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Lithium is one of the most important technological elements and is mainly used in Li-ion traction batteries
(LIBs). Due to its high oxygen affinity, recovering this element from, e.g., batteries is a challenge. In
pyrometallurgical processes, Li accumulates in the slag and is currently largely lost. A new
pyrometallurgical approach, called “engineered artificial minerals” (EnAM), deals with the modification of
slag to enrich elements such as Li in a single phase with a simple chemical structure and favourable
properties for processing (e.g. morphology). To maximise the efficiency of this process, the first step is to
characterise as accurately as possible the distribution of the target element (here Li) across the phases in
the slag. In this article, a combination of an electron-optical and X-ray based method (electron probe
microanalysis) with a spatially resolved mass spectrometric method (laser ablation inductively coupled
plasma time-of-flight mass spectrometry) is presented to study the distribution of Li in a synthetically
produced slag. The combination of LA-ICP-ToF-MS multi elemental imaging with backscattered electron
(BSE(Z)) imaging allows the resolution of intricate fine structures and the unambiguous identification of
crystalline phases in the slag. Electron optics (backscattered electrons) provides high spatial resolution

Received 15th September 2024 and mass spectrometry offers high sensitivity to detect Li. This makes it possible to characterise not only
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the stoichiometrically identifiable phases but also the non-stoichiometric amorphous components. By
DOI: 10.1039/d4ja00334a combining different analytical methods (toolbox), three Li-bearing phases could be clearly identified: the

rsc.li/jaas residual melt, MnzO4 and LiMnO,.

1 Introduction during recycling processes. A promising approach for the
recovery of Li is the recycling of spent LIBs.”™® During pyro-
In today's society, technological advancements are often metallurgical processing,'* elements such as Li, Mg, Al and Mn
accompanied by a shortage of elements such as Li, Ta or rare enter the slag phase, while e.g., Co, Ni, and Cu are recovered
earth elements.! Reserves of these raw materials are limited,> directly from the black mass as an alloy.>*** Consequently, Li
and therefore an efficient long-term closed loop approach must ~can only be recovered by processing the slag in which Li should
be explored, especially to recover the critical elements from ideally be concentrated in a single phase during the slag
industrial waste streams. Efficient and economical recovery formation process for efficient separation and reuse (EnAM
methods for Li are essential to secure the future and rapidly —approach). The Li-bearing phase could then be easily separated
increasing demand for Li. from the rest of the slag, e.g. by flotation*'* or magnetic sepa-
Li is often used in cathode materials for LIBs, where the ration.'® At the same time, the incorporation of Li into other
initially primarily used LiCoO, is increasingly being replaced by ~phases such as the matrix should be minimised or avoided
Mn-bearing layered oxides (LiNi,Mn,Co,0, (x +y + z = 1; completely (Fig. 1).
NMC))** or Li-manganates (LiMnO, and Li,MnO;)°* for cost For the successful application of this Li recovery approach,
reasons. In order to recycle Li efficiently and completely, it is the (fine)structure of the slag must first be analysed to clarify
necessary to understand and verify how this element behaves how Li behaves especially in the presence of redox-sensitive
elements such as Mn, and what its distribution is after the
crystallisation process in the sample. For this purpose,
“Department of Geoscience, Institute of Geotechnology and Mineral Resources, synthetic (syn) slags, Containing Li,O, SiO,, CaO and MnO as
Clausthal ~ University — of TecP'tnology, Ac?ollzh-Roemer-Str. 24, 38678 1all as MgO and Al,O; as trace elements have been prepared,
Clausthal-Zellerfeld, Germany. E-mail: alena.schnickmann@tu-clausthal.de . . . . K
*Teledyne Photon Machines, 512 East Madison Avenue, Suite 4, Belgrade, MZ 59714, which are c9mparable n .comp.osmon to l_ndl.lStrl_al slags. These
syn. slags will be used to investigate the distribution of Li in the

