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ABSTRACT

Sedimentation of opaque suspensions of carbon black and lithium–iron–phos-

phate was investigated by spin-echo-based magnetic resonance imaging. Optical

methods are usually applied to determine settling velocities, but are limited

with respect to high concentrations and optical transparency. The presented

method uses intensity data from the noninvasively measured magnetic reso-

nance signal of the sample. The settling velocity is obtained from the evolution

of the signal intensity profiles based on the contrast in 1H magnetic resonance

imaging between particles and liquid. New insights into the sedimentation in

opaque suspensions are provided, since the 1H images uncover the spatial

distribution of the particles and its agglomerates, as well as the shape of the

settling front. Additionally, the sedimentation was experimentally studied using

a sedimentation balance, which gravimetrically measures the increase in mass

fraction over time due to the settling of particles. By parallel usage of these two

methods, the sedimentation processes of opaque suspensions of lithium-ion-

battery electrode materials were investigated. The sedimentation balance covers

high, technically relevant concentrations. Limiting factors of the methods are

discussed, which are mainly signal intensity in the magnetic resonance imaging

and the increasing viscosity of highly concentrated suspensions.
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Introduction

Gravity-driven sedimentation processes of carbon

black (CB) and lithium–iron–phosphate (LFP) parti-

cles were observed by magnetic resonance imaging

(MRI) and a sedimentation balance. These particles

are increasingly applied as active material in lithium-

ion-battery (LIB) electrodes.

The majority of LIB utilizes cobalt-based cathode

materials as well as aluminum, manganese and nickel

blends to fulfill the dominant application demands

[1]. New approaches insert silicon, tin or germanium

into the active materials of the anode, which reduces

the mechanical stress during lithiation, but enlarges

the effective expansion volume [2–5]. However, it

remains to future generations of LIBs whether the

cyclical and calendrical stability of these materials

meets the application requirements [6–9]. With

regard to safety, LFP-based cathodes deliver undis-

putable advantages, in cases where capacity is the

less dominant requirement. The lack of required

conductivity and energy density/capacity of LFP is

addressed by coating the nanoscale LFP particles

with CB as well as adding CB nanoparticles [10–12].

Thus, LFP currently is a commonly used electrode

material with respect to well-balanced capacity, as

well as good safety properties and economic factors.

The slurries of the active material are steadily

under improvement, due to the rising demand of

increasing capacity and cyclic durability. To increase

the homogeneity of LFP and CB particle distribution

in the slurry, the particle systems of electrode mate-

rials are of general interest [13, 14]. Gravity-driven

sedimentation occurs and affects the homogeneity of

particles distribution.

Over decades, the sedimentation of particles that

vary in shape and kinematic properties was investi-

gated. Several theoretical models were published and

described the experimental data within given limits

[15–20]. The sedimentation itself can be understood

as the movement of particles in fluids due to external

forces, e.g., due to gravitational or centrifugal forces.

Important for the motion in a suspension are cer-

tainly the density difference between particles and

liquid, the particle volume fraction and their shape,

and the viscosity. Several techniques were developed

to optically study sedimentation [21–23]. The limita-

tions of the optical methods are obvious: a certain

amount of light needs to reach a photosensitive

detector to measure the amount and rate of particle

movement. Concentration is limited as hindered

settling occurs due to particle interactions [24]. Sus-

pensions with LFP and CB tend to become opaque

even for low particle mass fractions (/p\ 0.5%).

Hence, optical measurements are limited regarding

this class of materials.

MRI was used to explore sedimentation of CB and

LFP in these opaque suspensions. As the particles

themselves do not provide a 1H-MRI signal, the MR

intensity is due to the liquid in the suspension, which

was silicon oil. The versatility of the MRI approach is

emphasized as only a single suitable and nuclear

magnetic resonance (NMR) active fluid needs to be

applied to measure both particle classes in situ.

Signal intensities were measured spatially and

time-resolved to observe the sedimentation at the

bottom of an NMR tube, caused by settling particles

with different particle size and agglomeration, i.e.,

the settling front (SF). In addition, a sedimentation

balance was built to characterize the evolution of

mass fraction over time. By parallel usage of these

two methods, velocities for CB and LFP at a given

viscosity can be measured and the final slurry

composition with the required particle fractions can

be characterized in terms of sedimentation.

