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Abstract 

The electrode drying process is a crucial step in the manufacture of lithium-ion batteries and 

can significantly affect the performance of an electrode once stacked in a cell. High drying 

rates may induce binder migration which is largely governed by the temperature. Additionally, 

elevated drying rates will result in a heterogeneous distribution of soluble and dispersed binder 

throughout the electrode, potentially accumulating at the surface. The optimized drying rate 

during the electrode manufacturing process will promote balanced homogeneous binder 

distribution throughout the electrode film; however, there is a need to develop more informative 

in-situ metrologies to better understand the dynamics of the drying process. Here, ultrasound 

acoustic based techniques have been developed as an in-situ tool to study the electrode 

drying process using NMC622-based cathodes and graphite-based anodes. The drying 

dynamic evolution for cathodes dried at 40 and 60 °C, and anodes dried at 60 °C were 
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investigated, with the attenuation of the reflective acoustic signals used to indicate the 

evolution physical properties of the electrode coating film. The drying-induced acoustic signal 

shifts were discussed critically and correlated to the reported three-stage drying mechanism, 

which offering a new mode to investigate the dynamic drying process. Ultrasound acoustic 

based measurements have been successfully shown to be a novel in-situ metrology to acquire 

dynamic drying profiles of lithium-ion battery electrodes. The findings would potentially fulfil 

the research gaps between acquiring dynamic data continuously for drying mechanism study 

and existing research metrology, as the most of the published drying mechanism researches 

were based on a simulated drying process. It shows the great potential to be further developed 

and understand the drying process to achieve a more controllable electrode manufacturing 

process.  

1 Introduction 

Lithium-ion batteries (LIBs) are ubiquitous within portable applications such as mobile phones, 

laptops and increasingly used in e-mobility due to their relatively high energy and power 

density 1. The manufacturing process of these LIBs has largely remained the same since their 

initial commercialisation by Sony in the 1990s 2. In general, the electrode manufacturing 

process consists of mixing, coating, drying, calendaring and post-drying. The common 

composites for typical LIB electrodes consist of active materials (AM) with particle sizes of 

~10-20 µm, conductive additives with particle sizes of ~100 nm, and binder (polymeric or 

water-soluble)3. Common cathode AMs include LiNixCoyMnzO2 (NMC), LiNixCoyAlzO2 (NCA), 

LiMn2O4 and LiFePO4 (LFP), etc. For the anode, graphite is typically adopted, sometimes with 

added silicon, and in some cells Li4Ti5O12 (LTO). The active components of the negative and 

positive electrodes are mixed separately into a slurry containing a conductive additive, such 

as carbon black (CB) and a polymeric binder (e.g., polyvinylidene fluoride, PVDF) in a solvent 

such as N-methyl-2-pyrrolidone (NMP). The carbon binder domain (CBD) promotes 

mechanical integrity and electron transport, whereas the pores left by evaporated solvent are 

filled with electrolyte, promoting lithium-ion transportation, both directly affecting the 

performance of the battery by varying mass transport properties 4. The slurry is then tape-cast 

onto a current collector (CC) – Cu foil for the negative electrode and Al foil for the positive 

electrode. The resulting coating is then dried to produce a cohesive film which adheres to the 

CC. The drying temperature is in a range between room temperature 5 to 120 °C 3 depends 

on the composition and types of the solvent. The dried electrode is then calendared to reduce 

the electrode thickness, increasing 3D connectivity, electron conductivity and maximising the 

volumetric energy density 3.  
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A homogeneous, defect-free coating is required to achieve consistency within LIB electrodes, 

with target weights realised throughout the coating film. This enables homogeneous current 

densities and lithium transport between the electrodes, to improve cell performance and 

reduce the failure. Although the wet processing of electrodes has developed into a well-

established technique in the electrode manufacturing industry 6-10, there are still unresolved 

issues with the process, such as coating inconsistency and microstructure defects which can 

occur during the drying process (DP) 5, 11. Researches have shown that the microstructure and 

