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Abstract: Quality control in a production plant shows its maximum potential in the form of inline
measurements. Defects and imperfections can be detected early and directly, and waste and costs can
be reduced. Nuclear Magnetic Resonance offers a wide range of applications but requires dedicated
adaptation to the respective process and material conditions. A V-shaped low-field NMR sensor
was developed for non-invasive inline measurements on anode slurries in a battery production
plant. In battery production, inline monitoring of the quality of anode slurries is demanded, offering
the possibility of predictive control of the following process steps. Methods of low-field NMR to
determine flow properties were adapted to the desired application. Further, magnetic resonance
imaging measurements were made to determine the flow properties of model substances and anode
slurries, thus providing verification. The sensor measurements show the ability to measure the flow
behavior of, amongst other fluids, anode slurries in a form suitable for inline quality control in a
battery production plant.
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1. Introduction

Inline analytics is a valuable component in a processing plant. Continuously recorded
data offer comprehensive quality control whilst manufacturing a product and in au-
tonomous process control. In the production of lithium-ion battery anodes, between
the process steps of wet mixing the raw components in an extruder and coating the current
collectors with the active material, questions arise about the quality of the paste as an
intermediate product. Quality characteristics include the chemical composition of the
slurry, the occurrence of gas inclusions, separation processes, and rheological properties.
The quality of the paste directly influences the quality of the electrode and in consequence
is responsible for the final performance of the battery [1]. Furthermore, an efficient inline
analytic technology enables reductions in waste and thus cost reduction and saving of
resources [2,3].

Nuclear Magnetic Resonance (NMR) is an analytical technique that has been es-
tablished in various applications. Numerous examples of NMR in industrial quality
control [4,5] make use of the non-invasive property of NMR, apart from the chemical struc-
ture elucidation via NMR spectroscopy. Low-field (LF) NMR techniques have, compared to
the high-field variant, the advantages of requiring less space, lower operating costs due to
the use of permanent magnets, and the option of adapting the instrument specifically to the
intended application, which maximizes the gain of relevant information [6-10]. However,
the low-field variants often have technical constraints regarding B; and By magnetic fields
and their homogeneity, which need a detailed theoretical description of the NMR signal
considering all coherences in a pulse sequence [11]. In addition to offline applications,
there are also some examples of inline flow sensors. Flow measurements open up the
possibility of determining rheological parameters by NMR. In particular, the sensitivity of
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the NMR signal phase to flow is explored, for example, in multi-echo pulse sequences. This
approach is especially promising when dealing with a constant magnetic field gradient
to determine the flow velocity fields [12-14]. For example, the velocity field in a tube
flow leads to a distribution in the signal phases according to the Hagen—Poiseuille law for
Newtonian fluids. With this and more generalized approaches, the flow behavior index of
a flowing sample can be determined inline, providing rheological information about the
liquid [12,13,15].

The LF NMR methods for measuring flow known in the literature are applied to the
inline-capable V-shaped NMR sensor [16,17]. The sensitivity of the measurements to quality
parameters in battery anode production, including chemical composition, sedimentation,
and gas inclusions, was already proven [17,18]. Furthermore, the basic sensitivity to flow
could be demonstrated [18]. Known LF flow measurement methods [12-14] were explored
to use the V-sensor for the desired application of inline quality control in anode slurry
production. The results are verified by flow measurements on reference substances using
established high-field MRI (magnetic resonance imaging). The inline measurements of
flow velocity fields and the flow behavior index open up the possibility of measuring the
rheological behavior of the anode slurries inline and thus increase the information gain.
The flow behavior is a direct indicator of the slurry quality and non-invasive rheological
measurements are a promising component in process control in battery production. In
connection with the sensitivities already shown, the NMR sensor has the potential to
combine several conventional analysis methods in one device. It should be mentioned that
the method is not limited to anode slurries, but can be adapted to other types of fluidic flow,
provided that the transverse relaxation is sufficiently long for an appropriate sensitivity to
the detection of phase shifts.

2. Materials and Methods
2.1. Methodological Background

The power law model of Ostwald and de Waele describes the mathematical relation
between the shear stress T, the flow consistency index k, and the shear rate ¢ with a
dimensionless exponent #, the flow behavior index (Equation (1)) [19,20].

T=ky" (1)

n reflects the flow character of the investigated fluid. For Newtonian fluids, n = 1
applies. Pseudoplastic, shear-thinning behavior leads to n < 1, whereas for dilatant, shear-
thickening fluids, n > 1. The determination of 7 is therefore desired for process monitoring
to generate rheological information about the sample and thus to assess the quality.

A fully developed axial flow velocity profile in a tube as a function of the radial coordi-
nate r is given by the mean flow velocity Umean, the tube radius R and n (Equation (2)) [19,21].

=" g

r = 0 is the center of the tube. NMR echo intensities I are described by complex
numbers with a real part Re and imaginary part Im. The magnitude M of the signal is given

by Equation (3).
M = \/Ire? + I 3)

The signal phase ¢ is defined by the well-known trigonometric rule (Equation (4)):

3n+1

(4 (7’) = Umean m
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The phase shift between the NMR signal of a static sample at v = 0 and a flowing
sample (v # 0) is given by Equation (5):

Ap = Py — Py—o (5)

CPMG (according to Carr, Purcell, Meiboom and Gill [22,23]) measurements on
a flowing sample lead to a phase shift only in the odd echoes of the echo train, for
example [13,24-27]. The prerequisite is a magnetic field gradient G in the direction of
flow. The phase of an odd echo is given by Equation (6), with the gyromagnetic ratio v, the
echo time Te and Umean. Please note that e corresponds to the time between two refocusing
pulses in the CPMG pulse sequence. Umean can be determined from the measured signal
phases by rearranging the equation.