USA
Nu Instruments, Unit 74, LL13 9XS Wrexham, UK slag and what kind of Li-bearing phase(s) are formed. Based on
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Fig. 1 Schematic illustration of the recycling path of used LIBs. The
grey arrows show the industrial part. Our approach is shown in red.
The aim of the synthetic slag preparation and characterization is to
identify possible Li-rich phases and their formation regions for efficient
Li recovery later in the industrial process.

these results, future slag production can be adjusted so that
only one main Li-rich phase (EnAM) is formed that can be
separated. Therefore, all Li-bearing phases (crystalline and
amorphous) must first be characterised in detail (chemically
and mineralogically) before the slag system and cooling curves
can be modified to maximise the amount of Li bound in the
EnAM compound.

For the bulk (Li) composition analysis of the slags produced,
several analytical methods are available, including inductively
coupled plasma atomic emission spectrometry (ICP-AES), ICP
mass spectrometry (MS) or ICP optical emission spectrometry
(OES). Mineralogical characterisation of the slag discussed in
this article has already been carried out by Schnickmann et al.,
via PXRD and EPMA, providing an overview of the number of
phases and the (fine)structure.” Based on these results, LIMnO,
was clearly identified, while the minor incorporation of Li into
other phases (especially in the amorphous residual melt) could
only be assumed. However, the difficulty remains in deter-
mining which other phases contain Li, especially for variable,
difficult to calculate, non-stoichiometric phases. To investigate
the exact spatial distribution of Li in individual phases a sensi-
tive in situ technique is required. Various studies (e.g. ref. 18-28)
have described and discussed the detection of Li and other
elements by (nano) secondary mass spectrometry ((nano-)
SIMS), laser ablation inductively coupled mass spectrometry
(LA-ICP-MS), laser-induced breakdown spectroscopy (LIBS), X-
ray photoelectron spectroscopy (XPS) and Auger electron spec-
troscopy (AES). However, the quantification of Li-
concentrations using these methods still needs to be opti-
mized. We have previously used XPS and AES to analyse Li in
synthetic (syn.) slags, but both methods produced unsatisfac-
tory results. The XPS instrument used (Kratos Axis Nova) typi-
cally measures areas of 300 x 700 um. This area can be reduced
to 15 x 15 pm if required. However, this reduces the number of
photoelectrons emitted by the sample (larger area = better
signal). In the case of the syn. slags studied, an area of 1200 x
1200 um was measured in imaging mode, which did not provide
any useful results. In the case of AES, two aspects were identi-
fied that led to poor results. First, the syn. slag was too highly
charged, and second, the hemispherical detector used (Omi-
cron Nano scanning Auger microscopy (SAM)) showed low
transmission at low Auger energies, although NanoSAM is
particularly suitable for small structures. At 0.0549 keV, the
energy of Li(Ka) is almost in the ultraviolet range, which means
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that the energy of the Auger electrons is also very low. Accord-
ingly, the detector system of the instrument used is currently
unable to detect low-energy Auger electrons with sufficient
sensitivity.

These preliminary investigations have shown that a method
must be found to detect Li even in small crystalline grains (max.
size < 10 um) or in the matrix, as may occur in syn. slag. Due to
the small circular beam size of 3 um as well as the high spatial
resolution, a series of experiments with LA-ICP-ToF-MS was
carried out. The aim of this study was to qualitatively determine
the Li distribution in fine-grained crystalline samples and to
identify the phases in which Li has been incorporated by
correlating LA-elemental distribution images and electron-
optical images. The purpose of this correlation is to provide
an accurate phase identification, and thus, an accurate docu-
mentation of the Li distribution. For this, we used a combina-
tion of three analytical methods:

(1) Powder X-ray diffraction (PXRD) provides a mineralogical
overview of the crystalline phases.

(2) Electron probe microanalysis (EPMA) for major and
minor element composition of the individual phases/grains
(except for Li). Equally, thin section mapping, was applied to
define regions of interest (ROIs) to be subsequently measured
with LA-ICP-ToF-MS.

(3) LA-ICP-ToF-MS for qualitative LA elemental maps
(including Li) that show the relative abundance and distribu-
tion of elements.