Materials

In order to achieve one suitable viscosity for both

particle classes, a silicon oil (polydimethylsiloxane

(PDMS), Quax GmbH, Germany) was used as fluidic

phase in the suspensions for the 1H-MRI measure-

ments. This choice allows the sedimentation to take

place but simultaneously enlarges the timescale for

the measurements. Carbon-coated LFP, i.e., LiFePO4

particles and CB particles were used as received. Due

to the experimental state of the slurry recipe, the

materials supplier is not mentioned. The values for

the specific surface area (SSA) for LFP were pro-

vided. According to the manufacturer, the mean size

of the primary CB particles is approximately 42 nm.

However, CB and LFP particles tend to agglomerate,

reaching an average size of a few microns. Dispersed

CB and LFP particles in PDMS also show this trend to

agglomeration and increase the viscosity as a func-

tion of volume fraction [25, 26]. The density of the

solid materials was determined using a helium pyc-

nometer (Micromeritics, Multi Volume Pycnometer,

Karlsruhe, Germany).
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The targeted particle mass fraction for the MRI

experiments was /p = 0.5 wt%. This was achieved

by a PDMS mass of mf = 859.4 mg ± 1.3% and a

particle mass of mp = 4.25 mg ± 5.8%. This results in

an overall sample particle mass fraction of

/p = 0.495 ± 0.036 wt%, which deviates from the

targeted particle mass fraction by ± 7.2%. Four

samples of each material class were investigated by

MRI (Table 1).

The equivalent sphere–particle size distribution

(PSD) was determined by Fraunhofer diffraction

(HELOS H0309, Sympatec GmbH, Clausthal-Zeller-

feld, Germany) using an ultrasonic wet dispersing

unit (QUIXEL, Sympatec GmbH, Clausthal, Ger-

many) for dispersing the LFP and CB particles in

acetone and ethanol, respectively (Fig. 1).

The same PDMS was used for the experiments

with the sedimentation balance. In contrast to the

MRI measurements, the particle concentrations were

vastly increased. Experiments with particle mass

fractions of /m ¼ 10; 30 and 50 wt% for LFP were

performed. The corresponding LFP suspensions had

a low shear ( _c = 2.2 s-1) viscosity of g ¼ 0:1, 1.5 and

12.9 Pas, respectively (Fig. 2).

Investigations of higher particle mass fractions

with CB failed due to the increase in viscosity and the

thus reduced and presumable absent sedimentation.

Particle mass fractions of /m[ 1% for CB already

showed the mentioned behavior. As CB is mainly

added to increase the conductivity of LIB electrodes,

low mass fractions of CB are realized in real appli-

cations. Hence, only three different mass fractions of

LFP were investigated by the sedimentation balance,

due to LFP being gravimetrically the main ingredient

for the active material of an LFP-based LIB. Addi-

tionally, a practically relevant composition of an

electrode slurry, used for LIB, was investigated by

the sedimentation balance with respect to its sedi-

mentation behavior. This composition is based on the

experimental recipe of a LFP-based aqueous active

material slurry containing carboxymethylcellulose

(CMC) with a molecular weight MW = 700 kDa and a

degree of substitution of DS ¼ 0:9 as polymeric bin-

der. The slurry had a low shear ( _c = 2.2 s-1) viscosity

of g = 14.3 Pas.

Experimental and methods

With the help of an in-house-manufactured cylin-

drical polytetrafluoroethylene (PTFE) sample holder,

two NMR tubes were placed side by side into a radio-

frequency probe of the NMR spectrometer, i.e., into

the field of view (FOV) (Fig. 3). A sagittal slice across

the center of the tubes was measured by MRI. A time

series of experiments with identical parameters and

orientation allows the measurement of the sedimen-

tation. Due to the NMR properties of the particles,

i.e., especially their fast transverse relaxation, the

images are negative images, i.e., the measured

intensity is due to the liquid.