1
$Podd = Z'YGTezvmean (6)

The mean flow velocity can therefore be determined using the CPMG pulse sequence
also in the static magnetic field gradient G of the V-shaped sensor. Please note that the
product of squared echo time and G enter the equation; accordingly, the timing of the
CPMBG sequence and the static gradient play a significant role for lower and upper limits of
detection as well as for the statistical significance of the measurements.

It is also possible to measure the flow behavior index n via the analysis of the signal
magnitudes. Flow profiles lead to a distribution of flow velocities in an integral measure-
ment and, with that, to a distribution of the phase accumulation at the odd echoes of the
CPMG echo train [12]. The accumulation influences the signal magnitude. The magnitudes
can be modeled using a gamma distribution function I" and the flow behavior index. The
normalized magnitude as a function of T shows damped oscillatory behavior. Equation (7)
allows 7 to be determined in a non-linear least square fit to the data [12,13]:

_ 2n_
M _ 2n 'YG(371+1)Tezvmean n+1 %
— n+l 4(n+1)

((3B) [y, o ) (GRty) — [, o)) )

2.2. Short Description of the NMR Sensor

The NMR sensor in this work is a palm-sized low-field NMR sensor with a V-shaped
NdFeB magnet arrangement; the 'H Larmor frequency is 22.1 MHz (Figure 1). In addition to
the closed radio frequency probes for volumetric measurements on samples with a diameter
of 12 and 42 mm [16], an open geometry with a bent figure-8 surface coil is available, which
allows measurements on a tube by placing the sensor on it [17,18]. A closed 12 mm probe
was chosen here for integral measurements of the flow fields. A commercial electronic unit
was used for control of the sensor and pulse generation (Bruker ‘the minispec’ ND-series).
The tube was positioned in a PTFE cylinder in the center of a solenoidal coil. The V-shaped
arrangement of the magnet unit amounts to a mean effective magnetic field gradient of
Gett = 0.69 T/m of the static magnetic field By for a 10 mm sample, providing, in principle,
the sensitivity to flow. This value was determined by diffusion measurements in [16] with
a distribution width of 0.35 T/m. When calculating the gradient by correlation of the
calculated mean flow velocities from NMR with volumetrically determined mean flow
velocities of tap water, a value of Geg = 0.22 T/m was obtained. Only the gradient in the
flow direction needs to be taken into account. For further information on the design of the
sensor, we refer to [16,17].
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Figure 1. Left: Picture of the V-sensor with the white PTFE cylinder in which the tube is posi-
tioned. Right: The V-shaped magnet arrangement (left side) and the closed probe for volumetric
measurements of samples with an outer diameter up to 12 mm (right side).

2.3. Experimental Setup of the Flow Measurements

A Poly(methyl methacrylate) (PMMA) tube with an inner diameter of 8 mm and a wall
thickness of 0.35 mm was positioned in the probe of the sensor and fluidically connected
with the experimental setup for flow measurements (Figure 2).
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3
e CELEEEEEPEPETE OF——
1
— 2 Y

< <
< <

Figure 2. Experimental setup of the flow measurements with the NMR sensor. The sample was in
a beaker (1) and stirred continuously with a magnetic stirrer to avoid sedimentation. A peristaltic
pump (2) generates flow in a tube through the NMR sensor (3). The sample is returned to the beaker
for a closed circuit.

The sample is continuously stirred in a beaker with a magnetic stirrer in order
to prevent sedimentation. A peristaltic pump Ismatec IPC-N-8 V3.01 (Ismatec SA,
Glattbrugg-Ziirich, Switzerland) was used for pumping the sample through the tubing. The
pump was equipped with eight parallel channels that were connected to a single channel
after the pump to provide sufficiently large flow velocities during the measurement. After
passing the NMR sensor, the sample was fed back to the beaker to allow for continuous
experiments in a closed loop (Figure 2).

A 200 MHz Bruker Avance III HD spectrometer (Bruker BioSpin GmbH, Ettlingen,
Germany) with a microimaging setup was used for the MRI measurements. A polyurethane
tube with an outer diameter of 10 mm and an inner diameter of 7 mm was passed through
the 'H birdcage probe. A Watson Marlow 323S peristaltic pump (Watson-Marlow Ltd.,
Falmouth, England) was used to pump the sample through the magnet’s bore along a
height of 1.5 m. A pressure compensation tank was added to the fluidic circuit before
passing the magnet in order to reduce flow pulsation due to the Watson Marlow pump
(Figure 3).
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Figure 3. Experimental setup of the flow MRI measurements. The sample is stirred in a beaker
(1) and pumped with the peristaltic pump (2) through the tomograph (4). A pressure compensation
tank (3) reduced pulsation.

To validate the flow velocities measured via the V-sensor and MRI, the mean flow
velocities were also measured volumetrically. The volume was measured with measuring
cylinders over a defined time, allowing the mean flow velocity Upean vo1 to be calculated.

2.4. Composition of the Samples

Model systems and anode slurries were investigated (Table 1). Tap water was chosen
as a model substance for a Newtonian fluid. Anode slurries are typically water-based.
Other ingredients are graphite powder as active material, carboxymethylcellulose (CMC)
and styrene-butadiene rubber (SBR) as binders, and carbon black (CB) as an electrically
conducting additive. The anode slurries were produced with an extruder on a pilot plant
scale. Aqueous CMC solutions were used in different concentrations as a model system for
shear-thinning fluids. Further, a corn starch suspension is an example of a shear-thickening
liquid. The same applies to a suspension of graphite particles in water. The CMC powder
of Sigma Aldrich is characterized by a molecular weight of 700,000 u and a degree of
substitution between 0.8 and 0.95.

