in up to three energy ranges are assigned to RGB (red, green, blue) image colour 
channels. The energy ranges are applied to a hyperspectral image volume which is collected in as little as 50 s. The energy ranges can be defined manually or 
automatically. 

Manual application requires additional information from the user as first explained and demonstrated for a lithium metal anode (LMA) material, followed by 
manual CSEHI for a range of materials from art history to zoology. 

We introduce automated CSEHI, eliminating the need for additional user information, by finding energy ranges using a non-negative matrix factorization (NNMF) 
based method. Automated CSEHI is evaluated threefold: (1) benchmarking to manual CSEHI on LMA; (2) tracking controlled changes to LMA surfaces; (3) comparing 
automated CSEHI and manual CI results published in the past to reveal nanostructures in peacock feather and spider silk. Based on the evaluation, CSEHI is well 
placed to differentiate/track several lithium compounds formed through a solution reaction mechanism on a LMA surface (eg. lithium carbonate, lithium hydroxide 
and lithium nitride). CSEHI was used to provide insights into the surface chemical distribution on the surface of samples from art history (mineral phases) to zoology 
(di-sulphide bridge localisation) that are hidden from existing surface analysis techniques. Hence, the CSEHI approach has the potential to impact the way materials 
are analysed for scientific and industrial purposes.   

1. Introduction 

Microscopy has been a vital driver of scientific innovation, not least 
because it caters to humankind’s strongest sense: vision. Secondary 
electron hyperspectral imaging (SEHI) presents an opportunity to reveal 
and communicate information beyond what is visible in a single grey-
scale secondary electron (SE) image. Using SE spectroscopy and SEHI, 

elemental [1,2], and chemical mapping is possible [3], as well as visu-
alisation of the distribution of properties such as crystallinity, crystal 
orientation and even functional groups down to the nanoscale [4–8]. 
However, such information is not easily accessible to most scanning 
electron microscope (SEM) users due to the absence of reliable SE 
spectral databases. Here we present colour enriched SEHI (CSEHI) as a 
method for producing accessible colour images reflecting surface 

* Corresponding author. Department of Materials Science and Engineering, The University of Sheffield, Mappin Street, Sheffield, S1 3JD, UK. 
E-mail address: jnohl1@sheffield.ac.uk (J.F. Nohl).  

Contents lists available at ScienceDirect 

Materials Today Advances 
journal homepage: www.journals.elsevier.com/materials-today-advances/ 

https://doi.org/10.1016/j.mtadv.2023.100413 
Received 14 June 2023; Received in revised form 27 July 2023; Accepted 28 July 2023   

mailto:jnohl1@sheffield.ac.uk
www.sciencedirect.com/science/journal/25900498
https://www.journals.elsevier.com/materials-today-advances/
https://doi.org/10.1016/j.mtadv.2023.100413
https://doi.org/10.1016/j.mtadv.2023.100413


Materials Today Advances 19 (2023) 100413

2

chemistry from SE emissions in low-voltage (LV-) SEM. 
LV-SEMs developed to meet characterisation requirements of beam 

sensitive materials with light element components, such as biological 
[9], catalytic [10], photovoltaic [4] and fusion reactor [11] materials. 
SEs have an optimal yield in these imaging conditions and are consid-
ered key to establishing new techniques and workflows for LV-SEM [12]. 
However, there are currently limited options for microanalysis in the 
LV-SEM due to lower yield of backscatter electrons (BSEs) and X-rays 
when the beam accelerating voltage is less than 5 kV (commonly used as 
the threshold for LV-SEM) [13,14]. These techniques offer only 
elemental information via characteristic X-ray lines or Z-contrast (in the 
case of BSE) and thus chemical information is missing. 

In X-ray based elemental mapping (commonly named energy 
dispersive X-Ray (EDX) mapping), colour is introduced by assigning 
characteristic X-ray emission energy ranges colour channels. The 
resulting colour image allows visualisation of elemental distribution in 
the material [15,16]. In LV-SEM conditions, maximisation of collection 
of the X-rays generated has been pursued, for example with windowless 
and high solid angle silicon drift detectors [17]. Nevertheless, X-ray 
signal generation constraints still exist for light elements such as Li [18] 
and for many beam sensitive materials [9]. 

For light elements such as Li and H, the current alternative to X-ray 
elemental mapping are correlative microscopy approaches. Correlation 
between the SE image and the elemental distribution obtained by 
focused ion beam (FIB) techniques: secondary ion mass spectrometry 
(SIMS) [19] and FIB induced fluorescence spectroscopy (FIB-FS) [20] for 
instance, or with chemical bonding information by correlative Raman 
spectroscopy [21] can reveal information about light-element surface 
chemistry. The combination of the multiple signals creates challenges in 
interpreting the lateral and depth resolution of composite images, 
especially since the SE signal comes from <5 nm from the material 
surface (see simulated SE mean escape depths [22]). Lateral and depth 
resolution are important considerations in chemical imaging (CI) on the 
nanoscale as CI is defined as the spatial identification of the molecular 
chemical composition [23]. SE spectroscopy and SEHI meanwhile have 
proven sensitive to surface compounds of hydrogen such as amorphous 
hydrogenated carbon [24,25]. 

The CSEHI method consists of SEHI data collection (reviewed [26]) 
combined with colour enrichment as part of the data analysis. CSEHI 
produces an RGB image reflecting energy information from the SEHI 
data volume, where pixels in the RGB colour channels are assigned in-
tensity values according to customisable SE emission energy ranges. A 
manual procedure to determine the energy ranges for CSEHI is explained 
and demonstrated on the example of CI for lithium metal anode (LMA) 
surfaces. The additional background information used for this applica-
tion are models of the valence band density of states (DOS) of likely Li 
compounds. 