morphology of the LIB electrodes are strongly dependent on the manufacturing process, 

especially upon the drying protocol 5, 12-14. Hawley and Li 5 have recently reviewed LIB 

electrode manufacturing processes and noted that the electrochemical performance of an 

electrode is dominantly affected by the drying parameters. The rate of drying is governed by 

specific drying mechanisms and seeking an optimal drying rate necessitates an in-depth 

understanding of these mechanisms. Solvent elimination plays a key role in next-generation 

smart electrode manufacturing 5. To better control the properties of an electrode, it is 

imperative to improve our understanding of the drying dynamics 15, and thus provide the 

means for manufacturing-tailored electrode architectures that can unlock the further potential 

of LIBs 5. Further, an improved understanding of the mechanisms behind the DP may facilitate 

a reduction in both the time and energy expenditure required to produce electrodes. Yuan et 

al. have estimated that the drying process accounts for over 47% and 60% of the energy 

consumed on a per cell basis and the time taken to produce electrodes, respectively 16-17.   

Various aspects of the electrode DP have been the subject of recent studies 12-13, 15, 18-26. 

Effective control of the electrode DP requires a series of advanced analytical techniques that 

needs to facilitate both in-situ and/or ex-situ characterization of the sample of interest 9, 27-29. 

The influence of drying parameters/variables on the properties of the finished electrode is 

extremely complex. Parameters such as the drying rate, binder types and formulation, affect 

the final properties of the electrodes. The drying rate is controlled by the temperature, pressure, 

IR (infrared) radiation intensity and airflow, depending on the drying method used. The types 

of binder directly correlate with the drying time, with slurries formed using aqueous binders 

taking a shorter time to dry, compared to slurries produced with organic-based binders. The 

choice of drying conditions also has a strong influence on the typical defects observed in 

electrodes.  These include the binder induced migration of the electrode coating, delamination 

of the coating layer from the CC, electrode film shrinkage and the component segregation of 

the coating. Correspondingly, these defects will affect the microstructure of the formed 

electrode, adhesion strength between the electrode coating and the CC, cell capacity, 

resistivity and cycling performance.  
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Previous investigations have primarily focussed on ex-situ characterisation of the influence of 

drying conditions on the electrodes properties; this includes surface morphology, 

microstructure, elemental distribution, particle microstructure, pore size distribution, and 

thickness 5, 18, 22-23, 30-38; with in-situ characterisation methods rarely applied during the DP. 

Although some in-situ techniques have been applied to study the microstructural evolution 37, 

drying rate 18-20, 25, 37, 39-40 , binder and particles distribution 18-20, 25 or stress development during 

drying 40. Despite this, reports of the dynamic conditions observed during the DP are sparse 

due to the limited capability of these techniques.  

Ultrasound acoustic-based techniques are being increasingly used to monitor batteries during 

operation (in-operando). Hsieh et al. 41 demonstrated the feasibility of this technique through 

ultrasound acoustic time-of-flight (ToF) measurements to study the physical dynamics of 

batteries under different states of charge. Observing a change in the acoustic signal’s 

attenuation, the authors reported that the distribution of density and bulk moduli of both 

electrodes within a cell had changed with varying states of charge. Davies et al. 42 also 

attributed the shifts of the transmitted ultrasonic signals to be caused by the change of 

electrode density and bulk modulus. Robinson et al. 43 spatially mapped the lithiation and 

delithiation of electrodes in a commercial mobile phone battery by using ultrasound acoustic 

measurements. The lithiation and delithiation of the electrodes resulted in a density variation 

that could be identified by analysing the signal changes during the charging process. Recently, 

Deng et al. 44 developed an ultrasonic imaging technique to study the internal changes of a 

pouch cell by measuring its local ultrasonic transmittance non-destructively. The work 

demonstrated the potential to observe the wetting process with high very sensitivity to probe 

the failure mechanism. These experimental results have highlighted the effectiveness of 

acoustic-based techniques as an operando method to study the physical changes of a battery 

during cycling.  