Table 1. Composition of the samples for flow measurements.

Sample Name Composition Measured with
Tap water Tap water MRI, V-sensor
0.4% w/w CMC in water 0.4% w/w CMC powder in tap water MRI, V-sensor
0.8% w/w CMC in water 0.8% w/w CMC powder in tap water MRI
1% w/w CMC in water 1% w/w CMC powder in tap water MRI, V-sensor
40% w/w corn starch in water 40% w /w corn starch in tap water V-sensor
30% w/w graphite in water 30% w/w graphite powder in tap water V-sensor
89.6% w/w demineralized water
9.7% w/w graphite
Diluted anode slurry 0.39% w/w SBR MRI
0.19% w/w CMC
0.15% w/w CB

Anode slurry

55% w/w demineralized water
41.85% w/w graphite
1.35% w/w SBR V-sensor
0.795% w/w CMC
0.595% w/w CB

2.5. Measurement Parameters

The spatially resolved velocity measurements were made with the FLOWMARP pulse
sequence [28-31]. Measurements were made on tap water, CMC solutions and diluted
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anode slurry with the measurement parameters listed in Table 2. Due to the different NMR
properties of the samples, the parameters needed a specific adaptation.

Table 2. Measurement parameters of the spatially resolved velocity measurements using the
FLOWMAP pulse sequence.

Parameter Water, CMC Solutions Diluted Anode Slurry
Echo time Te [ms] 10 2.4
Repetition time [ms] 400 400
Flip angle [°] 60 60
Number of averages [-] 3 4
Field of flow [cm/s] 1...15 2...20
Slice thickness [mm] 2 4
Image size [-] 128 x 128 128 x 128

The measurements with the V-shaped NMR sensor were made with the CPMG pulse
sequence in its low-field version. Whole echo trains were acquired after a single excitation
due to the fast T* relaxation which is different from the CPMG implementation in the
homogeneous magnetic fields in most high-field NMR instruments. Measurements of
the transverse relaxation via decay of the magnetization’s magnitude were made with
the CPMG pulse sequence. Complex magnetization decays were measured to deduce the
velocity information. Parameters were adapted to the sample characteristics, so that the
anode slurry and the graphite-in-water suspension were measured with specific parameters
(Table 3).

Table 3. Measurement parameters of the flow measurements with the NMR sensor for the
different samples.

Water, CMC Solutions, Corn Ano.de .Slurry,
Parameter . Graphite-in-Water
Starch Suspension .
Suspension

Echo time te [ms] 02...52 02...52
Number of echoes k [-] 500 150

Recycle delay [s] 10 4

Receiver gain [dB] 69 72
Number of averages [-] 8...16 16...64

2.6. Data Analysis

MRI: The FLOWMAP pulse sequence provides two-dimensional spatially resolved
velocity maps. Flow profiles that can be described with the power law model were calcu-
lated [32]. For the radially symmetric cross section of a cylindric tube, concentric rings with
a width of a single pixel were defined. The diameter of the rings is reduced with each step
in the calculation. The mean flow velocity was calculated in each ring, which provides one
half of a flow profile. This can then be described with the flow models.

V-sensor: The raw data in the form of complex magnetization decays were modeled
with fit models according to the sample’s properties. A biexponential model was used for
binary mixtures, whereas the magnetization decays of more complex samples, like battery
anode slurries, can more accurately be described with a distribution model like the gamma
model [33,34]. Equations (3)—(7) were used for the determination of vmean and 7.
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3. Results
3.1. Reference Measurements with Established MRI Methods

MRI was performed to characterize the samples regarding their NMR and flow proper-
ties, and to find suitable measurement parameters. Measurements on non-flowing samples
(v =0 cm/s) were made with the pulse sequence MSME for parameter optimization for all
samples. The slurry sample stands out from the other samples due to its smaller signal to
noise ratio, but also regarding the much faster transverse relaxation. The two-dimensional
flow velocity fields were measured with the FLOWMAP pulse sequence and processed with
radial averaging [32]. The flow velocity as a function of the tube radius differs for water,
aqueous CMC solutions and an anode slurry, measured at Umean vol = 4.8 cm/s (Figure 4).

12

00 05 10 15 20 25 30 35
r [mm]

Figure 4. Flow velocity as a function of the radial coordinate, including the power law fits, for water
(M), 0.4% w/w CMC in water (H), 0.8% w/w CMC in water (M), 1% w/w CMC in water (M) and
anode slurry with 10.4% w/w solids content (M) for Omean vol = 4.8 cm/s. The flow profiles reflect the
rheologic properties.

The flow velocity profile of water shows Newtonian behavior as expected (Figure 4).
The maximum flow velocity decreases with increasing CMC concentration for the CMC
solutions. The radial change in velocity in the center of the tube becomes increasingly
smaller; a flattening of the flow profile is observed. This is typical for a shear-thinning fluid
with a flow behavior index n < 1. The measurement of the diluted anode slurry shows a
shear-thickening character, which does not meet the initial expectations of CMC dominating
the rheologic behavior of the slurry. However, properties similar to a particle-loaded liquid
and thus to shear thickening are reasonable at small CMC concentrations, as in the present
case [35]. The flow profiles (Figure 4) were modeled with the power law fit (Equation (2))
to determine the flow behavior index n (Table 4).