As the interpretation of SE spectra is still in its infancy, even for 
single element materials such as pure metals [1], the choice of energy 
ranges to produce informative colour images can be daunting, especially 
for inexperienced users, and in the absence of a SE spectroscopy refer-
ence repository. Similar difficulties in optical hyperspectral imaging in 
industrial applications led to the development of colour-CI - a method 
that combines the advantages of CI with colour image processing [23]. 
The goal of colour-CI is to make chemical material properties accessible 
to a completely new range of users through new approaches to data 
processing [27]. Following this concept, we develop a method that au-
tomates the selection of energy ranges for CSEHI without the need for 
any additional background information. We show results of CSEHI on a 
range of complex functional materials from art history to zoology. 
Consequently, SEHI datasets have the potential to provide a significant 
benefit in data-driven materials research [28–30], which applies 
machine-learning, data-mining, and statistical techniques to diverse 
applications: from battery [31], solar cell [32] and biological [33] ma-
terials to art authentication [34] and electron microscopy [35]. 

In the automated CSEHI workflow, the selection of energy ranges is 

based on component SE spectra intensities. Three components are 
separated from the SEHI data volume using the non-negative matrix 
factorization (NNMF) algorithm [3], [36–39] from which component SE 
spectra are derived. Then, selection rules determine the energy ranges in 
which a component SE spectrum is distinctly the most intense. The 
automated CSEHI method is explained in detail in section 3.3 of this 
article. 

The results of automated CSEHI were evaluated in three ways. For 
the LMA application, firstly, manual and automated CSEHI results were 
compared. Secondly, a controlled change to the surface chemistry of the 
LMA was made in situ using a plasma-FIB (PFIB) column combined with 
an LV-SEM. Additionally, manual input energy ranges for CSEHI could 
be found from past studies and compared to the results of automated 
CSEHI. Automated CSEHI tends to return narrower energy ranges than 
manual analysis. We provided evidence that the narrower ranges 
potentially better reflect actual surface chemistry as discussed in the 
example of LMA. 

2. Materials 

Materials from the fields of energy, zoology and arts history are test 
cases for the proposed approaches and methods: LMA, peacock feather 
and silk, mineral pigments and lastly photovoltaic organic-inorganic 
hybrid lead halide perovskite material. A detailed description of these 
materials and their preparation are given in section 2.0 of the supporting 
information (SI). 

3. Methods 

3.1. Low-voltage SEM and secondary electron hyperspectral imaging 
(SEHI) 

Two SEMs were used to generate SEHI data volumes: the Thermo 
Fisher Scientific Helios G4 PFIB CXe and FEI Helios NanoLab G3 UC. The 
Helios is a dual beam microscope (electron and ion beam) with high- 
resolution, low-voltage capable field emission SEM and Focused Ion 
Beam (FIB). The Thermo Scientific Helios G4 PFIB CXe is equipped with 
a Xe ion plasma sourced FIB. Instrument parameters used for collection 
are included in the SI (SI Table 1). An electron beam with 1 kV accel-
erating voltage was used for SE imaging in all cases. The beam current 
used was 12.5 pA except in the cases of lithium metal (50 pA) and 
perovskite solar cell (25 pA). No conductive coating, stage bias or beam 
deceleration was used. 

These instruments have column and detector designs which allow 
energy filtering of secondary electrons and the collection of SEHI data 
sets through serial acquisition [40,41]. By stepping the voltage on the 
mirror electrodes of the through lens detector (TLD), a variable low-pass 
filter is applied. At each mirror voltage step, an image is formed of 
electrons with energies that pass the low-pass filter. In this way, a SEHI 
data volume is acquired over an energy range. Automated data 
pre-processing scripts were used to register images in the data volume 
and extract useful image metadata (using the pysehi python module, see 
section 8). The energy calibration – to evaluate the maximum energy of 
detected SEs at a defined mirror voltage - is performed through stage 
bias experiments [26,42] and described in section 2.7 of the SI. 

3.2. Colour enriched secondary electron hyperspectral imaging (CSEHI) – 

manual approach 

The CSEHI workflow represents information in the energy dimension 
of the SEHI data volume as colour. This is possible by adding SE emis-
sions in up to three energy ranges to the colour channels of an RGB 
image. In manual CSEHI, the energy ranges that contribute to the colour 
image are chosen by the user. The general process is as follows: the SEHI 
data volume is smoothed using an anisotropic three-dimensional point 
spread function, to reduce noise. The data volume is differentiated in the 
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energy dimension, and the user is prompted to define up to three energy 
ranges in which SE emissions are assigned to each RGB colour channel, 
which are shown alongside the average spectrum. The energy ranges for 
each channel may overlap and may also exclude certain energy ranges 
from inclusion in the colour image. 

3.3. Automation of CSEHI 

The definition of up to three energy ranges in manual CSEHI is based 
on prior knowledge of experimental SE spectra from reference materials 
or theoretical models. However, another approach is to implement an 
‘explorative’ colouring that maximises the information content in the 
RGB colour image without any prior knowledge of the material. To 
achieve this, we introduce an automated procedure that involves split-
ting the spectrum into three components using a machine learning 
approach, exploring the NNMF method to determine the spectrum dis-
tribution of the components [3], [36–39]. Additionally, we aim to 
maximise the reliable information in the RGB images by avoiding allo-
cation of colours to energy ranges in which multiple runs of the NNMF 
component analysis indicate a large degree of uncertainty (workflow 
represented in Fig. 1). 