The materials were separately inserted into an

NMR tube after it was filled with 900 ll of PDMS.

After coarsely dispersing the particles at the top, the

tubes were placed into the probe of a Bruker

200 MHz Avance III HD spectrometer. The maxi-

mum gradient for imaging was 1.5 Tm-1. The

MICWB40 probe with a 1H birdcage allowed for a

maximum outer sample diameter of 20 mm. Hence,

multiple NMR tubes with outer diameter of 5 mm

could be measured simultaneously (Fig. 3).

Spin-echo-based MRI

The spin-echo-based pulse sequence RARE (rapid

acquisition with relaxation enhancement) was used

for the MRI experiments with parameters specific for

the materials and application (Table 2). The advan-

tage of RARE, with respect to the often faster gradi-

ent-echo based methods, is the reduced sensitivity

toward magnetic susceptibility differences between

materials, especially along the phase direction in the

images. The samples were measured applying a 2D

Table 1 Material properties of used fluid and particles

Fluid Polydimethylsiloxane (PDMS)

q # ¼ 25 �Cð Þ 0.955 g cm-3

m 20 mm2 s-1

g 19.1 mNsm-2

Particles Carbon black (CB) Lithium–iron–phosphate

(LFP)

x50;3 5.47 lm 1.71 lm
rel:span 2.96 5.24

q 1.73 g cm-3 3.51 g cm-3

SSA – 11.6 m2 g-1

Sample

notation

CB_1, CB_2, CB_3,

CB_4

LFP_1, LFP_2, LFP_3,

LFP_4
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RARE sequence with slice selection. Thus, the MRI

signal intensity evolution is a measure to the SF in the

opaque suspensions. The acquisition time given by

the timestamp of the MRI raw data was used as time

axis of sedimentation.

The aim of the study was to deduce the sedimen-

tation velocity from the MR images. Mean values of

the signal intensity were calculated. Only the image

area in the middle of the tubes was considered.

Boundary or wall effects near the tube’s wall were

therefore eliminated.

The wall effects are neglected with the argument

that the ratio between the average particle diameter x

obtained from PSD and the inner tube diameter of

approximately d = 4.09 mm is relatively small [27].

The ratios for LFP and CB are: x=df gLFP ¼ 4:16 � 10�4

and x=df gCB¼ 1:34 � 10�3. The thus defined region of

interest (ROI) is the basis for the calculation of the

z-profiles (dashed lines in Fig. 3). For each tube, the

ROI had a dimension (x, y, z) of 28 9 1 9 79 voxels

corresponding to 3.94 mm 9 1 mm 9 11.11 mm as

the slice thickness in the sagittal slices was 1 mm.

The principle expectation for the MRI signal

intensity of the evolving sedimentation is summa-

rized in [17, 27–29]. As a suspension contains equally,

but randomly distributed particles, rather constant

intensity of the liquid can be measured along

z (Fig. 4). As the particles continue settling over time,

three regions are formed: suspension, clear liquid

and sediment. These regions differ in particle con-

centration. Thus, the maximum signal intensity is

measured in the liquid containing no particles. The

lowest intensity is observed in the sediment layer.

Between these two regions, the signal intensity varies

due to various particle concentrations. After the

particles settled completely, only particle poor and

particle rich regions remain, which are reflected in

the MRI z-profiles (Fig. 4).

The slight increase in intensity below the sediment

layer in Fig. 4, i.e., outside the glass sample tube, is

due to susceptibility artifacts due to LFP particles,

which arise from the increasing concentration of

these highly paramagnetic particles at the bottom.

This issue will be discussed later in more detail.

The z-profiles, i.e., axial mean values, are a function

of sedimentation time t as the particle concentration

Figure 1 Cumulated particle size distribution (Q3) and its density (q3) of LFP (a) and CB (b). The insets show SEM images of a particle

agglomerate of the respective material.