1.1 Background

Previous studies have shown that LiAlO, crystallises early in the
slag and offers good EnAM properties, ie., a high Li content
(10.35 wt% Li) and good separation properties (e.g., flota-
tion'*2°).3%3! Nevertheless, the incorporation of up to 3 wt% Si
and its water solubility make this compound unattractive,
particularly in hydrometallurgical applications. Moreover, in
the presence of Mn, spinel and spinel solid solutions (especially
Mn;0,4 and MnAl,O,) form instead of LiAlO,.*

Therefore, a new EnAM-approach considers the stabilization
of a Li-manganate, in particular LiMnO, or Li,MnO;. These
EnAM compounds would contain the strategically important
element Mn in addition to the valuable element Li.>* Another
advantage would be the removal of Mn from the residual
material/slag (e.g. when used as an additive in Portland
cement). In addition, Li-manganates could be directly reused as
a cathode material (in Li-manganese-dioxide (LMO) batteries).
LiMnO, and Li,MnO; both crystallise early in the slag and
contain up to 11.88 wt% (Li,MnOs) and 7.39 wt% Li (LiMnO,) in
an ideally filled crystal. Furthermore, these phases contain
virtually no Si."”** Investigations by Schnickmann et al. show
that an exchange of Li and Mn in the crystal lattice is possible
within the Li-manganate structure, described using the
following modified structural formulae of these phases:
Liy - yMn(140.33x)02/Li1+MN(1 0.33x02 and Lig yMn(140.33x)03/
Li(+yMn(1_0.33x)03."

Hausmannite (Mn**Mn,*"0,) is another phase that often
occurs together with Li-manganates such as LiMnO,, and may

This journal is © The Royal Society of Chemistry 2025
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contain small amounts of Li.** Due to the variable spinel-like
crystal structure of Mn>"Mn,*'0,, in which only some of the
lattice positions (1/2 tetragonal and 1/8 octahedral) are occu-
pied, additional lattice positions can also be filled if the charge
balance is ensured and the ionic radius ratio to oxygen is
comparable. One example is the additional incorporation of Li.
This leads to a deviation from the ideal stoichiometric formula
XY;04, €.g. Li,Mn;_(1/2),”'Mn,*'0, (modified after Paulsen and
Dahn*). With regard to the radius of Li in tetragonal and
octahedral coordination (0.59 A vs. 0.76 A (ref. 35)) compared to
Mn?" (tetrahedral, 0.66 A (ref. 35)) and Mn®" (octahedral, 0.65 A
(ref. 35)), the former incorporation mechanism is more
plausible.

To promote the formation of this proposed EnAM (e.g.
LiMnO,), and hence, to prevent the incorporation of Li into
other phases, the Li distribution in the slag must be obtained
first. This information is important for the understanding of the
behaviour of a highly volatile element such as Li during crys-
tallisation processes and will be used to modify the system
accordingly.

2 Experimental
2.1 Preparation of the synthetic slag

The precursor for the melt experiment was prepared by the gel
combustion method, according to Blank et al*® and Ehi-
Eromosele et al.,”” to produce syn. slags as homogeneous as
possible. The chemicals used and the method to produce syn.
slag can be found in Schnickmann et al."”

2.2 Methods

The modal composition of the syn. slag sample is obtained
using PXRD (Panalytical X-Pert Pro Diffractometer). A Co-X-ray
tube (Malvern Panalytical GmbH, Kassel, Germany, A = 1.7902
A, 40 kv, 40 mA) was used and the diffractogram was recorded
in a 26 angle range from 5° to 100° (step size of 0.0066°; time per
step of 150.45 seconds). The crystalline phases were identified
using a combination of the American Mineralogist Crystal
Structure Database®® and the pdf-2 ICDD XRD Database.*