The application of ultrasound acoustic-based techniques is based on the attenuation of the 

ultrasound waves. The intensity diminishes with distance when sound travels through a 

medium/material. Also, the properties of the natural materials will further weakens the sound 

wave which results from scattering and absorption 45. Ultrasonic attenuation is the decay rate 

of the wave as it propagates through material. Attenuation often serves as a measurement 

tool that leads to the formation of theories to explain physical or chemical phenomenon that 

decreases the ultrasonic intensity. The amplitude change of a wave can be expressed as 

Equation 1 45: 

𝑃(𝑥, 𝑡) = 𝑃0𝑒−𝑎𝑥𝑐𝑜𝑠(𝜔𝑡 − 𝑘𝑥)                                                                                                  Equation 1 



5 
 

Where P0 is the un-attenuated amplitude of the propagating wave; P is the reduced amplitude 

after the wave has travelled a distance x from initial location; e is the Napier's constant is ~ 

2.71828; α is the frequency-dependent amplitude attenuation coefficient of the wave traveling 

in the x-direction; 𝝎 is radian frequency; 𝒌 is the wave number 45. Attenuation is generally 

proportional to the square of sound frequency 45. Also, the actual value of the attenuation 

coefficient for a given material is highly dependent on the way in which the material was 

manufactured. Attenuation can be determined by evaluating the multiple backwall reflections. 

The number of decibels between two adjacent signals is measured and this value is divided 

by the time interval between them. This calculation produces an attenuation coefficient in 

decibels per unit time Ut which can be converted to nepers/length by the following equation 45, 

𝑎 =
0.1151

𝑣
𝑈𝑡                                                                                                                              Equation 2 

Where v is the velocity of sound in meters per second and Ut is in decibels per second 45. As 

an LIB electrode DP is mostly governed by physical phenomena, such as solvent phase-

change, density and porosity variations in the electrode coating etc., the ultrasound acoustic 

technique represents a flexible, scalable and simple in-situ method to investigate this dynamic 

process. 

In this work, an ultrasound acoustic technique has been developed as an in-situ tool to analyse 

the LIB electrode DP. The attenuation of the reflective acoustic signals directly correlate with 

the evolving physical properties of the electrode coating film, as drying progressed. Upon 

completion of the DP, the electrochemical properties of the electrodes were tested in coin cells 

to elucidate the temperature effects on the electrochemical performance. A critical discussion 

about the drying-induced acoustic signal shifts has been discussed, offering new insights into 

the dynamics of drying.  

2 Materials and experimental set-up 

2.1 Materials 

The raw materials and the formulations of the cathodes and anodes prepared for this study 

are shown in Table 1. The formulations for both anode and cathode in this work are generic 

formulations that are extensively employed as reported by Kendrick 3. To form the cathode 

slurry, LiNi0.6Mn0.2Co0.2O2 (NMC622, BASF), polyvinylidene fluoride (PVDF, Solvay) and C65 

(Imerys) powders were pre-dried at 120 °C in a vacuum oven overnight to ensure that the 

mixture had no moisture. 13 ml of N-methyl-2-pyrrolidone (NMP, Sigma Aldrich) mixed with 

0.4 g of PVDF was then weighed to form a binder solution. A THINKY mixer (ARE-20, 

Intertronics) was used to mix the cathode binder solution (PVDF and NMP) at 2000 rpm for 

15 min until the solution became homogenous. Then, 19.3 g of NMC622 and 0.4 g of C65 was 
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added slowly to the binder solution to form a slurry with a solid content ~60 wt.%. The slurry 

was then mixed again at 2000 rpm for 2 periods of 15 min, with 5 min in between to cool down 

the slurry. The homogenous slurry was degassed in the THINKY mixer at a speed of 2000 

rpm for 2 min. To prepare the anode slurry, carboxymethyl cellulose (CMC) was firstly pre-

dissolved in water to make a 1.5% solution. The weighed Artificial Graphite, C45, the 1.5% 

CMC solution, and styrene-butadiene rubber (SBR) were added into a THINKY pot to form a 

slurry with 44 wt.% solid content. The mixing procedure was same as that used for the cathode 

slurry preparation. 