Specifically, we compare the average component loadings from the 
multiple runs to ensure consistency and control the initialisation issues 
inherent with the NNMF method [43] (Fig. 1 steps 7–9). In Fig. 1, step 8 
we adopt a combination of rules that checks the dominance of the actual 
component loading values in each energy interval over initialisation 
related variations, while also considering the component with the 
highest loading as the initial component to colour. Finally, these points 
are then used to select the three colour ranges that map to three energy 
ranges. Where there are less than three distinct material phases, the 
automatic colouring may identify fewer than three ranges to colour. 
Where it is expected that there are more than three material phases, the 
user can increase the number of components, of which only three may be 
coloured. A detailed explanation of this approach is presented in the SI 
section 2.10. 

The automated CSEHI is designed to make SEHI more accessible to 
inexperienced users and to gain an insight to complex functional 

materials for which there is no additional information such DOS models 
or experimental reference spectra available. Therefore, we test the 
automated CSEHI framework rigorously, first by benchmarking it to the 
results obtained from the manual colouring on the LMA example. Sec-
ond, we exploit the fact that the LV-SEM is combined with a PFIB column 
thus allowing controlled change to the surface chemistry. Third, by 
comparing to CSEHI results obtained on materials for which the relevant 
manual input for energy ranges was published in the past to exclude any 
user bias. 

4. Manual application of CSEHI using prior knowledge 

Fig. 2 provides an overview of the application areas in which manual 
CSEHI has been applied. 

4.1. Lithium metal: using knowledge of density of states model for manual 
CSEHI 

4.1.1. Background 
To showcase the ability of CSEHI in accessing surface chemistry of 

materials composed of light elements, we select the LMA (the atomic 
number of lithium is 3). LMAs pack more lithium ions into a given space 
and have a higher theoretical specific capacity (3860 mAhg−1 [45]) 
compared to graphite (372 mAhg−1 [46]) and are therefore being 
developed as the anode in lithium metal batteries (LMBs). 

During charge and discharge of a LMB, there is a thin layer of com-
pounds (solid-electrolyte interphase (SEI)) that forms between the 
anode and liquid electrolyte, due to the electrolyte degradation [47]. 
The formation of the SEI is largely determined by the solid component 
surface chemistry and electrochemistry and the resulting SEI layer could 
be beneficial and detrimental to battery performance. For example, it 
has been reported that uniform lithium hydroxide and lithium nitride 
passivation layers grown on lithium metal [48] could stabilise the SEI 
formed, suppress the Li dendrite growth, protect the separator from 
being penetrated, and thus the battery from short circuit. However, 
other polyanion compounds, such as lithium carbonate (Li2CO3) are 
proven to be unstable SEI components and contribute to the battery 

Fig. 1. Flow diagram representation for the automated CSEHI workflow.  
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degradation [49]. Therefore, the characterisation and identification 
these SEI-related Li-compounds, such as lithium hydroxides, lithium 
nitrides and lithium-carbon compounds, with high spatial and surface 
depth resolution, is important for gaining insight into the SEI formation 
mechanism and function. 

Since the SEI related Li-compounds and the original LMA surface 
play a key role in the battery performance, numerous studies have been 
conducted to characterise and identify with techniques such as nuclear 
magnetic resonance (NMR) spectroscopy [50], X-ray absorption spec-
troscopy (XAS) [51], Auger and X-ray photoelectron spectrometry (XPS) 
[52] and neutron reflectometry [53], and studies include depth strati-
fied analysis of surface chemistry by combined EDX analysis, XPS and 
time-of-flight secondary ion mass spectrometry (TOF-SIMS) [47]. 
However, there is a bottleneck in characterisation due to the spatially 
averaged nature of these surface chemical analyses. SEHI offers the 
benefit of providing surface chemical information with higher spatial 
resolution than is available from XPS and Auger electron spectroscopy, 
without the need for UHV conditions [26]. 

While SE images are routinely sub-micrometre in resolution, the 
energy filtering nature of SEHI allows for collection of surface chemical 
information in conjunction with imaging. Although deconvolution of 
characteristic SE peaks from the SE spectrum is in its infancy, the 
reflection of the valence band DOS in SE spectrum fine structure results 
in characteristic SE spectra from material surfaces [1]. SE spectroscopy 
can be more sensitive to chemical shift than core level spectroscopies 
and this effect has been exploited in characterising carbon allotropes 
[24]. Informed by these studies, we collect and interpret SE spectra from 
functional material surfaces with complex surface chemistries such as a 
Li metal exposed to a glovebox environment and subsequent transfer 
step to the microscope. Here we demonstrate CI using CSEHI to study 
such lithium compound rich surfaces and compare the ‘as-transferred’ 

surface to that of a ‘fresh surface’ prepared by etching in situ using a Xe 
ion PFIB. 

To carry out manual CSEHI additional information is required. We 
use DOS models for likely compounds retrieved from the Materials 
Project open database using the Pymatgen application programming 

Fig. 2. Application of manual CSEHI to different materials systems. The column titles “Lithium metal”, “Peacock feather”, “Spider silk” and “Historical pigments” 

refer to the application area. The second row are images from hyperspectral data volumes and the third row are SEHI derived SE spectra. The colour bars on the SE 
spectra ‘Electron energy, E’ axis indicate the manual allocation of colour to specific energy ranges based on reference materials or prior knowledge about the 
materials system. The bottom row shows the resulting CSEHI maps. “Spider silk” inset image reproduced under creative commons license CC0 1.0 (https://creativeco 
mmons.org/publicdomain/zero/1.0/deed.en). “Historical pigments” inset reproduced from Hradil et al., “Crocoite PbCrO4 and mimetite Pb5(AsO4)3Cl: rare minerals 
in highly degraded mediaeval murals in Northern Bohemia” [44], with the permission of John Wiley and Sons. 
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interface [54] to define energy ranges for the manual CSEHI. Relevant 
DOS models were returned from a search of the Materials Project 
database for compounds of Li plus any of H; C; N; O. These compounds 
include products formed on the highly reactive LMA surface by a 
deliberate and limited exposure to air, moisture, and N2 (described in SI 
section 2.1.1) [47,48]. 