Table 4. Flow behavior indexes n of the samples, calculated from the flow profiles in Figure 4.

Sample n[-]

Water 1.0

0.4% w/w CMC in water 1.0
0.8% w/w CMC in water 0.8
1% w/w CMC in water 0.6
anode slurry 10.4% w/w 1.2

As expected, water shows Newtonian behavior with n = 1. The same value is obtained
for the smallest CMC concentration of 0.4% w/w. Nevertheless, a flattening of the flow
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profile is already recognizable (Figure 4). n becomes smaller when increasing the CMC con-
centration, which describes the increasing shear-thinning character. The shear-thickening
behavior of the anode slurry results in n = 1.2 (Table 4).

In order to investigate the flow behavior of the anode slurry in more detail, spatially
resolved velocity measurements were carried out at various mean flow velocities between
Umeanvol = 0.4 and 4.8 cm/s (Figure 5). The comparison with an ideal Hagen—Poiseuille
profile (Vmean vol = 4.8 cm/s) illustrates the shear-thickening behavior, which is independent
of the mean flow velocity.

12

10

00 05 10 15 20 25 30 35
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Figure 5. Flow velocity profiles of the diluted anode slurry with a solids content of 10.4% w/w for
Umean,vol Of 0.4 cm/s (M), 0.8 cm/s (o), 1.3 cm/s (A), 1.9 cm/s (V), 2.6 cm/s (A), 3.1 cm/s (o), 3.6 cm/s
(W),43 cm/s (4) and 4.8 cm/s (' ). Additionally, a calculated Hagen—Poiseuille flow profile (--) to
provide evidence for the shear-thickening character of the anode slurry.

3.2. Transverse Relaxation at 22 MHz

The effective transverse relaxation given by the rate R, . of a sample is an important
basis for the selection of suitable measurement parameters and the interpretation of the
measurement results. CPMG magnetization decays with the NMR sensor were measured
on non-flowing samples and modeled with a gamma model (tap water, anode slurry, 30%
w/w graphite in water and 40% w/w corn starch in water) and a biexponential fit equation
for the aqueous CMC solutions (Table 5).

Table 5. Transverse relaxation rates for the measured samples. Depending on the substance, ei-
ther a gamma or a biexponential model was used to describe the CPMG magnetization decays. x;
and x; represent the fractions in the biexponential model. o represents the distribution width of the
gamma distribution.

Transverse Relaxation Rates, Distribution Widths

Sample Name and Fractions

— -1
RZ,mean,eff =20s

Tap water oo 1451
0 . Ry1=365"1,Ryp=75""
0.4% w/w CMC in water 2y =051, x5 = 049
_ -1 _ -1
1% w/w CMC in water Rop=37s"", Ryp=7s

x1 =052, xp = 048

RZ,mean,eff =560 S_l
o=540s"1

Anode slurry
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Table 5. Cont.

Transverse Relaxation Rates, Distribution Widths

Sample Name and Fractions

— -1
RZ,mean,eff =29s

30% w/w graphite in water c=18s"1

— -1
RZ,mean,eff =83s

40% w/w corn starch in water 1
o=71s

Tap water has the smallest Ry jean eff as expected, whereas the anode slurry shows
the largest value. Two relaxation times result from the biexponential fit model for the
CMC-in-water solutions with the fractions x; and x;.

3.3. Measurement of Flow Velocities by NMR Signal Phase Shifts

The feasibility of the phase shift approach was first demonstrated on tap water. The
phase shifts between the echoes of experiments with tap water at vyean vol = 1.62 cm/s and
Umean = 0 cm/s (Equation (5)) were calculated from the complex signal decays (Figure 6,
left). Umean then follows according to Equation (6) (Figure 6, right).

100 3.0
. 25 12.0
80 . : N .l
i 2.0 o e | 415
6017 : 2
o] — 1c] €
S K 15 1.0 S,
— 401 S 1.0 §
i £
051 0.5 .t
20+
0.0 0.0
01, : : : : : -05
0 100 200 300 400 500 600 0 2 4 6 8 10 12 14 16 18 20
k 1, [ms] k

Figure 6. Left: Exemplary real (V) and imaginary parts (A) of a complex signal decay from a CPMG
measurement on tap water. Right: Calculated phase shifts and mean flow velocities for even (M) and
odd (e) echoes of a CPMG measurement on tap water with a volumetrically determined vmean vol Of
1.62 cm/s (red line) and Te = 2.8 ms. As expected, only the odd echoes are sensitive to flow.

The odd echoes are sensitive to flow, whereas the even echoes are not (Figure 6, right).
The calculated velocities are in the same range as the volumetrically determined vpean vol
of 1.62 cm/s. The fluctuations in the values depend on the echo number k. In particular, a
systematic deviation of approximately 20% is observed for the first echo, which is due to the
technical realization of magnet and radio frequency unit in the V-shaped sensor. At large
numbers of echoes, the statistical error increases due to the more and more limited signal-
to-noise ratio along the magnetization decay. Under the given conditions, the method
is well suited for measuring the mean flow velocity, which deviates from vpean vol by @
maximum of 9% from the second echo. It became evident that a suitable value for the echo
time is necessary for the flow sensitivity of the odd echoes, whereby the used echo time of
2.8 ms is the optimized value for vy eqn vo1 = 1.62 cm/s. The phase shifts were measured as
a function of T, for flow velocities Upnean vol € [0, 1.62] cm/s (Figure 7). The measurement
at Umean,vol = 0 cm/s was made last; the reference measurement for calculating the phase
shift for all velocities was the first measurement in the series. The Reynolds number for
the water flow with vyean vol = 1.62 cm/s is approximately 129 and thus in the laminar
flow range.
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Figure 8. Mean flow velocities of tap water calculated from the phase shifts with a static measurement
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Figure 7. Average phase shifts of the first 10 odd echoes as a function of T for different vpean vol

between 0 cm/s (), 0.19 cm/s (), 0.39 cm/s (7)), 0.57 cm/s (o), 0.78 cm/s (A), 0.97 cm/s (V),
12 cm/s (A), 1.41 cm/s (e) and 1.62 cm/s (M). B-splines are shown as guides to the eyes. The phase

maximum at higher Te.