Table 1 Formulation and raw material details for cathodes and anodes. 

Material Model Formulation Supplier 

Cathode active 
material 

NMC 622 96.0 wt.% BASF 

Cathode binder PVDF 5130 2.0 wt.% Solvay 

Conductive additive C65 2.0 wt.% Imerys 

        

Anode active material S360-E3 Artificial 
Graphite 

95.25 wt.% BTR 

Anode binder 1 CMC BVH8 1.5 wt.% Ashland 

Anode binder 2 SBR BM451-B 2.25 wt.% Zeon 

Conductive additive C45 1.0 wt.% Imerys 

 

The cathode slurry was then coated on a piece of aluminium foil with thickness ~16 µm (PI-

KEM) using a doctor blade thin-film applicator (calibrated with a metal shim), resulting in a wet 

electrode of ~280 µm thickness. The anode slurry was coated on a copper foil with thickness 

~9 µm (Phi-Chem) using a similar procedure, resulting in ~300 µm thick slurry coating. The 

coatings were dried for varying lengths of time in a pre-heated oven (Binder) at 40 and 60 °C. 

2.2 Experimental set-up 

2.2.1 Ultrasound acoustic measurement 

All ultrasound acoustic measurements were performed by an Olympus Epoch 650 ultrasonic 

flaw detector (Olympus Corp., Japan) using a 9 mm diameter piezoelectric transducer 

operated at a frequency of 5 MHz (M110-RM , Olympus Corp., Japan). The experimental set-

up is shown in supplementary information (SI) Figure 1 (a). which was aiming to simulate the 

drying environment in the 3 zone dryer as a semi-industrial drying process from Warwick 

Manufacturing Group (WMG), The University of Warwick 46 Acoustic measurements were 

performed by placing the transducer underneath the CC (the electrode slurry coating on the 

upper side of the CC) with a thin layer of aqueous ultrasonic gel (VWR International, USA) 

between the transducer and the CC. Measurements were obtained using a range of acoustic 
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gain between 40-70 dB with no delay imposed on the measurements. The range of gain was 

determined manually to obtain the highest possible signal response (close to 100% acoustic 

response) for the initial interface layers without saturating the receiver. The resolution of the 

output of the acoustic reading was limited to 495 discrete measurements to describe the 

reflection signals. As a result, the duration of the measurements was limited to 10 μs range 

which provided a resolution of 2.5 ns in the acquired signals. This provided information on the 

first overlapping peaks associated with the CC and electrode coating interfaces with sufficient 

signal responses to enable confident analysis. The Epoch 650 was controlled using a bespoke 

algorithm developed using LabVIEW 2019 (National Instruments, UK) and a script written 

using the Python programming language. This allowed a continuous monitoring of the process 

with a user-controlled discrete sampling and the resulting measurements saved as a series of 

CSV files. The acoustic signals were acquired over the entire drying process, until no 

significant changes to the signals were observed. To confirm that the electrodes were dried, 

the residual moisture/solvent content after cathode drying at 60 °C was measured using a 

thermal gravimetric analysis (TGA) (Perkin Elmer Pyris 1 TGA). Approximately 4-8 mg of dried 

cathode was placed in a platinum sample crucible and heated to 80 oC  with 20 mL min-1 argon 

flow rate. The solvent residue was ~0.4 wt.%, as shown in Figure S1 (b). Each experimental 

condition was repeated at least four times to ensure reproducibility. 

2.2.2 Electrochemical performance Test 

After acoustic measurements, the electrodes were cut into 15 mm discs for making coin cells. 