4.1.2. Results and discussion 
The SE spectra shown in Fig. 2 “Lithium metal” column is derived 

from ‘platelet’ (red) and ‘surround’ (blue) morphologies (determination 
of morphologies is described in Fig. S1). The energy ranges used for 
manual CSEHI were defined as red (0–3.5 eV) and blue (3.5–7.0 eV). 
These ranges were chosen based on DOS models. Red colouring of the 
energy region (0–3.5 eV) corresponds to possible LiH; Li2N; Li; LiHO2; 
Li3N; Li2O and LiH3O2 surface chemistries, while blue colouring in the 
3.5–7.0 eV range corresponds to possible Li2O2, Li(CO)2, Li2CN2, 
LiH2CO3, LiH3O2, Li2CO3 and LiHO Gaussian mixture models (GMMs) of 
DOS models overlaid with energy ranges are shown in Fig. 3). Chemical 
compound notation is in the form returned from the Materials Project 
database. 

A CSEHI map obtained from Li surfaces using the colour assignment 
based on the DOS models shown in Fig. 3 is consistent with previous 
reports that a combination of passivation layer (formed during manu-
facture) and corrosion layer formed during glovebox storage and 
transfer exist on the commercial LMA surface [47]. However, due to the 
spatial averaging of previous surface chemical analysis approaches, the 
spatial distribution of these layers is unknown. The CSEHI image (Fig. 2, 
“Lithium metal” column) produced using input from DOS models pro-
vides the first visualisation of sub-micrometre scale Li metal surface 
chemical heterogeneity map as showing the contrast between red 
‘platelets’ (average width 255 (120) nm) and blue ‘surround’ regions. 

In order to confirm whether this sub-micrometre scale in-
homogeneity of chemistry and ‘platelet’ morphology is typical of the 
LMA surface, four more regions were coloured with the energy ranges R 
(0–3.5 eV) and B (3.5–7.0 eV) (Figs. S3a and 3b). SE spectra plotted from 
red and blue regions of interest (ROIs) (Figs. S3c–f) were distinct. In the 
energy range 2.6–3.2 eV where red coloured areas had higher intensity 
whereas in the 3.4–4.2 eV energy range blue coloured areas had higher 

intensity. This shows that SEHI with CSEHI segmentation can differen-
tiate the LMA surface chemistry based on characteristic SE spectra 
(Fig. S3h). While the ‘platelet’ morphology was not observed in these 
regions, the inhomogeneous surface chemistry as indicated by the 
presence of sub-micrometre red and blue regions was confirmed in all 
areas. 

For a further check of the validity of our colour assignment and 
chemical speciation by DOS models, we exploit the phenomenon of 
electron beam induced deposition (EBID) of adventitious hydrocarbons 
that is well known to occur during prolonged electron beam exposure. 
This is done by imaging the previously imaged 10 μm horizontal field 
width (HFW) acquisition areas again at lower magnification (20 μm 
HFW) to check if the adding of material due to EBID to the original LMA 
surface could be observed (Fig. S4). The central 10 μm HFW EBID region 
was observed to have more blue colouring and darker edges than the 
saturation threshold set for segmentation. This result supports the 
rationale of relating colours to chemical species by DOS models, since 
the blue range is expected to indicate Li + C compounds (Fig. 3b) and 
EBID in the LV-SEM has been shown to deposit carbonaceous SEM 
chamber contamination [8]. The SE spectra post 10 μm HFW acquisition 
show a larger variation within regions that reduces the distinctness of 
regions of ROI spectra Fig. S4. This indicates that the EBID contains 
different species to those present on LMA as-transferred to the SEM. 

However, the production of a Li metal surface chemistry by PFIB etch 
as opposed to other compounds ranked highly in the red range (0–3.5 
eV) (eg. Li2O; Li3N; Li2N), was not determined by the manual CSEHI 
method. To differentiate between compounds grouped in the red range 
(0–3.5 eV), a more detailed peak analysis would have to be made. SE 
spectroscopy may be well placed to deliver this, as the low energy SE 
peaks are strongly affected by chemical shift; with neighbouring atoms 
influencing the atomic energy levels determined by the distance from 
the nucleus. This effect can be observed by comparing DOS models for 
Li2O and Li2O2. These compounds are not easily differentiated by XPS’ 

exploitation of core level photoelectron emissions, as core energy levels 
are less affected by chemical shift [47]. 

To investigate the properties of any passivating layer on the as- 
transferred LMA surface, a fresh area of LMA surface was produced by 
controlled etching using the Xe ion beam of the PFIB over 10 × 10 μm 

Fig. 3. The red (0–3.5 eV) and blue (3.5–7.0 eV) energy ranges overlaid on GMMs of DOS models to show the proportion of DOS within each energy range. The 
compounds are ranked by the area under the GMM curves within the energy range. The top 7 compounds (out of a total of 16) are displayed. The fitting of GMMs to 
the DOS models is described in Fig. S2. 
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areas (Figs. S5a and S5b). This etched area served as a reference versus 
the surrounding as-transferred LMA surface. Repeated measurements 
over four etched areas show that SE spectra from the etched and as- 
transferred regions (Fig. 4a) were consistently distinct, and that the 
etched region has higher emission intensity throughout the R (0–3.5 eV) 
energy range where the lithium metal signal is expected to be greatest 
according to reference DOS models. 