EPMA (Field Emission Cameca SXFIVE FE) was used to
measure the major and minor element concentrations of indi-
vidual crystals/grains and to define ROIs on polished thin
sections. For the measurement (15 kV, beam size: 100-600 nm;
Schottky type*°) the Ka. lines of Mg, Al, Si, Ca and Mn were used
and the intensities of the characteristic X-rays were analysed
using the X-PHI model.* The instrument was calibrated with
certified reference materials (CRM: P&H Developments Ltd and
Astimex Standards Ltd) and the accuracy of the instrument was
determined by repeated measurements (N (total number of
measurements) = 20) on the reference material rhodonite
(MnSiO3), to define the standard deviation [%] and detection
limit [ppm] for each element: Mg 0.02%/113.3 =+ 2.4, Al 0.004%/
102.1 +£ 3.8, Si 0.08%/159.8 + 3.8, Ca 0.04%/111.2 £ 3.8 and Mn
0.05%/1098 + 24.94.

While ICP-quadrupole of sector-field mass spectrometers
could also be used, a LA-ICP-ToF-MS was employed for the

This journal is © The Royal Society of Chemistry 2025
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multi-elemental imaging because of the high-resolution laser,
the low detection limit, the high measurement accuracy due to
the (near)-simultaneous measurement of the masses, and the
high speed of data acquisition. A nanosecond ArF excimer laser
(193 nm wavelength) (Iridia, Teledyne Photon Machines, Boze-
man MT, USA) equipped with a water cooled MLase laser head
capable of firing at a 1 kHz repetition rate and a cobalt ablation
chamber was used for LA-ICP-ToF-MS multi elemental
imaging.** The system was connected to a time of flight ICP-MS
(Vitesse, NU Instruments, Wrexham, UK) into which the dry
aerosol from the laser ablation cell was introduced via an
Aerosol Rapid Introduction System (ARIS, Teledyne Photon
Machines*?). A cobalt cell was used in the long pulse configu-
ration and a PEEK tubing with a 0.75 mm ID and 75 cm length
was used as the sample transport tube to connect the two
instruments.

Helium was used as carrier gas at a total flow of 0.75 LPM to
which argon was added as make up gas (1.12 LPM) before
entering the plasma (plasma power: 1300 W). 22 ml min~"
helium and 6 ml min~" hydrogen were used to eliminate
interferences using a segmented reaction cell in the ICP-MS.
Optimization of the LA-ICP-ToF-MS setup was performed prior
to the analysis using both NIST SRM612 and NIST SRM610 glass
certified reference materials (National Institute for Standards
and Technology, Gaithersburg MD, USA). Both laser and ICP-
ToF-MS parameters were optimized for the highest sensitivity
in the desired low mass range (5-60 amu), while keeping oxide
formation as low as possible (>**U"°0"/***U" = 2.5%) as well as
laser induced fractionation, monitored by using the
238U*/>**>Th" ratio, close to 1. The speed of the system, observed
as the single-pulse-response (SPR), and calculated as full width
at 10% of the peak maximum, was also tuned and an SPR of 1.7
ms was achieved using a 3 um circular beam (Fig. 2).

4.0 x 10°

35%105 o

3.0 % 105 \
25x% 109 \
2.0 x 10°

1.5 x10°

238+ signal intensity (counts)

1.0 x 108 ’
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Fig. 2 Average peak profile for the transient 238y+ signal of 2100
individual laser pulses fired on NIST SRM 612 using a spot size of 3 um
at a repetition rate of 300 Hz and a fluence of 3.5 J cm™2. The blue
dashed line marks the signal intensity at 10% of the maximum peak
height (FW0.1M) and was used as the signal intensity threshold for
calculating the single pulse response (SPR) of the system.
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For the analysis, a mass range from 5 amu to 60 amu was
acquired and 20 spectra were baseline subtracted, integrated
and averaged before saving to disc every 0.26 ms. Due to a large
interference of H;0" of mass 19, this mass had to be removed.
The elemental maps were acquired using the area scan tool,
where the stages move at a constant speed across a designated
area on the sample surface, while the laser fires at a fixed
repetition rate. The stage scanning speed and laser repetition
rate were optimized to minimize acquisition artifacts while
maximizing the data acquisition rate. All experiments were
carried out using a 3 um circular beam, a fluence of 3.5 J cm 2,
a repetition rate of 1000 Hz and a dosage of 9, corresponding to
9 laser pulses per 3 pm pixel.****