Figure 2 The viscosity g depends on the shear rate _c of the slurry
and the LFP suspensions with different mass fractions /m. The

lines are to guide the eye.
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changes with t along z (Fig. 5). Calculating horizontal

mean values from unevenly distributed shapes of the

settling front would result in a wrong interpretation

of the evolution of particle sedimentation along

z. Thus, apart from the z-profiles, the x-profiles were

also calculated to get an estimation about the shape of

Figure 3 Experimental setup:

two samples were measured

simultaneously in one sagittal

slice. A PTFE sample holder

was used to provide robust and

aligned orientation of the

tubes. High intensities

correlate with low particle

concentration and are

attributed to the 1H-MRI

signal of the liquid.

Table 2 MRI parameters of

the 2D RARE MRI

experiments

1H-RARE MRI parameter Value

Echo time 10.16 ms

Repetition time 2 s (CB), 1 s (LFP)

Number of averages 4 (CB), 2 (LFP)

RARE factor 4

Acquisition time 4:16 min (CB), 1:04 min (LFP)

Field of view (FOV) 18 mm 9 18 mm (128 px 9 128 px)

Slice thickness of the sagittal slice 1 mm

Resolution 140.6 lm 9 140.6 lm

Figure 4 Scheme of NMR intensity profiles during sedimentation

(modified from [27], left). In comparison, the measured z-profiles

over 6 h 40 min are shown on the right. The experiment was

performed on LFP particles with a volume fraction

/p ¼ 0:32 vol% in glycerin/water mixture (80:20 wt%) with a

total volume of 1.55 ml. The evolution of the settling can be

observed in the profiles. The bottom of the tube was at

z = 1.13 mm.
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the sediment’s bed. Homogeneously distributed

sedimentation over the cross section of the tube was

observed; thus, wall effects can be neglected in the

ROI of the z-profiles.

Sedimentation balance

A self-manufactured sedimentation balance was

developed based on the standard DIN 66116-1:1973-

11 and was used to measure the settling rate of the

LFP particle suspensions and a commercial cathode

slurry for LIB (Fig. 6).

A steel stage was placed over a digital balance. A

glass container rests on top of the steel stage,

decoupling the weight of the glass container from the

balance. A perforated pan was mounted hanging

from a frame, which is placed on top of the balance,

using a steel wire. As a result, the weight on top of

the pan was directly connected to the balance. In

order to guarantee the retention of the settling LFP

particles by the pan, a filter with a mesh size of

500 nm was attached on top. At first, the hanging pan

was placed in the glass container, ensuring no con-

tact. Subsequently, the suspension was poured into

the glass container and the balance was tared. As the

LFP particles settled on top of the pan, the weight

was directed through the steel wire and frame to the

balance. The balance was connected to a computer,

which recorded the time-dependent weight increase

using the software KERN Balance Connection 4. The

weight was recorded each second for a total

experiment time of 4 h 10 min for each sample. Sus-

pensions with LFP mass concentrations of /m ¼ 10,

30 and 50 wt% were dispersed in PDMS using a

dissolver at various speeds between 1500 and

2000 rpm.

Figure 5 z-profiles as a function of sedimentation time t of samples CB_1 (a) and LFP_2 (b). The higher the intensity, the lower the

particle concentration. The total experiment time for sedimentation was 18 h 51 min for CB and 5 h 47 min for LFP.

Figure 6 Schematic setup of the self-manufactured sedimentation

balance based on standard DIN66116–1:1973-11.
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Results and discussion

MRI measurements

The data set of I z; tð Þ (Fig. 5) contains the complete

information about sedimentation as the x-profiles

(vertical mean values) showed no peak formation,

but a uniform, evenly distributed intensity signal.

Data processing can now be performed either along

z or t, in order to quantify the sedimentation process.

At first, the data are processed along t to obtain

I z ¼ const; tð Þ: The intensity was computed as a

function of sedimentation time for each of the 79

z-values measured for each sample. The form indi-

cates an approximately linear dependence of I on t.

Similar behavior was observed for all samples of the

same particle type, i.e., LFP or CB. For each z value, I

is approximated by a linear function to extract the

gradient DI z;tð Þ
Dt of the signal intensity over time

(Fig. 7). The standard algorithm was applied to solve

nonlinear curve-fitting problems in a least-square

sense. The fitting parameters were calculated in the

time range [0, 82] min for the sample CB_1 (Fig. 7).