Meanwhile, colour thresholding a CSEHI map produced from one of 
these etch regions (Fig. 4b) shows that the red colour associated with Li 
metal (as well as other compounds ranked in Fig. 3a) is localised to the 
region of etching. The distribution of blue to the left and top of the etch 
region, indicates the presence of lithium and carbon based compounds 
in a transition region of incomplete dose delivery caused by the ion 
beam tails. For data acquisition, the image contrast is adjusted so as not 
to saturate to the brightest region of the image (the etch square), and 
thus the as-transferred surface is included in the dark region of the 
segmented image (Fig. 4c). The proportion of emissions in the 0–3.5 eV 
versus the 3.5–7.0 eV ranges can be used as the as-transferred baseline. 
In the etch region the proportion of 0–3.5 eV emissions is increased 
compared to the 3.5–7.0 eV emissions, indicating a removal of Li + C 
compounds by the Xe ion etching. 

4.1.3. Significance and impact 
The manual CSEHI maps of LMA surface chemistry demonstrate the 

ability of this technique to detect and map surface inhomogeneity in 
lithium compounds at the sub-micrometre scale. Image resolution is 
13.0 nm (measured by edge response [55]). This capability is compli-
mentary to EDX analysis, where it is difficult to differentiate such 
compounds [18], and also to chemically sensitive but spatially aver-
aging methods such as XPS [47]. Visualising heterogeneity at this scale 
is valuable to the understanding and development of a series of 
lithium-based batteries, such as the lithium-ion battery, lithium-air 
battery, lithium-sulphur battery, and all-solid-state lithium metal bat-
tery. The development of a standard database containing SE spectra of 
relevant compounds could be envisaged in the future. At present, it is 
difficult to identify the compounds of lithium within the colour regions 
of the manual CSEHI image. One means of overcoming this would be to 
identify colour energy ranges more specific to peaks in the reference 
DOS models. The possibility of using an automated CSEHI approach to 
determine colour energy ranges is demonstrated in section 5. 

4.2. Peacock feather: knowledge from zoology 

4.2.1. Background 
For the majority of natural materials, DOS models such as those 

employed in section 4.1.1 are not available. However, the mapping of 
chemical variations on the sub-micrometre scale is the key towards 
understanding the structure, mechanism and process by which complex 
hierarchical self assembly occurs in Nature. This is of great scientific and 
commercial interest as it can often lead to future sources of bio-
inspiration, for example the mechanical prowess of spider silk [56] and 
colouration seen in feathers. However, beam sensitivity coupled with a 

low signal yield at high electron beam voltages makes analysis by most 
electron microscopy analysis techniques extremely challenging for these 
materials. 

In an entirely novel application of SEHI and CSEHI, spectra of a 
section of an iridescent male peacock (Pavo cristatus) feather were 
collected, as shown in Fig. 2, “Peacock feather” column. In the iridescent 
feather, barbules of a peacock the melanin-rich pigment cells (melano-
somes) lie on the outside of the structure, whilst the overall structure is 
primarily composed of the proteinaceous structural polymer keratin 
[57]. 

Could CSEHI maps detect chemical differences between the melanin- 
rich edge of the feather barbule and the keratin-rich centre? 

4.2.2. Results and discussion 
Through the SE spectrum, we are able to assign energy levels where 

keratin (0–1.85 eV) and melanin emissions are more prominent (>1.85 
eV). We assign the colours red and blue to these energy ranges respec-
tively, to yield an image in which the blue colour should indicate the 
location of the melanosomes while other structures remain red. Note 
that the colours have been chosen here to provide a suitable contrast to 
those with impaired colour vision. The resulting CSEHI map allows the 
distinction between organic components, such as melanin and keratin, 
without the use of stains is evident. It is hypothesised that differences in 
the SE spectra for keratin and melanin may be a response to each 
polymer’s unique chemical bonding as SEHI has already demonstrated 
the ability to map functional groups distribution in a range of polymer 
systems [7]. 

4.2.3. Significance and impact 
In this instance, it is considered that the differences in the spectra 

around the peak at 1.1 eV observed in the keratin is attributable to 
disulphide bridges. If so, further validation of the results may provide 
new avenues for research based on this technique for protein analysis. 
For example, using CSEHI for the analysis of hair in the field of com-
mercial cosmetics has the potential to provide new insights into product 
development [58]. 

4.3. Spider silk: using published SEHI energy range information 

In looking towards material applications for these methods, we 
illustrate the benefit of using CSEHI for analysis of a spider dragline silk 
fibre (Fig. 2, “Spider silk” column). As hypothesised in relation to the 
peacock feather, if the SE emission peak observed at 1.1 eV is attribut-
able to disulphide bridges it should be present in spider silk, as disul-
phide bridges have been proposed to explain spidroin dimerization in 
some species [59–61] and may be involved in fibre formation and 
improved mechanical properties [62,63]. This energy range is repre-
sented in red and is notably present within the ordered nanostructures 
(green) (average width 45 (10) nm) while the lower order bulk (4–6eV) 
remains blue [64]. Image resolution is 10.5 nm (measured by edge 
response [55]). Thus, CSEHI maps of silks should be informative for 
studies focused on fibre formation processes or modelling of mechanical 

Fig. 4. (a) SE spectra from the etched and as-transferred regions. (b) CSEHI map of red (0–3.5 eV) and blue (3.5–7.0 eV) energy ranges, etched region (central 10 ×
10 μm square) and as-transferred surface (darker surround region). (c) Image segmented by HSV (hue, saturation, value) colour space thresholding. 
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behaviour as the distribution of the nanostructures influences the me-
chanical properties of silk [65]. 