Using a combination of the HDIP (Hierarchical Data Image
Processor) software's automated image import and registration
module, an overlay of the LA-elemental map and the BSE(Z)
image can be created. This allows the element distribution to be
directly assigned to different phases and the incorporation of
light elements such as Li or trace elements into different phases
to be examined in more detail. The transparency was adjusted
using the Color Scheme Editor. It is also possible to further
reduce the transparency in selected regions by using other
image processing programs.

3 Results

A detailed mineralogical description and chemical bulk
composition of the syn. slag have already been given by
Schnickmann et al. and the main findings are briefly repeated
here."”

3.1 ICP-OES - bulk composition

The ICP-OES analysis yields the bulk composition of the slag as
1.8 wt% Li, 1.2 wt% Mg, 1.1 wt% Al, 18.9 wt% Si, 29.0 wt% Ca,
8.6 wt% Mn and 39.4 wt% O.

3.2 PXRD - phase overview

PXRD results provide a first overview of the modal composition
of the sample. The main components of the slag are the two
matrix forming minerals CaSiO; (ICDD PDF2: 01-084-0654) and
Ca,Si0, (ICDD PDF2: 00-029-0369) as well as the Li-manganate
LiMnO, (ICDD PDF2: 00-035-0749) (Fig. 3). Other phases could

3 9 Wollastonite (CaSiO;)
@ Larnite (Ca,Si0,)
° A Li-manganate (LiMnO,)

Counts

10 20 30 40 50
Position [°2Theta] (Cobalt (Co))

Fig. 3 Recorded PXRD pattern of slag samples. The identified main
phases CaSiOz, CasSiO4 and the Li-manganate LIMnO, are marked.
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not be clearly identified due to line overlap. These results are
used to support the interpretation of the LA-ICP-ToF-MS and
EPMA results.

3.3 EPMA - elemental composition of individual phases

ROIs (Fig. 4) were defined and analysed by mapping the pol-
ished thin section of the representative slag using EPMA. To
investigate the possible incorporation of Li into the different
phases, these ROIs were subsequently analysed by LA-ICP-ToF-
MS. The selected ROIs are shown in Fig. 4.

The in situ major element composition of the syn. slag was
determined by WDX measurements. As shown by Schnickmann
et al. and Schirmer et al. the Li content in stoichiometric phases
can be calculated from the measured EPMA elemental
concentration.'”»*! This calculation will not be discussed further
as the focus of this manuscript is only on the qualitative Li
distribution in the different phases.

The relationships between measured and calculated (i.e. Li)
element concentrations in the respective phases, except for the
Ca-silicates, are summarised in diagrams in Fig. 5a-d.

A total of 5 different phases were identified. In addition to
the phases found with the PXRD analysis two different oxidic
Mn-rich compounds can be distinguished. Based on their
measured Mn content, these phases were assigned to LiMnO,
and (Li-bearing) Mn30, (Fig. 4). There is a small deviation of the
measured Mn concentrations in Mnz;O, from its ideal stoi-
chiometric composition and it is suspected that this is due to
the incorporation of Li into Mn;0,.** Based on the measured
Mn concentrations, it was possible to document the exchange of
Li and Mn in the crystal lattice of the Li-manganates, as well as
the subordinate incorporation of Al, visible by the low scattering
in Fig. 5a. A much larger scatter is seen in Fig. 5b, caused by
a wide range of spinel solid solutions within the structure of

__——residual melt—

Casio,

(matrix)

100 pm BSE Z 15kV 30 nA

Fig. 4 BSE(Z) image of the investigated slag. Light gray: MnzOy;
medium gray: Li-manganate LiMnO,; dark gray: the matrix forming
phases CaSiOz and Ca,SiO4. The contrast was modified.