A Celgard separator was cut into 19 mm discs to avoid short circuit. All the coin cell 

components, namely the cut electrodes, separators, and other coin cell parts (spacer 

thickness 1 mm) were dried in a vacuum oven at 80 °C overnight to remove any moisture 

before assembly. After the assembly of the coin cell, a formation step composed of two C/20 

CC-CV charge (C/50 cut-off) and C/10 CC discharge cycles were conducted within the voltage 

window 2.5 to 4.2 V for cathode half cells and 0 to 1.5 V for anode half-cell. Electrochemical 

testing was carried out with a BCS-805 Biologic battery cyclers (Biologic, France). The cells 

were discharged and charged at a constant current corresponding to a C-rate of C/10, C/3 

and 1C.  

2.2.3 Scanning electron microscopy 

The electrode sample was A small disc with a diameter of 2 mm was laser micro-machined 

from the as-dried electrode sample and clamped vertically using a small metal clip. The clip 

was fully immersed in a 15:2 ratio of epoxy resin to epoxy hardener (EpoFix, Struers) inside a 

plastic mould of 20 mm diameter. The mould, containing the resin, clip and sample, was placed 

in a desiccator and degassed under dynamic vacuum for 1 h before being left in the desiccator 

overnight under static vacuum to ensure minimal gas remained in the sample. The as-cured 
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puck was subsequently hand-ground using a set of incrementally finer SiC papers (CarbiMet, 

Buehler), starting at P320 coarseness and finishing at P4000 coarseness, with interim IPA 

cleaning in a sonicator and visual inspection with an optical microscope (VHX-7000, Keyence) 

to ensure the previous grinding grooves had disappeared. To minimise charging in the 

scanning electron microscope (EVO 10, Carl Zeiss), the smoothed epoxy-puck was Au-coated 

(SC7620, Quorum) for 60 s at 18 mA, giving a Au-coating thickness of the order of tens of 

nanometres. 

3 Results and discussion 

3.1 Reference tests for acoustic measurements 

Figure 1 (a) demonstrates the principles of pulse-echo ultrasound acoustic measurements to 

analyse electrode coatings. In this mode the ultrasound wave is emitted by a transducer and 

reflected at each interface with the reflected wave subsequently recorded by the same 

transducer. The reflected paths of ultrasonic waves though electrode-coating layers and the 

interfaces are shown in Figure 1 (b)-(d), respectively. As the ultrasound wave is a mechanical 

wave which requires a conductive medium to propagate, the path it takes in a dried electrode 

can only be facilitated through AM particles in direct contact, consequently there are a large 

number of reflections which occur at the edge of exposed electrode particles (i.e. solid-air 

interfaces). This has the effect of attenuating the energy of the ultrasonic wave as it passes 

through the dry electrode. However, during the early stages of the drying process, the solvent 

acts as a propagation medium for ultrasonic waves. By monitoring this dynamic change as the 

solvent is removed from the electrode it is possible to study the LIB electrode DP. There are 

several interfaces formed in LIB DP, as shown in Figure 1 (d), including the interface of the 

transducer and ultrasonic gel (solid-gel interface); the interface of the ultrasonic gel and CC 

(solid-gel interface, for which the ultrasonic gel is stable during the DP); the interface of CC 

and solvent (solid-liquid interface) at the beginning stage of drying; the interface of CC and 

solid AM particles (solid-solid interface) at the end of DP; and air-solid interface after drying 

finish. 
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Figure 1 (a) Schematic diagram of ultrasonic reflection of electrode; (b) schematic diagram of reflected 
paths of ultrasonic waves through a wet slurry electrode coating with solvent (green colour indicates 
the solvent, grey shapes indicate active material particles, grey substrate indicates the current collector, 
blue arrows indicate the outbound ultrasound wave and yellow arrows indicate the reflective ultrasound 
waves). The ultrasonic waves transfer through both solvent and particles; (c) schematic diagram of the 
reflected paths of ultrasonic waves through dried solid electrode (without solvent). The ultrasonic waves 
transfer only through particles; (d) schematic diagram of interfaces in electrode drying process, which 
ToF shifts occur as interfaces (3) - (4) diminishes and transits to interface (5); (e) three-stage drying 
mechanism. Stage 1 is from slurry phase (e-I) to form a semi-slurry (e-II), stage 2 is following with the 
further removal of solvent (e-III) and stage 2 ends up with a compacted solid film of coating (e-IV) (yellow 
lines indicate the binder, pink particles indicate active material particles, black dots indicate the 
conductive carbon and light blue colour indicates the solvent).  
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To gain a full understanding of the acoustic ToF results, it is necessary to understand the 

internal structures of the electrode. To this end, scanning electron microscopy was performed 

to provide a description of the architecture of the electrode after drying, as shown in Figure 2 