0 min represents the first measurement, respectively,

the first timestamp, which is approximately 2 min

after sample preparation. The delay is caused by

inserting the prepared sample into the probe and

starting the experiment.

A mean value was calculated to define a threshold

from the middle to the end of the data matrix, i.e.,

large sedimentation times. The data matrix had 233

data points in total, respectively, 233 timestamps at a

resolution of approximately 5 min for CB and 1.5 min

for LFP. For better illustration, a zoom is depicted in

Fig. 7. Starting from the first value, iterations com-

pare the intensity values sequentially to the thresh-

old. As soon as the value equals less than this

threshold, the measured intensities at larger t-values

are not considered in the linear fit. The threshold was

adapted to each z-value automatically. As the ROI

contained 79 z-values, the same amount of iterations

were computed for each of the eight samples. The

change in intensity DI z;tð Þ
Dt as a function of z gives

insight into the reproducibility of sedimentation

(Fig. 8). The gradients are in good agreement in each

particle class, i.e., LFP or CB. Relatively time-constant

concentration profiles (i.e., DI z;tð Þ
Dt ¼ 0) are observed for

top and bottom of the ROI. For the sedimentation of

CB, the most sensitive values of DI z;tð Þ
Dt are in the range

[2.5, 4.0] mm; a second sensitive region was observed

in the interval [4.0, 5.0] mm. This probably represents

smaller intensity changes DI z;tð Þ
Dt due to slower sedi-

mentation of small particles with lower settling

velocities. Furthermore, the weighting error during

sample preparation should be taken into account,

especially at low particle mass fraction, i.e.,

/p = 0.5 wt%.

In the case of LFP, the most sensitive region is

observed for z 2 4:0; 7:0½ � mm; additionally, a signal

enhancement at larger values of z occurs between 7

and 8 mm. An explanation of this pronounced dif-

ference within a material class can be found in the

magnetic susceptibility vmagn. The most sensitive axis

regarding vmagn in MRI is the axis of the read gradient,

which was chosen along z in the experiments. As LFP

is known to be paramagnetic, larger differences in

vmagn lead to spatially varying distortions of the main

magnetic field of the NMR instrument with the con-

sequence that NMR intensity shifts to other volume

elements, leading to larger signal intensities in

neighboring regions z[ 7 mm (Fig. 8). Please note

that some 10 ppm is sufficient for this type of artifacts

in MRI [30–35]. Similar behavior of DI z;tð Þ
Dt was

observed. Negative values represent declining signal

intensities. Therefore, particles settle in this region.

The next step to process the experimental data

(Fig. 5) is to monitor the z-profiles and to deduce the

sedimentation velocity by analyzing the intensity

Figure 7 Signal intensity for z = 3.37 mm as a function of time

t for the CB particle sample CB_1. The resulting profile is

approximated by a linear function to extract the gradient of the

signal intensity over t.
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isolines I z; tð Þ ¼ const. The basis for the calculation of

the sedimentation velocity is z t; I ¼ constð Þ (Fig. 9).

The isolines were only computed at intensity steps of

DI ¼ 10 a.u. for both samples. In detail, the intervals

were for CB at I 2 150; 210½ � a.u. and at

I 2 20; 80½ � a.u. for LFP.

Since the measured data are discrete with limited

signal-to-noise ratio and due to the required time

discretization of the measurement, each signal

intensity profile was interpolated and therefore

smoothed with a polynomial of the order n ¼ 9 for

CB and n ¼ 7 for LFP. The high polynomial degrees

were chosen to maintain the overall shape of the

profile, i.e., to keep the signatures of the experimental

data observed (Fig. 9), while removing artifacts and

statistical noise. The settling velocity was calculated

by considering the determined time difference

between each profile from the timestamp and gen-

erating the required distance in z direction by sub-

traction of the respective intersections. The quotient

of Dz=Dt provides the desired item and declines with

t.

Figure 8 The gradient DI z;tð Þ
Dt reflects the sensitive regions and gives an estimate of the reproducibility of the MRI measurements. The most

sensitive region for CB (a) is found in the interval [2.5, 4.0] mm, for LFP (b) in the region [4.0, 7.0] mm. The lines are guides to the eye.