shifts for different flow velocities have a maximum at a specific Te. Smaller velocities lead to a

The phase shift reaches a maximum as a function of t., which shifts towards smaller

Te for larger velocities (Figure 7). To minimize statistical errors, the measurement should
be performed at an echo time that leads to maximum phase shift—which is limited by the

which the phase shift is maximum.

transverse relaxation on the other hand. 1. was specifically chosen for each velocity at

Measurements at Upeanvol = 0 cm/s were used as a reference for the phase shift
calculation (Figures 6 and 7). However, it is also possible to use the phases of the even
echoes at Upeanvol 7 0 cm/s as a phase reference; here, an average value of the first 10
even echoes was used. This makes an additional measurement with vpean vo1 = 0 cm/s
unnecessary. To show the comparability of the two referencing methods, the mean flow

velocities were calculated via both methods and correlated with vyeap vo1 (Figure 8).

1.6 .
)
T 1.2 .
S, .t
: -
Z 0.8
8 | |
>E
0.4 i}
00 T T T T T T
0.0 04 0.8 1.2 1.6
v

mean,vol [Cm/S]

A correlation line () was added as a guide to the eyes.

as a reference (M) and the average of the first 10 even echoes as reference () as a function of Opean vol-
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Both referencing methods are suitable for measuring vmean NMR Of tap water in the
investigated velocity range (Figure 8). The deviation from the angle bisector is slightly larger
for the measurements with the even echoes as a phase reference (79% maximum deviation
from Opmean vol), but the reference measurement at vpean vor = 0 cm/s is not necessary in the
measurement procedure, which is an advantage for the application of the method in process
control. Furthermore, changes in temperature and pressure between a flow measurement
and the reference measurement would not interfere and lead to reduced accuracy, if no
reference measurement is needed.

To investigate the suitability of the adapted method on the application of the sensor in
a battery anode manufacturing process, flow measurements were also made on an anode
slurry with a solids content of 45% w/w (Figure 9). The transverse relaxation for the anode
slurry is much faster than for tap water (Table 5). Measurements of the phase shift as a
function of T, (analogous to Figure 6) have shown a maximum phase shift at Te = 1.8 ms
in the range of T meaneff Of the anode slurry for vpean vol = 3.04 cm/s; laminar flow can
be assumed. A CPMG measurement with T, = 2 ms shows that only the first eight echoes
show a signal intensity above the noise level (Figure 9, left).

50 2.0 .
A ° 3
40+ 1.5 ]
R [ ]
301 —
< . T 1.0-
= 201 =
0.5-
101 44
A A | ]
0 AAA‘AAAAAAAAAAAA 0.0 " 00000
0 10 20 30 40 50 0 5 4 6 8 10
k 1, [ms] k

Figure 9. Left: Complex CPMG magnetization decay with Opean vol = 0 cm/s on an anode slurry
(v: real part, A: imaginary part) with 7. = 2 ms. Right: Phase shift and mean flow velocity for
the first 10 echoes for a measurement on anode slurry with te = 1.8 ms and vpean vol = 3.04 cm/s
(M: even echoes, e: odd echoes). The shaded area indicates the echoes with a signal intensity
at noise level.

The measurements on the anode slurry also show the sensitivity of the odd echoes
to flow (Figure 9, right). Due to the fast transverse relaxation in combination with the
necessity to measure with relatively large 7., only the first five echoes have a sufficient
signal intensity. A measurement with vpeanvol = 0 cm/s was used as phase reference
for this measurement (Figure 9, right). The two referencing methods were compared to
investigate whether referencing with the even echoes is still suitable for an application in
inline quality control of anode slurries (Figure 10).

The results demonstrate that both referencing methods can be used for flow
measurements on anode slurries. The mean flow velocities are provided with sufficient
accuracy and a maximum deviation of 38% from vpean vol. Better accuracy can be
achieved by reducing the receiver dead time through further optimization of the NMR
hardware. This facilitates the measurement of samples with fast transverse relaxation.
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Figure 10. Calculated mean flow velocities with a measurement at Umean vol = 0 cm/s as a reference
(M) and the first two even echoes as a reference (e) as a function of the volumetrically measured
Umean,vol for an anode slurry. The correlation line (-) was added as guide to the eyes.