4.4. Historical pigments: knowledge of pigment compounds 

4.4.1. Background 
The painting sample originates from wall murals in the church of St. 

Gallus in Kuřívody, Northern Bohemia. Knowledge about the precise 
composition of the paint pigments can inform decisions about the cor-
rect techniques to employ in the restoration of valuable historic paint-
ings as well as in art authentication [34]. Mineral pigment phases which 
are present in paintings in low quantities may be of major significance 
but are known to degrade over time and are only partially preserved 
[44]. 

Historical pigment samples are commonly analysed using Raman 
spectroscopy X-ray fluorescence (XRF) analysis and SEM-EDX analysis. 
These methods frequently reach their capability limits in terms of spatial 
resolution and information content. Some mineral phases are insuffi-
ciently Raman active and may not be detectable by the technique where 
they exist in only small quantities. Fluorescent X-ray energies may be too 
close to discern between elements by XRF or SEM-EDX. For example, the 
As 10.543 keV KL3 emission and Pb 10.552 keV L3M5 emission [66]. By 
sensitivity to chemical bonding, CSEHI may allow identification of 
pigments containing such elements. 

To demonstrate CSEHI in applications regarding optical properties of 
inorganic pigments, we consider the ability of SEHI to differentiate 
minerals cerussite (PbCO3) and orpiment (As2S3) which are relevant to 
cultural heritage research due to their use as pigments in medieval times 
[44]. 

4.4.2. Results and discussion 
The colouring ranges, 1.0–1.7 eV (red) and 3.0–3.7 eV (blue), were 

chosen with reference to DOS models of cerussite (PbCO3) and orpiment 
(As2S3) (Figs. S8a and b) as compounds likely to be found in the historic 
painting sample (Fig. 1, “Historical pigments” column). Red colouring is 
expected to indicate a higher proportion of PbCO3 while blue indicates 
As2S3 due to the absence of densities of states in 3–4 eV range in the 
PbCO3 DOS model. The presence of DOS information in the experi-
mental SE spectra from these materials was tested by preparing a 
reference material of the two pigments (SI section 2.4.1). The SE spectra 
from the two pigments is distinct in the 3–4 eV range where As2S3 has 
higher emission than the SE spectra from PbCO3 (Fig. S8c). 

4.4.3. Significance and impact 
Here we show that CSEHI has the capability of mapping different 

sub-microscale (image resolution found to be 16.4 nm by edge response 
measurement [55]) mineral phases quickly and based on material 
properties beyond elemental composition and Raman selection rules. 

5. Evaluation of CI framework using automated CSEHI 

Automated CSEHI is developed to quickly evaluate the presence of 
spectral differences in the SE signal that result from materials surface 
chemistry. The automated CSEHI returns energy ranges to input to 
CSEHI. Up to now, the application of CSEHI has required either some 
background knowledge about the material system under investigation or 
the availability of SE spectra from relevant reference materials. An 
outstanding question remains: can CSEHI deliver informative maps 
without such additional, and likely user biased, inputs using an auto-
mated approach? In the following sections, we apply both the manual 
and automated framework for CSEHI to various materials and evaluate 
the information in automated CSEHI generated images. 

5.1. Lithium metal surfaces 

5.1.1. Results and discussion 
In the case of the LMA (Fig. 5, “Lithium metal” column) the auto-

mated CSEHI framework seeks to identify three energy ranges corre-
sponding to the available RGB image colour channels. However, by 
repeating the NNMF component analysis up to 16 times and selecting 
the most frequent output ranges, only two energy ranges were identified 
by the algorithm, at 0.1–1.1 eV and 1.1–1.8 eV. 

In order to interpret the colour ranges returned by the automated 
application of CSEHI, ranges were overlaid on GMMs of DOS models of 
compounds (Fig. 6). A measure of the likelihood of a compound being 
coloured red or blue was determined by ranking the compounds by the 
area under the GMM curve in the red or blue ranges. The highest seven 
compounds in the red range were found to be LiH3O2, Li2O, LiHO, Li, 
Li2O2, LiH2CO3 and LiHO2. The highest seven compounds in the blue 
range were found to be Li2N, Li2CO3, Li3N, LiCN, LiHO2, Li and LiH. By 
ranking the compounds this way, we expect lithium oxides and lithium 
hydroxides to be coloured red and lithium nitrides and lithium car-
bonates to be coloured blue. 

The 1.1–1.8 eV range identified by automated CSEHI appears to be to 
be sensitive to lithium nitride compounds (Fig. 6b). By identifying 
colour ranges below 3.5 eV it may be possible to differentiate between 
oxides and nitrides, whereas in manual colouring all emissions below 
3.5 eV were assigned to the red channel. The red ‘platelet’ morphology 
observed in the manual CSEHI image (Fig. 5 “Lithium metal” column) is 
still visible in the automated CSEHI image while the surrounding regions 
are darker. To interpret the image returned by automated CSEHI, the 
image was segmented by colour and brightness thresholds (Fig. S13). It 
is evident that the platelet regions are a mix of red and blue, in contrast 
to the darker surrounding regions. Therefore, in the platelet region it is 
probable that surface chemistry is a mixture of oxides, hydroxides and 
nitrides of lithium with heterogeneous distribution at the nanoscale. In 
the dark region, it is possible that compounds with low emission in-
tensity are below the brightness threshold selected for segmentation. 
The compounds expected to have a low emission intensity in the red and 
blue ranges are Li(CO)2, Li2CN2, LiH and LiHO2. 