(c), where the condensed top film is the CC and adherent electrode coating film consists of 

dispersed AM particles. As a reference, the acoustic signals reflected by bare Al and Cu CC 

foils, as shown in Figure 3 (a) and 3 (b) respectively, are recorded along with the signals of 

the CCs with their corresponding cathode and anode slurry coatings (Figure 3 (d) and 3 (e)). 

The ToF response of the Al foil contains clear periodic peaks between 1 – 2 µs (Figure 2 (a)), 

whereas the amplitude and periodicity became irregular when the Al foil was coated with the 

cathode slurry as shown in Figure 2 (d), indicating multiple reflective paths taken by the 

ultrasound waves. Similarly, Figure 2 (b) is the acoustic signal received from the reflection of 

Cu foil which appeared simple and sharp compared to the anode as shown in Figure 2 (e).  
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Figure 2 Acoustic signals for (a) bare Al foil, (b) bare Cu foil, (c) architecture of electrode cross-section 
scanned by scanning electron microscope (Zeiss EVO 10); (d) cathode slurry coating and (e) anode 
slurry coating. 

3.2 In-situ acoustic measurements during the drying process 

 

To better compare the signal evolution over the period of drying, the discussion focusses only 

on the first reflection peaks which indicating the CC-solvent interface at the early stage of 

drying and CC-solid particle interface at the end of dying. Figure 3 (a) shows the 2D ToF map 

of cathode drying at 60 °C, Figure 4 (a) shows the ToF map for the cathode dried at 40 °C and 

Figure 5 (a) shows that of the anode dried at 60 °C. The amplitudes of the reflected ultrasound 
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signals were mapped on a colour-scale ranging from lighter to darker shades as shown in the 

coloured scale bars. The cathode colour maps are presented in the blue colour spectrum and 

anode is in yellow-pink colour spectrum. Figure 3 (b) shows the attenuation of the ultrasonic 

wave during cathode drying at 60 °C, Figure 4 (b) is for the cathode dried at 40 °C, and Figure 

5 (b) is for the anode dried at 60 °C, which the arrow colour scale bar indicates the increasing 

of the drying time.  

Figure 3 (b) clearly shows two split peaks at ToF between 0.02-0.25 µs between 0 and 6 min 

of the drying stage which could be attributed to the slurry phase of the cathode coating at the 

beginning stage of drying (0-6 min), with the presence of a dominant solid-liquid interface of 

the CC and the solvent. This is evident for the cathode dried at 40 °C, as shown in Figure 4 

(b), and also for the anode dried at 60 °C, as shown in Figure 5 (b), with a CC-anode slurry 

interface. However, the merging of peaks at ToF between 0.02-0.25 µs for the cathode dried 

at 40 °C is not significant until 12 min which is probably due to the slower rate of solvent 

removal. The merging of the peaks  at ToF between 0.02-0.25 µs for the anode dried at 60 °C 

in Figure 5 (b) seems to be completed within 6 min, comparable with the cathode dried at 

60 °C shown in Figure 3 (b). This could be due to the type of solvent for making anode slurry 

is water and NMP for making cathode slurry, that NMP has lower vapour pressure compared 

to water, therefore, slower rate of evaporation. At 60 °C, NMP’s vapour pressure is ~ 0.4 kPa 

and water is ~19.93 kPa 47. The merged peaks could correspond to the consolidation of the 

cathode coating film from the initial slurry phase.  