3.4. Flow Behavior Index from Signal Magnitudes

Various samples with different flow behavior were analyzed at a mean flow velocity
of 0.58 cm/s as a function of T, to investigate the sensitivity to the flow behavior index #.
The normalized magnitudes M of the odd echoes were calculated and plotted against e
(Figure 11, left). In addition, the theoretically calculated curves are shown for four different
n values between 0.5 and 1.5 (Figure 11, right). The theoretical values were calculated with
G =0.69 T/m to show comparable T, axes in the diagrams.
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Figure 11. Normalized signal magnitudes as a function of .. Left: Measured magnitudes for tap
water (), 0.4% w/w CMC in water (V¥), 1% w/w CMC in water (o), 40% w/w corn starch in water (o).
Right: Calculated reference values for comparison: n =1 (=), n=0.7 (-), n = 0.5 (=), n = 1.5 (). Water
shows Newtonian behavior. The aqueous CMC solutions have the characteristics of a shear-thinning
fluid, whereas corn starch in water shows shear-thickening behavior. The small deviation in the T¢
axes is a consequence of the value of the effective magnetic field gradient in the experiments and
the simulations.

n =1 leads to a damped oscillation. The measured data do not show M = 0 at a
specific te for n = 1, which is in contrast to the mathematical description. This can be
explained by the distribution of the magnetic field gradient in the sensitive area of the
sensor and the velocity distribution in the tube. Additionally, the measurement accuracy is
limited, contributing to a statistical error. n < 1 shifts the curve to the right and upwards in
comparison to Newtonian behavior (Figure 11, right). The shift is to the left and upwards
for n > 1. Similar behavior was observed in the measured data (Figure 11, left): a behavior
typical for n < 1 is visible for the aqueous CMC solutions with two different concentrations;
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the values of M(t.) are shifted to the right and upwards as a result of shear thinning.
This finding is in good agreement with the MRI results (Figure 4, Table 4). The aqueous
corn starch suspension has a shear-thickening behavior. As expected for n > 1, M(te) is
shifted to the left. It should be noted that no measured data are displayed for T > 3.6 ms
because of the fast transverse relaxation of the corn starch suspension (Table 5). The inline
determination of n with the V-shaped NMR sensor works well for the investigated model
substances under the given conditions. The measurements were also performed on an
anode slurry with a solids content of 45% w/w and a suspension of graphite particles in
water with 30% w/w graphite (Figure 12), where the signal intensities were normalized
to that of the corresponding first echo at vpeanvol = 0 cm/s. Due to the fast transverse
relaxation and the small signal to noise ratio of the anode slurry, a larger number of phases
of odd echoes was averaged for small Te.

1.0
:L;. R W
L;‘\.\t\.\
¢ B g
0.8 RS
’ l .

7 0.6- L
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0.4 . ’. \0\»._\.\ 1.:. "\0 .
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Figure 12. Magnitudes normalized to a measurement at Upean vol = 0 cm/s as a function of . for
tap water (M), anode slurry with 45% w/w solids content ("), 1% w/w CMC in water () and 30%
w/w graphite in water () for Upmean vol = 0.58 cm/s. The graphite-in-water suspension shows shear
thickening, whereas the curve for the anode slurry is located between the curve of CMC in water and
graphite in water. Splines were added as guides to the eyes.

M(te) shows shear thickening for the graphite suspension typical for particle-loaded
liquids (Figure 12). This finding is consistent with the results on the diluted anode slurry in
the MRI measurements (Figure 4). n < 1 applies to the aqueous CMC solution (1% w/w).
The anode slurry shows behavior between the graphite suspension and the aqueous CMC
solution, comparable with the Newtonian fluid water. This corresponds to the expectations
because the graphite particles in the slurry cause shear thickening, whereas CMC leads to
shear-thinning behavior and the gradual transition between the types of rheologic behavior
is observed. The normalized signal magnitudes reflect the flow behavior index 7 as a
function of T, including an anode slurry with a technically relevant composition.

4. Conclusions

The measurement sensitivity of the V-shaped NMR sensor to flow was investigated.
Methods for using the flow-induced NMR signal phase shifts and the determination of the
flow behavior index from the signal magnitudes were adapted for use with the V-sensor.
The feasibility of CPMG echo train analysis was demonstrated on model substances with
different flow behavior. Measurement and data analysis can be applied to aqueous slurries
for battery anode production by selecting suitable measurement parameters. The measure-
ment of flow properties significantly expands the V-shaped sensor’s field of application
in the area of inline quality control and provides valuable information about the quality
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of the target substance and the production process. Several quality parameters such as
chemical composition, gas inclusion and flow behavior can be determined in parallel within
one NMR measurement, and in perspective, invasive or offline analytical methods can
be replaced or complemented in a useful way. Besides the application of the sensor in a
battery production plant, various other fields of non-invasive inline quality control are
conceivable, including cosmetics and pharmaceutical industries and food manufacturers.
Future optimization of the sensor hardware and measurement strategies will improve the
measurements on samples with fast transverse relaxation and increase the range of possible
applications with better accuracy.

Author Contributions: Conceptualization, E.S. and G.G.; methodology, E.S. and G.G.; validation,
E.S., T.O.P. and G.G,; formal analysis, E.S., T.O.P. and G.G.; investigation, E.S. and T.O.P,; resources,
H.N. and G.G.; data curation, E.S. and T.O.P,; writing—original draft preparation, E.S. and G.G.;
writing—review and editing, E.S., T.O.P,, H.N. and G.G,; supervision, G.G.; project administration,
G.G,; funding acquisition, H.N. All authors have read and agreed to the published version of
the manuscript.

Funding: This research was funded by the German Federal Ministry of Education and Research,
grant number 03XP0359B. The responsibility for the content of this publication lies with the author.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: The data are available on request to the authors.

Acknowledgments: The authors thank financial support within the BMBF project AQua-IQ-EL. The
authors also thank the Bruker BioSpin GmbH, p-imaging application group for their support during
the development of the sensor. Juan Meza Gonzalez and Kevin Raczka are acknowledged for the
provision of anode slurries. The Deutsche Forschungsgemeinschaft is thanked for the substantial
financial contribution in form of NMR instrumentation and Sachbeihilfe within the instrumental
facility Pro°’NMR.