Figure 9 a Signal intensity profiles Ifit z; tð Þ as derived from

polynomial fits to experimental data Iexp z; tð Þ of the sample

LFP_3. Each profile represents a timestamp. The settling front was

observed from the intersections of the isolines with the profiles.

b The progression of the settling front along z with t for all

measured samples.
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Sedimentation is a dynamic process, and the

velocity is expected to be a function of sedimentation

time. Therefore, vmean ¼ Dz=Dt was modeled by an

exponentially decaying function. The fit describes the

measured data well within the experimental error.

Large particles with high velocities settle first and

form the initial growth of the sediment. Furthermore,

they entrain smaller particles and accelerate them or

induce agglomeration. The resulting effect is a pri-

mary, rather large velocity, which declines as smaller

and less agglomerated particles remain in the sus-

pension (Fig. 10).

Further experiments with mechanically homoge-

neously dispersed particles were performed, but

showed another aspect of the investigated material.

As instruments exploring Fraunhofer diffraction use

an ultrasonic wet dispersing unit and is mainly sen-

sitive to agglomerates in the order of several lm, the

nanoscale of single particle is not considered. CB and

LFP particles are specifically manufactured with

average diameters\ 1 lm. Nanomaterials play a key

role in the improvement of performance and energy

density of LIB, since the overall thermal and electric

DC conductivity increase with reciprocal particle size

[36]. When CB and LFP are dispersed into PDMS at

for instance the mentioned viscosity, i.e., 20 mm2 s-1,

by using a dissolver for a certain duration, e.g.,

[ 15 min, and various speeds in the range

1500–2000 rpm, the majority of the agglomerates are

separated. This results in a rather homogeneous and

statistical distribution of the nanoscale particles.

Sedimentation at low and even at higher particle

suspension fractions was not observable for the dis-

solved CB and LFP. Experiments were performed

with 1 ml of PDMS and 0.5 wt% dispersed CB as well

as LFP. Intensity profiles were measured for more

than 65 h, but no sedimentation was observable by

MRI. It seems natural that the counterforce of the

liquid restrains the nanoparticles on a large scale.

Furthermore, particle diffusion needs to be taken into

account on this length scale of particle diameters.

Increasing the particle fraction in the suspension only

leads to high viscosities and therefore to even lower

theoretical sedimentation rates. Hence, reasonable

limits can be outlined for the presented spin-echo-

based MRI method: certain viscosities need to be

maintained to match MRI measurement time with the

sedimentation time scale. The MRI timescale is

thereby given by mainly the repetition time, the

number of averages and the number of phase steps

which could be reduced to 5–10, leading to a mea-

surement time reduction by a factor of two at least.

Furthermore, minimum as well as maximum particle

suspension fraction and the PSD need to be consid-

ered. Increasing LFP particle mass fractions in MRI

experiments would also increase the effect of signal

intensity distortion. Hence, a valuable compromise

needs to be achieved.

Figure 10 Settling velocities of the model with exponentially decaying function for CB (a) and LFP (b). The deviation for the velocities

within the two material classes is a result of small variations of the particle mass fraction /p and of particle size distribution.
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Sedimentation balance

Supplementing the MRI measurements, suspensions

based on PDMS with LFP mass fractions of /m ¼ 10,

30 and 50 wt% were studied. The measured mass

concentration wi represents the settled mass fraction

in relation to the total solid mass in the suspension,

i.e., wi ¼ mi

mR;solid
. The LFP slurries of different concen-

trations as well as a commercial cathode paste show

changes of wi over time (Fig. 11). In all cases the slope

of wi tð Þ decreases with settling time. Larger particles

or agglomerates sediment rapidly, resulting in a

prompt increase in the settled mass concentration at

short measuring times. Homogeneously dispersed

particles and small agglomerates sediment more

slowly. The sedimentation behavior, i.e., the decay of

the measured mass concentration over time, descri-

bed by the sedimentation balance is in good agree-

ment with the settling behavior characterized by MRI

(Fig. 10), where the settling velocities exponentially

decline over time. The slope of the curves at short

measuring times (\ 20 min) decreases as the solid

content in the suspension increases, suggesting

higher settling velocities for diluted LFP suspensions

at short measuring times. Furthermore, the total

amount of settled LFP particles decreases.