The automated workflow was also applied to produce a CSEHI map 
of the PFIB etched LMA surface (Fig. 7a). The threshold segmented 
image (Fig. 7b) shows that the red and blue ranges predominantly col-
oured the etched region while the surrounding as-transferred surface is 
below the colour saturation threshold. As with the energy ranges 
returned by the automated workflow applied to the as-transferred LMA 
surface, the energy ranges are narrower and provide more specificity to 
the identification of lithium compounds. The energy ranges returned 
predict a higher extent of Li2O, Li2N and Li in the red region (Fig. 7d) 
while Li2O2, Li2CN2 and LiH3O2 compounds fall within the blue region 
(Fig. 7e). Comparison of the as-transferred (dark) and etched (red and 
blue) low energy ranges shows higher emission in the low energy region 
indicative of lower oxidation state lithium compounds (Fig. 7c). 

The result of a heterogeneous surface lithium oxide and lithium 
nitride distribution at the nanoscale on the as-transferred LMA surface 
does not match the model of a LMA surface made up of uniform and 
depth stratified layers of Li2CO3, LiOH and Li2O [47,67]. It is more 
similar to a surface with ‘local inorganic and organic contaminants’ 

produced by storage and transfer from an Ar filled glovebox and 
described by Otto et al. The influence of surface chemical attack by 
contaminants has also been observed in the electrochemical perfor-
mance of a lithium metal electrode [48]. Thus, SEHI could be used to 
develop models of the lithium metal surface post passivation and 
corrosion, especially in terms of the spatial distribution of surface 
chemistry. 

5.1.2. Significance and impact 
Here we have shown that SEHI may be well placed to differentiate 

the lithium-carbon compounds, lithium hydroxide and lithium nitride 

J.F. Nohl et al.                                                                                                                                                                                                                                  



Materials Today Advances 19 (2023) 100413

8

surface chemistries. The characterisation and identification of these 
lithium compounds is important, as these compounds are critical areas 
of study for LMBs and other lithium-based batteries. For example, 
Li2CO3, Li2O, Li3N, LiOH, LiH (and LiOH⋅H2O) are major components of 
a SEI layer in the lithium metal [68–70] and lithium-sulphur battery 
[71]. Effects of Li2O and Li2O2 formed at a 
cathode/solid-state-electrolyte (LiCoO2/lithium phosphorus oxynitride) 
interface could cause high impedance and subsequent capacity decay 
[72]. The water content in an electrolyte solution can also affect inter-
face reaction mechanisms, which could be confirmed by the formation 
of LiHO2 [73,74]. Yet there are still uncertainties on the parasitic re-
actions occurring at the electrolyte-LMA interfaces [75]. The chemical 
information derived here may be used to answer to key lithium-related 
electrochemical questions, either by characterising adventitious surface 
chemistries, or those that form via electrochemical reactions. 

Spatially resolved surface chemical analysis can also shed new light 
on the sub-micrometre heterogeneity of the LMA where spatially aver-
aging surface analysis techniques cannot. SEHI’s application within a (P) 
FIB-SEM also demonstrates the further capability of depth resolved 
chemical analysis to investigate existing models of the LMA passivation 
layers [47,67]. 

Comparison of the as-transferred and etched LMA surfaces showed 
that SEHI may differentiate the two conditions by characteristic SE 
spectra. Furthermore, energy ranges returned by automated CSEHI 
assist in identification of surface chemistry by comparison to DOS 

models. The ranking of compounds by area within the energy range 
shows that the oxidation state of the lithium surface compounds is 
reduced by plasma etching. Future SEHI experiments should look to 
verify the identification of chemical species made here (by reference to 
DOS) by using reference samples and correlative analysis with chemical 
and surface sensitive analyses such as XPS and TOF-SIMS. 

5.2. Peacock feather 

5.2.1. Results and discussion 
Fig. 8 displays both the manual and automated coloured peacock 

feather CSEHI images (Fig. 8a), each with a ROI taken from the same 
region (Fig. 8b). This allows for a direct comparison of the colouring of 
manual and automated CSEHI images with a model of the structure of a 
peacock feather previously proposed (Fig. 8c). The model predicts: 
keratin (dots) and tonofibrillen (dashed lines) both of which contain di- 
sulphide bonding, melanin (black structures) and air pockets (white 
regions). All model predictions are present and are shown within both 
SEHI images, however, it is observed that the automated image has 
greater localised specific intensity. This is especially prominent in 
identifying air pockets as reductions in colour intensity resulting in a 
visible ‘blur’ of colour within the manual image and absence of colour 
within the automated image. The reason for these observed differences 
is that the automated process provides smaller energy ranges. SE emis-
sions outside the energy range do not contribute to pixel intensity, and 

Fig. 5. Comparison of automated and manual CSEHI results, with their respective spectral colour ranges.  
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this results in the automated image having higher contrast, as seen in 
line profiles from CSEHI images (Fig. 8d). An automated approach 
therefore allows for a more precise colour representation of the known 
model both for reducing ‘blurring’ effects and also to emphasise more 
pronounced structures, such as those of the di-sulphide bonding. 