The phase change of this drying stage has been extensively studied 21, 48-49, the schematic the 

most up-to-date electrode three-stage drying mechanism is shown in Figure 1(e) It can be 

explained as the initial stage of drying (Figure 1 (e-I) to (e-II)), where the solvent evaporates 

at a constant rate from the film surface. As the solvent at the surface evaporates, more solvent 

is transported upwards toward the surface. This stage of drying has also been elucidated 

which is characterised by solvent continuing to evaporate from the film surface at a constant 

rate as the solvent is transported towards the surface via capillary action. Most of pore 

emptying is governed by solvent evaporation at the surface of the coating, creating a surface 

tension gradient (Marangoni flow). This liquid flow is expressed by Darcy’s law (permeability 

multiplied by the gradient of capillary pressure) 50. The removal of solvent from between the 

AM particles causes them to get closer together and the film thickness decreases due to the 

outflow of liquid from the pores. The pressure gradient causes efficient suction from the pores 

due to capillary pressure, as described by Young-Laplace equation 23.  

The ultrasonic response signals showed no significant evolution after 6 min in terms of shifting 

or attenuation for both cathode and anode drying at 60 °C, as shown in Figure 3 (b) and Figure 
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5 (b), respectively. This could correlate to the stable phase of the cathode coating where no 

further physical changes to the coating occurs, in terms of density and thickness. This initial 

drying stage 1 ends when the pore volume begins to empty as shown in Figure 1 (e-III). The 

onset of pore emptying can be observed from a change in the film surface 22. This change 

usually coincides with the end of film shrinkage, i.e. the point where the AM particles form a 

compact structure, and the film thickness cannot decrease any further. The constant drying 

rate extends beyond the onset of pore emptying. This continuation indicates that there is 

efficient internal mass transfer through the compact pore structure due to capillary forces 50. 

Large pores tend to empty preferentially according to the Young-Laplace equation, while small 

pores remain filled with solvent for longer 23, 51,52. The onset of pore emptying has been 

identified as the first characteristic drying time, associated with the start of an intermediate 

drying stage that is sensitive to high drying rates 21. This sensitivity can result in the detrimental 

loss of adhesion strength due to a depletion of binder in the vicinity of the coating/substrate 

interface under high drying rates. It could also explain the delayed peak-merging for the 

cathode dried at 40 °C, because the lower temperature induces a slower drying rate. A slower 

drying rate would promote an even distribution of binder The hypothesis to explain binder 

migration/inactive material segregation is that the capillary transport of the solvent draws 

additives along with it towards the surface. Binder accumulation at the evaporation surface 

has also been linked to the proliferation of cracks during drying 18.  
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Figure 3 (a) Colour map of acoustic intensities and ToF during cathode coating layer drying at 60 °C 
(The scales of X- and Y-axis are adjusted to better illustrate the results, which the unit for X-axis is 
larger than the unit of Y-axis); (b) acoustic response evolution during drying process (the adjusted ToF 
are aligned after similarity analysis, and the details will be described in later session). 
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Figure 4 (a) Colour map of acoustic intensities and ToF during cathode coating layer drying at 40 °C 
(The scales of X- and Y-axis are adjusted to better illustrate the results, which the unit for X-axis is 
larger than the unit of Y-axis); (b) acoustic response evolution during the drying process (the adjusted 
ToF are aligned after similarity analysis, and the details will be described in later session). 
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Figure 5 (a) Colour map of acoustic intensities and ToF during anode coating layer drying at 60 °C (The 
scales of X- and Y-axis are adjusted to better illustrate the results, which the unit for X-axis is larger 
than the unit of Y-axis); (b) acoustic response evolution during the drying process (the adjusted ToF 
are aligned after similarity analysis, and the details will be described in later session). 