This journal is © The Royal Society of Chemistry 2025
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Fig. 5 Correlation diagrams based on the concentrations measured with EPMA in the crystals and the residual melt. The Li content was
calculated via stoichiometric structure formulae and the measured concentrations of the other elements in the grain.*’** Calculation of Li in the
residual melt is not possible (see text for explanation). (a) Relationship of Mn** (& 58.53 wt% + 0.35) with A" (& 0.35 wt% + 0.04) and the
calculated amount of Li (7.45 wt% 4 0.04) (N = 20), (b) occupation of tetrahedral sites — Li** (calculated; (@ 0.51 wt% + 0.17)), Mg?* (@ 0.71 wt% +
0.19) and Mn?* (@ 24.01 + 0.39), and octahedral sites — A" (@ 1.00 wt% + 0.26) and Mn>* (@ 48.02 £ 0.39) in MnsO,4 (N = 18), and (c) and (d)
elemental relations in the residual melt (N = 38), which consists of Mg (& 6.36 wt% =+ 2.47), AL(@ 1.03 wt% + 2.32), Ca (& 0.92 wt% + 0.56 Ca), Si

(@ 20.07 wt% £ 0.53) and Mn (@ 18.24 wt% + 4.31).

Mn;0,. Due to the highly variable composition of the residual
melt, three distinct domains with slightly different element
concentrations could be distinguished (Fig. 5c and d). The
amorphous phase was unstable under the electron beam and
resulted in fluctuations in the total element sums. In this phase,
Li cannot be calculated like in stoichiometric phases due to
variations in speciation of Mn (Mn>**/Mn**) and is therefore not
appearing in Fig. 5c and d.

3.4 LA-ICP-ToF-MS - identification of Li distribution

LA-ICP-ToF-MS is used to determine the spatial distribution of
Li and to identify into which other phase(s) Li is incorporated
apart from LiMnO,.

For this, we created qualitative elemental maps of the
previously defined ROIs and correlated these maps with the
electron-optical images (in this case BSE images). The following
nuclides were used for analysis: "Li, >*Mg, 2’Al, **Si and >*Mn. It
can be seen that the elements Li and Mn are tightly correlated,
which ultimately proves the formation of the Li-Mn-oxide
LiMnO, (Fig. 6 and 7).

It is also possible to define grains/areas with less Li than the
Li-manganates, which can be clearly distinguished as Li-bearing
Mn;0, (considering the measured Mn concentrations and the
distinctly lighter grey colour in the BSE micrographs, Fig. 6a and
f). The Li content in the matrix (i.e. eutectic residual melt) is very
low as seen in the element distribution images (Fig. 6b and g).

This journal is © The Royal Society of Chemistry 2025

Si is mainly incorporated into the Ca-silicates (CaSiO; and
Ca,Si0,). Furthermore, high count rates of Si are detected in
small clusters (Fig. 6d and i). In addition to Si, high Al counts
were also observed in small clusters. The distribution of Al,
which was only added to the slag as a trace element, is the most
heterogeneous, with small amounts also incorporated into the
Li-manganate and Li-bearing Mn;0, (Fig. 6h), which has also
been seen by EPMA. The residual melt contains all measured
elements, including some Li. This was the first time that the
incorporation of Li into the structure of Mn;0, and the residual
melt could be confirmed in a syn. slag.

To correlate the LA-elemental maps (expressed as relative
abundances) with individual phases, a BSE(Z) image (Fig. 6e) of
the syn. slag was superimposed (see the Methods). The trans-
parency of the LA-elemental map was further reduced in
selected regions to allow the determination of the exact phase in
small grains/segregations/intergrowths (Fig. 7a-f). Further-
more, the false colour image with the blue coloured LiMnO,
and the red coloured Li-bearing Mn;0, also helps to differen-
tiate the phases more easily (Fig. 7d). The intergrowth of Li-
manganate and Li-rich Mn;O, could be clearly distinguished
(Fig. 7b and c).