5.2.2. Significance and impact 
Despite both the manual and automated SEHI images showing di- 

sulphide bonds (coloured red) correctly in both keratin and tonofi-
brillen regions, the automated colouring process provides far greater 
specific colour sensitivity allowing for greater insights into localised 
structures. Being able to identify localised di-sulphide bonding is of 
great interest in many research fields from the obvious use in the 
development of cosmetics to other diverse fields such as archaeology. 
Studies have shown that through characterising the shape and size of 
melanosomes, researchers are confident that they can unlock the colour 

Fig. 6. (a) red (0.1–1.1 eV) and (b) blue (1.1–1.8) colour ranges overlaid onto GMMs of Li compound DOS models. The compounds are ranked by the area under the 
curve in each colour range. For example, the compound with the largest area under the curve in the red range was LiH3O2. 

Fig. 7. (a) Automated CSEHI map of the etched LMA surface. (b) HSV colour space threshold segmented image from which (c) spectra are plotted. (d and e) 
Automated CSEHI red (0.7–1.5 eV) and blue (3.3–4.4 eV) energy ranges overlaid on GMMs of DOS models of likely Li compounds. 
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of non-iridescent structural feathers using fossil records. A SEHI 
approach has the potential to provide further analysis capabilities for the 
identification and characterisation of melanosomes using specific di- 
sulphide bonding distributions enabling them to act as a fingerprint to 
reveal from the fossil record an accurate colour identification of feathers 
[76]. 

5.3. Perovskite solar cell material 

5.3.1. Background 
A system where the presence of phase separation affects functionality 

and lifetime are organic–inorganic hybrid lead halide perovskites used 
for high efficiency solar cells [77]. The solar cell material studied here is 
methylammonium lead iodide (MAIPbI3) with 5 mol% excess methyl 
ammonium iodide (MAI). 

5.3.2. Results and discussion 
Tracking excess PbI2 within hybrid lead halide perovskites is possible 

(Fig. 5, “Perovskite”). Using the automated colouring, without any 
additional information from reference materials, results in a similar 
image to that produced by manual colouring based on the energy ranges 
previously identified [78]. Kumar et al. show that energy range between 
1.4 and 2.0 eV represents either MAI or MAPbI3 perovskite. The auto-
mated approach has picked up a range between 1.6 and 2.4 eV. Although 
this covers a wider energy range than in the manually coloured image, 
both images highlight the same areas where in addition to the perov-
skite, excess PbI2 is present. Note the energy range for excess PbI2 was 
manually identified in Ref. [78] to be in the range of 2.7–3.3 eV. The 
automated approach finds a corresponding energy range covering an 
energy range from 2.4 to 3.3 eV but does not identify a third reliable 
energy range. 

5.3.3. Significance and impact 
The automated CSEHI result identified phase separation in the solar 

cell material into two phases by identifying an energy range associated 
with MAI/MAIPbI3 (red) and PbI2 (blue). The presence of two phases is 
verified by previous experimental work using reference materials [78]. 
The spatial distribution of these phases is visualised in the automated 
CSEHI image, with no additional input information. 

5.4. Spider silk 

Previously published SE data for spider silk did not make use of 
NNMF [64]. Instead, a manual identification process was used to sepa-
rate energy ranges with high SE emission from ordered nanostructures 
and disordered matrix, respectively, on silk fibres. The outermost layer 
of which comprises a ‘coating’ consisting of lipids and glycoproteins 
[64]. The red regions in the automated CSEHI image indicates the 
location of remnants of the coating. The green in the automated CSEHI 
falls well within the energy range that was previously manually iden-
tified to be associated with ordered nanostructures. Thus, the automated 
CSEHI image reflects the structure of the fibre. Similarly, blue represents 
the disorder matrix in the automated CSEHI image, again in agreement 
with prior manual allocation [64]. 

6. Summary and conclusion 

The CSEHI method enables the visualisation of inhomogeneity of 
chemical phases at a glance. In the example materials from energy 
harvesting and storage, art history and zoology, CSEHI maps revealed 
varying surface chemistry on bulk functional materials down to the 
nanoscale. For instance, automated CSEHI differentiated lithium-carbon 
compounds, lithium hydroxide and lithium nitride surface chemistries 
on a LMA and highlighted di-sulphide bridge related nanostructures in 
peacock feather and spider dragline silk. 

Automated and manual CSEHI results were evaluated by comparison 
to DOS models, controlled changes to surface chemistry, reference ma-
terials and previously published energy ranges. In the LMA example, the 
CSEHI method combined with DOS model comparison was used to trace 
and rank likely surface lithium species. The manual CSEHI method can 
reveal the presence of surface chemical variations but is less suited to the 
identification of chemical phases due to wide energy windows given the 
limited additional information in the absence of a reliable SE spectros-
copy reference repository or dedicated SE spectrum models for complex 
functional materials. Thus, phases with an SE spectrum peak in a similar 
energy range can be conflated into the same colour. Future work should 
consider using alternative colour spaces to RGB to allow mapping of 
more than three energy ranges and therefore map chemical phases with 
more specificity. 

The automated CSEHI method tends to deliver colour ranges over 
narrower energies and is more suited to phase identification. Thus, 
automated CSEHI has the potential to reduce nanoscale CI bottlenecks 

Fig. 8. (a) Automated and Manual SEHI stacks collected from a Peacock Feather. (b) Two regions of interest of SEHI images presented in (a). (c) presents a model of 
the structures of a Peacock feather as adapted from Ref. [76] under creative commons license CC BY-NC-SA 3.0, https://creativecommons.org/licenses/by-nc 
-sa/3.0/. (d) Presents the line intensity profiles of both regions shown in (b). 
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by making SEHI and visualisation of surface chemical distribution down 
to the nanoscale accessible to a broad user base. Additionally, the 
method can be applied in data-driven materials science since the user 
does not expect to have background knowledge of the samples. 
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