Conflicts of Interest: The authors declare no conflicts of interest. The funders had no role in the design
of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript; or
in the decision to publish the results.

References

1.  Griel, D.; Adam, A.; Huber, K.; Kwade, A. Effect of the slurry mixing process on the structural properties of the anode and the
resulting fast-charging performance of the lithium-ion battery cell. J. Electrochem. Soc. 2022, 169, 020531. [CrossRef]

2. Gallo, A.B.; Simbes-Moreira, ].R.; Costa, HK.M.; Santos, M.M.; Moutinho dos Santos, E. Energy storage in the energy transition
context: A technology review. Renew. Sustain. Energy Rev. 2016, 65, 800-822. [CrossRef]

3.  Dreger, H.; Huelsebrock, M.; Froboese, L.; Kwade, A. Method Development for Quality Control of Suspensions for Lithium-Ion
Battery Electrodes. Ind. Eng. Chem. Res. 2017, 56, 2466—2474. [CrossRef]

4.  Chinn, S.C.; Cook-Tendulkar, A.; Maxwell, R.; Wheeler, H.; Wilson, M.; Xie, Z.H. Qualification of Automated Low-Field NMR
Relaxometry for Quality Control of Polymers in a Production Setting. Polym. Test. 2007, 26, 1015-1024. [CrossRef]

5. Kern, S.; Wander, L.; Meyer, K,; Guhl, S.; Mukkula, A.R.G.; Holtkamp, M.; Salge, M.; Fleischer, C.; Weber, N.; King, R.; et al.
Flexible automation with compact NMR spectroscopy for continuous production of pharmaceuticals. Anal. Bioanal. Chem. 2019,
411, 3037-3046. [CrossRef]

6. Matzkanin, G.; Gardner, C. Nuclear magnetic resonance sensors for moisture measurement in roadways. Trans. Res. Rev. 1975,
532, 77-86.

7. Bliimich, B.; Bliimler, P.; Eidmann, G.; Guthausen, A.; Haken, R.; Schmitz, U.; Saito, K.; Zimmer, G. The NMR-MOUSE:
Construction, excitation, and applications. Magn. Reson. Imaging 1998, 16, 479-484. [CrossRef]

8. McDonald, P; Aptaker, P.; Mitchell, J.; Mulheron, M. A unilateral NMR magnet for sub-structure analysis in the built environment:
The Surface GARField. ]. Magn. Reson. 2007, 185, 1-11. [CrossRef]

9.  Ross, M.M.B.; Wilbur, G.R.; Cano Barrita, PF.d.J.; Balcom, B.J. A portable, submersible MR sensor—The Proteus magnet. . Magn.
Reson. 2021, 326, 106964. [CrossRef]

10.  Windt, C.W.,; Soltner, H.; van Dusschoten, D.; Bliimler, P. A portable Halbach magnet that can be opened and closed without force:
The NMR-CUFE. J. Magn. Reson. 2011, 208, 27-33. [CrossRef]

11. Hirlimann, M.D. Diffusion and Relaxation Effects in General Stray Field NMR Experiments. ]. Magn. Reson. 2001, 148, 367-378.

[CrossRef] [PubMed]


https://doi.org/10.1149/1945-7111/ac4cdb
https://doi.org/10.1016/j.rser.2016.07.028
https://doi.org/10.1021/acs.iecr.6b02103
https://doi.org/10.1016/j.polymertesting.2007.07.005
https://doi.org/10.1007/s00216-019-01752-y
https://doi.org/10.1016/S0730-725X(98)00069-1
https://doi.org/10.1016/j.jmr.2006.11.001
https://doi.org/10.1016/j.jmr.2021.106964
https://doi.org/10.1016/j.jmr.2010.09.020
https://doi.org/10.1006/jmre.2000.2263
https://www.ncbi.nlm.nih.gov/pubmed/11237644

Sensors 2024, 24, 6163 15 of 15

12.

13.

14.

15.

16.

17.

18.

19.

20.
21.

22.
23.
24.
25.
26.
27.
28.
29.
30.
31.
32.
33.

34.

35.

Guo, J.; Ross, M.M.B.; Newling, B.; Balcom, B.J. Non-Newtonian Fluid Velocity Profiles Determined with Simple Magnetic
Resonance Spin Echoes. Phys. Rev. Appl. 2021, 16, L021001. [CrossRef]

Guo, J.; Ross, M.M.B.; Newling, B.; Lawrence, M.; Balcom, B.]. Laminar flow characterization using low-field magnetic resonance
techniques. Phys. Fluids 2021, 33, 103609. [CrossRef]

Aydin, E.; Makinwa, K.A.A. A Low-Field Portable Nuclear Magnetic Resonance (NMR) Microfluidic Flowmeter. In Proceedings
of the 2021 21st International Conference on Solid-State Sensors, Actuators and Microsystems (Transducers), Virtual, 20-24 June
2021; pp. 1020-1023.

Herold, H.; Hardy, E.H.; Ranft, M.; Wassmer, K.H.; Nestle, N. Online Rheo-TD NMR for analysing batch polymerisation processes.
Microporous Mesoporous Mater. 2013, 178, 74-78. [CrossRef]

Rudszuck, T.; Zick, K.; Gro88, D.; Nirschl, H.; Guthausen, G. Dedicated NMR sensor to analyze relaxation and diffusion in liquids
and its application to characterize lubricants. Magn. Reson. Chem. 2021, 59, 825-834. [CrossRef]

Schmid, E.; Rondeau, S.; Rudszuck, T.; Nirschl, H.; Guthausen, G. Inline NMR via a Dedicated V-Shaped Sensor. Sensors 2023, 23,
2388. [CrossRef]

Schmid, E.; Kontschak, L.; Nirschl, H.; Guthausen, G. NMR in Battery Anode Slurries with a V-Shaped Sensor. Sensors 2024, 24,
3353. [CrossRef]

Riitten, M. Verallgemeinerte Newtonsche Fluide: Thermische und Viskose Stromungseigenschaften; Springer: Berlin/Heidelberg,
Germany, 2018.