It was noticed that areas of around 200 x 400 pm are ideal to
overlay the LA-elemental maps. This allows even very small
grains (<5 um) to be categorized, and therefore, the respective
phases to be clearly distinguished. In addition, the grain
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Fig. 6 Comparison of the LA-ICP-ToF-MS multi-elemental images with the BSE(Z) image. (a—d) Elemental distribution maps of the corre-

sponding elements (relative intensities), (e) BSE(Z) image, and (f-

(a) BSE(2)

(b) Mn (c) Li

(d) False colour image  (e) (f) Si
Fig. 7 Overlaid LA-elemental maps with the BSE(Z) image in

— 50 M

a zoomed-in area. Transparency was further reduced to clearly
differentiate between the phases. (a) BSE(Z) image of the region. (b)
Combination of BSE(Z) image and LA-elemental map of Mn. (c)
Combination of BSE(Z) image and LA-elemental map of Li. (d) BSE(Z)
image with coloured grains, LiIMnO, is coloured blue and MnzO, is
coloured pink. (e) Combination of BSE(Z) image and LA-elemental map
of Al. (f) Combination of BSE(Z) image and LA-elemental map of Si.

boundaries are distinctly visible. This distinguishes the
different phases nicely within the ROI (Fig. 6f-i). For further
investigations of even smaller features such as grain bound-
aries, smaller regions (e.g. 50 x 50 um) could also be used.

1054 | U Anal. At. Spectrom., 2025, 40, 1049-1057

i) overlaid LA-elemental map with the BSE(Z) image.

The choice of the two methods EPMA and LA-ICP-Tof-MS to
determine the distribution of Li in the slag was also due to the fine-
grained texture of the slag. Generally, the grain sizes of the crys-
talline phases are very small, besides those of CaSiO;. The crystal
size of the idiomorphic to hypidiomorphic crystals of LiMnO,
ranges between 60 and 157 um, the subordinate hypidiomorphic
to idiomorphic crystals of Mn;0,4, which is often intergrown with
LiMnO,, up to a maximum of 34 um, and the residual melt, which
solidifies only at the end, between 37 and 246 pm.

4 Discussion
4.1 Toolbox for phase determination

In a Li-bearing multi-component system, a toolbox of different
analytical methods is needed to ensure accurate and complete
phase identification. In this study, particularly, the use of LA-
ICP-ToF-MS shows promising results in the field of detection
of Li in a complex slag system and the (fine) distribution of this
element. These results are difficult to obtain with other spatially
resolved methods due to limited spatial resolution, the rela-
tionship between beam size and signal intensity, or the limited
range of elements that can be analysed with certain methods
(e.g. EPMA and Li).

It has been shown that a combination of analytical tech-
niques (toolbox) such as PXRD, EPMA and LA-ICP-(ToF)-MS is
ideally suited to investigate the incorporation of Li into
different phases in a complex and fine-gained material to ach-
ieve full phase analysis/characterisation because of the
complementary information obtained from each method. The
following procedures allowed the documentation of the relative
Li distribution in the different phases:

This journal is © The Royal Society of Chemistry 2025
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(1) ICP-OES: bulk analysis of the sample, in this case,
a synthetically produced slag. Identification of whether and how
much total Li is present. This determines whether slag modi-
fication using the EnAM approach is feasible.

(2) PXRD: overview of the crystalline phases that have
formed. Gives a first indication of possible solid solutions and
what Li-manganate may have formed.

(3) EPMA: determination of the major element content in the
individual crystals and in the melt, and definition of ROIs and
phase identification based on phase-specific element contents.
Recording of the BSE(Z) image for the observation of
morphology and grain size, and for the correlation with the LA-
elemental map.

(4) LA-ICP-(ToF)-MS: determination of the qualitative
elemental distribution, including light elements such as Li.
Subsequent correlation of the BSE(Z) image with the LA
elemental map of regions no larger than 200 x 400 pm, with
regions of 50 x 50 pm recommended for small structures such
as grain boundaries. Correlation allows individual phases to be
distinguished and the Li distribution to be studied in detail as
well as the distribution of the other elements. Direct identifi-
cation of the phases in which Li has been incorporated.