At a particle concentration of 10 wt%, the viscosity

of the suspension is low enough and particles can

settle on the pan. Increasing the solid fraction results

in a strong increase in viscosity [37–39]. Thus, highly

concentrated suspensions show overall lower sedi-

mentation velocities. It should be noted that not all

particles settle on top of the pan. In order to avoid

contact between the pan and the glass container, the

diameter of the pan and the attached filter is slightly

smaller than that of the container. Hence, the pan

covers 70% of the total cross-sectional area. Although

the LFP particles cannot be measured in their

entirety, the differences in measured mass changes

are still representative and render a reasonable rela-

tive measure of sedimentation behavior.

Regarding the industrial application of the type of

suspensions presented in this work, the settling

behavior of highly concentrated electrode slurries,

including various additives such as binders, disper-

sants and rheology control agents, is of great interest.

Consequently, a water-based cathode slurry with LFP

as active material was investigated (Fig. 11). The

sedimentation of the aqueous cathode slurry, i.e., the

decay of measured solid mass concentration over

time, is similar to that of LFP suspensions. The total

amount of settled particles, i.e., the increase in mass

concentration wi, however, is more than one order of

magnitude lower compared to the results obtained

for LFP suspensions. The electrode slurry consists of

active material, carbon black as conductive agent and

CMC, which acts as a dispersing agent for LFP and

CB and also as a thickener increasing the viscosity of

the continuous phase [40–43]. Both mechanisms sta-

bilize the slurry against sedimentation resulting in

the much lower weight gain compared to the pure

slurries shown in Fig. 11.

Conclusion

Spin-echo-based MRI experiments were performed to

characterize LFP and CB particles in opaque sus-

pensions used for LIB electrodes at a particle mass

fraction of /p = 0.5 wt%. The presented method of

processing the intensity profiles from the MR images

yields good reproducibility throughout the samples.

The sedimentation velocity for the two particle clas-

ses was derived from the measured evolution of a

settling front and modeled by an exponentially

decaying function. Detailed insights into the sedi-

mentation of opaque suspensions are provided, since

the 1H images uncover the spatial distribution of the

Figure 11 Mass concentration profiles over time t for LFP

suspensions with particle mass fractions /m ¼ 10; 30 and 50 wt%

measured with the sedimentation balance. The profile of the

aqueous cathode slurry including the organic binder material CMC

and a total suspension mass fraction /m = 58 wt% show a weak

increase in measured mass due to the higher low shear viscosity of

the slurry compared to the pure suspensions (Fig. 2).
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particles during sedimentation. Supplementing the

MRI experiments, the sedimentation of highly con-

centrated LFP suspensions was investigated using a

self-manufactured sedimentation balance. LFP mass

fractions of /m ¼ 10; 30 and 50 wt% were measured.

The time-dependent decay of the sedimentation

velocity measured by MRI is in good agreement with

the increase in the settled mass concentration mea-

sured by the gravimetrical method. Inter-particle

interactions at higher solid fractions result in a strong

increase in the sedimentation viscosity.

Moreover, the sedimentation behavior of an aque-

ous cathode slurry with LFP as active material and

CB as conductive additive was investigated for a

realistic and industrially applicable total mass frac-

tion including all components of /m = 58 wt%.

Although the sedimentation behavior is similar to the

one measured for LFP suspensions, the total amount

of settled particles is more than one order of magni-

tude lower. This is attributed to the added polymer

serving as a dispersing agent and as a thickener for

the continuous phase, thus slowing down sedimen-

tation significantly. Hence, the presented measuring

methods provide a reliable combination in order to

characterize the sedimentation of opaque suspen-

sions of LFP and CB particles with different particle

mass fractions. The focus of this paper was on the

development of the experiments and the methods.

Future work will address the comparison between

the experimental data and the theoretical sedimen-

tation behavior, i.e., force balance for colloidal

particles.
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