Ostwald, W. Ueber die rechnerische Darstellung des Strukturgebietes der Viskositat. Kolloid-Z. 1929, 47, 176-187. [CrossRef]
McCarthy, K.L.; Kerr, W.L.; Kauten, R.J.; Walton, J.H. Velocity profiles of fluid/particulate mixtures in pipe flow using MRL
J. Food Process Eng. 1997, 20, 165-177. [CrossRef]

Carr, H.Y,; Purcell, E.M. Effects of Diffusion on Free Precession in Nuclear Magnetic Resonance Experiments. Phys. Rev. 1954, 94,
630-638. [CrossRef]

Meiboom, S.; Gill, D. Modified spin-echo method for measuring nuclear relaxation times. Rev. Sci. Instrum. 1958, 29, 688-691.
[CrossRef]

Stejskal, E.O. Use of Spin Echoes in a Pulsed Magnetic-Field Gradient to Study Anisotropic Restricted Diffusion and Flow.
J. Chem. Phys. 1965, 43, 3597-3603. [CrossRef]

Pope, ] M. Quantitative NMR Imaging of Flow. Concept Magn. Res. 1993, 5, 281-302. [CrossRef]

Grover, T.; Singer, ].R. NMR Spin-Echo Flow Measurements. |. Appl. Phys. 1971, 42, 938-940. [CrossRef]

Fukuda, K.; Hirai, A. A Pulsed NMR Study on the Flow of Fluid. . Phys. Soc. Jpn. 1979, 47, 1999-2006. [CrossRef]

Fukushima, E. Nuclear magnetic resonance as a tool to study flow. Annu. Rev. Fluid Mech. 1999, 31, 95-123. [CrossRef]

Pelc, N.J.; Herfkens, R.J.; Shimakawa, A.; Enzmann, D.R. Phase contrast cine magnetic resonance imaging. Magn. Reson. Q. 1991,
7,229-254.

Firmin, D.; Nayler, G.; Kilner, P.; Longmore, D. The application of phase shifts in NMR for flow measurement. Magn. Reson. Med.
1990, 14, 230-241. [CrossRef]

Wymer, D.T.; Patel, K.P.; Burke III, W.F,; Bhatia, V.K. Phase-Contrast MRI: Physics, Techniques, and Clinical Applications.
RadioGraphics 2020, 40, 122-140. [CrossRef]

Schork, N.; Schuhmann, S.; Nirschl, H.; Guthausen, G. In situ measurement of deposit layer formation during skim milk filtration
by MRI. Magn. Reson. Chem. 2019, 57, 738-748. [CrossRef]

Forster, E.; Nirschl, H.; Guthausen, G. NMR Diffusion and Relaxation for Monitoring of Degradation in Motor Oils. Appl. Magn.
Reson. 2017, 48, 51-65. [CrossRef]

Réding, M.; Bernin, D.; Jonasson, J.; Sarkka, A.; Topgaard, D.; Rudemo, M.; Nyden, M. The gamma distribution model for
pulsed-field gradient NMR studies of molecular-weight distributions of polymers. J. Magn. Reson. 2012, 222, 105-111. [CrossRef]
[PubMed]

Haberzettl, P,; Filipovic, N.; Vrankovic, D.; Willenbacher, N. Processing of Aqueous Graphite-Silicon Oxide Slurries and Its
Impact on Rheology, Coating Behavior, Microstructure, and Cell Performance. Batteries 2023, 9, 581. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1103/PhysRevApplied.16.L021001
https://doi.org/10.1063/5.0065986
https://doi.org/10.1016/j.micromeso.2013.03.001
https://doi.org/10.1002/mrc.5155
https://doi.org/10.3390/s23052388
https://doi.org/10.3390/s24113353
https://doi.org/10.1007/BF01496959
https://doi.org/10.1111/j.1745-4530.1997.tb00417.x
https://doi.org/10.1103/PhysRev.94.630
https://doi.org/10.1063/1.1716296
https://doi.org/10.1063/1.1696526
https://doi.org/10.1002/cmr.1820050402
https://doi.org/10.1063/1.1660189
https://doi.org/10.1143/JPSJ.47.1999
https://doi.org/10.1146/annurev.fluid.31.1.95
https://doi.org/10.1002/mrm.1910140209
https://doi.org/10.1148/rg.2020190039
https://doi.org/10.1002/mrc.4826
https://doi.org/10.1007/s00723-016-0842-0
https://doi.org/10.1016/j.jmr.2012.07.005
https://www.ncbi.nlm.nih.gov/pubmed/22864268
https://doi.org/10.3390/batteries9120581

	Introduction 
	Materials and Methods 
	Methodological Background 
	Short Description of the NMR Sensor 
	Experimental Setup of the Flow Measurements 
	Composition of the Samples 
	Measurement Parameters 
	Data Analysis 

	Results 
	Reference Measurements with Established MRI Methods 
	Transverse Relaxation at 22 MHz 
	Measurement of Flow Velocities by NMR Signal Phase Shifts 
	Flow Behavior Index from Signal Magnitudes 

	Conclusions 
	References