4.2 Li-distribution

Li is analysed qualitatively with LA-ICP-(ToF)-MS to visualize
the distribution of this element in the syn. slag. The formation
of Li-Mn oxides such as LiMnO, was clearly demonstrated for
the first time, as was the incorporation of Li into the structure
of Mn;0, and the residual melt. These new findings confirm
the previous assumptions (formation of LiMnO, and Li-
containing Mn;0,) of Schnickmann et al.’” From the result
obtained, it can be assumed that only minute amounts of Li, if
any, were incorporated into the matrix-forming phases CaSiO;
or Ca,Si0,.

The main Li-scavanger is LiMnO,, which is already being
investigated as a cathode material,**® and hence, turning out to
be economically very interesting. The limited incorporation of
impurities such as Al, as observed by LA-ICP-(ToF)-MS and
EPMA, is not problematic because studies have already shown
that small amounts of Al in the crystal lattice positively affect
the efficiency of the battery due to improved Li transport.*”*®

The morphology of the crystals indicates that the Li-
manganate and Li-containing Mn;0, formed first, followed by
Ca-silicates (CaSiOz; and Ca,SiO,4) and then the residual melt,
which probably solidified relatively quickly, filling small cavi-
ties. It is therefore suggested that a homogeneous melt was
formed during the melting process, from which the phases
crystallised during cooling.

The results obtained with the toolbox used indicate that slag
modification is required to bind all the Li in a single compound
such as LiMnO, that can be easily separated from the rest of the
slag. The modification (e.g. adjustment of the cooling curves)
should suppress the crystallisation of Mn;0, and prevent Li
from being left behind in the residual melt. Depending on the
crystal structure of the produced Li-manganate, recrystallisa-
tion may be required prior to utilization as a cathode material.

This journal is © The Royal Society of Chemistry 2025
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Accordingly, Li-manganates will be further investigated and
characterized as potential new EnAMs in future studies.

5 Conclusions

In our study of Li-bearing syn. slags, we have tested a combi-
nation of complementing and relatively readily available
analytical methods (PXRD, EPMA and LA-ICP-(ToF)-MS) to
substitute for (nano)SIMS, AES, XPS and LIBS analysis. The
latter methods have shortcomings in the analysis of, e.g., Li-
bearing phases in syn. slag due to their detection sensitivity
(AES and XPS), spatial resolution (XPS and LIBS) or often matrix
dependence ((nano)SIMS). In addition, compared to other
methods ((nano)SIMS, XPS, and AES) LA-ICP-(ToF)-MS is easier
to use/operate (e.g. no complex vacuum system or special
sample preparation is required) and less expensive (e.g.
compared to (nano)SIMS).

LA-ICP-(ToF)-MS shows very promising results in the field of
Li detection in a multi-element slag system with fine-grained
structures. For the first time, it was possible to directly differ-
entiate between the Li-bearing phases in the syn. slags. The
formation of LiMnO,, as well as the incorporation of Li into the
structure of Mn;0, and the residual melt, could be demon-
strated with certainty. It is still necessary to verify if a small
amount of Li has been incorporated into the Ca-silicates. The
next step will be to investigate the availability of matrix-matched
Li-bearing standards to eventually quantify the results.

To ensure an accurate correlation between BSE(Z) images
and LA-ICP-(ToF)-MS results without loss of information, an
analysis area of 200 x 400 pm is suggested for overview and 50
x 50 um for detailed images. In addition, it would be advan-
tageous to maximise the crystal size of the Li-manganates in the
future.

The LA-ICP-(ToF)-MS results provide an important contri-
bution to the slag characterisation. Moreover, initial success
has been achieved in correlating the LA-elemental map with
electron-optical images. Based on the wide range of information
obtained, slag production can be further adapted in the future
so that all the Li is bound in a single phase (EnAM). Only by fully
analysing and understanding the system, as we have done, can
slag production be modified. This modification ensures that all
the Li is incorporated into a phase that can be directly and easily
separated, e.g. LiMnO,.
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