3.3 Similarity analysis of time-of-flight signals 

The acoustic ultrasound signal is sensitive to physical property change of the materials 

especially at high temperature, and the research is focused on the coating itself. Therefore, 

the signal change that occurred before the interface of the ultrasound gel and CC is 

disregarded.  Figure 6 (a), (c) and (d) show the progressive movement of the reflected peaks 

at the interface of the ultrasound gel and CC (solid-gel interface) during the DP. Although the 

phase of the ultrasonic gel remained unchanged during the DP, the elevated temperature 

could have affected the viscosity of the gel, thereby progressively shifting the position of the 

first reflected peak as shown in Figure S2. As the physical property of the gel is not involved 

in the LIB electrode DP, the positional shift induced by its varying viscosity was corrected by 

identifying the positions of the first reflected peak (as shown in Figure 6(a), (c) and (e)) and 

aligning it to ToF = 0 µs, as shown in Figure 3(b), Figure 4(b) and Figure 5(b).To prove the 

alignment of the ultrasound waves will not change the original shape of the signals, the 

similarity analyses of the ultrasound waves for each experiment before and after alignment 
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have been done. The ultrasound waves have been aligned similarly for all experiments, as 

shown in Figure 7 (a), (d) and (g). 

Similarity analysis for the series of ultrasound waves for each experiment was then performed 

on the ToF signals without alignment, as shown in Figure 6 (b) for the cathode dried at 60 °C, 

Figure 6 (d) for the cathode dried at 40 °C, and Figure 6 (f) for the anode dried at 60 °C. The 

similarity index was obtained by performing cross-correlation of each ToF signal over the 

period of drying with that of time = 0 s. When the ToF signal is identical to the initial signal 

(drying time = 0 s), the similarity value is +1, whereas if the ToF signal has shifted such that it 

doesn’t appear identical to the initial ToF signal, the similarity value is ~0. The similarity value 

becomes -1 when the ToF signal appears inverted compared to the initial ToF signal. The 

similarity index, therefore, provides a global average shift of the ultrasound waves as drying 

progresses. In general, the results indicate that the similarity of the ultrasonic wave decreases 

as the drying time increases. 
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Figure 6 Similarity analysis of ToF signals without alignment for cathodes dried at 60 (a)-(b) and 40 °C 
(c)-(d), and anode dried at 60 °C (e)-(f) ( the dots in (a), (c) and (e) indicate the identified first peaks; 
the different colours indicate the similarity of the ultrasound wave).  

The similarity analysis was also performed on the entire ToF signal after aligning the peaks at 

ToF = 0 s for cathodes dried at 60 and 40 °C, and anode dried at 60 °C as shown in Figure 7. 

For all acoustic measurement experiments (cathode dried at 40 and 60 °C and anode dried at 

60 °C), the decreasing similarities after alignment as shown in Figure 7 (b), (e) and (h) were 

similar to the decreasing similarities before alignment shown in Figure 6 (b), (d) and (f). This 

strengthens our assumption that the physical change of the ultrasonic gel does not influence 

the ToF evolution of the electrode, and the alignment benefits the interpretation about the 
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signal evolution during the DP. All the results show a decrease in the similarity, especially for 

the cathode and anode dried at 60 °C which show a linear decrease. These highlight a 

directional movement of the acoustic peaks that is a strong indication of drying. Therefore, the 

trends in similarity figures shown in Figure 7 (b), (e) and (h) represent the overall drying profiles 

of the slurry. Further, comparison of the ToF signals over the drying period will be discussed 

in the next section.  

Upon alignment of the ToF signals, the peaks representing the CC were identified and tracked 

over the drying period, using a peak-tracing algorithm written on Python. The peak-trace 

profiles (Figure 7 (c) and (i)) show that two peaks merge together with the exception of the 

cathode and anode dried at 60 °C. Figure 7 (f) shows that the overlapping peaks at ToF range 

of 0.025-0.25 µs for cathode dried at 40 °C does not merge completely, in agreement with 

Figure 4 (b), which can be attributed to the slower drying rate at the lower temperature. This 

further supports sensitivity of the onset of pore emptying to high drying rates 21. 
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Figure 7 The adjusted ToF responses with alignment after similarity analysis for cathodes dried at 60 °C (a), 40 °C (d), and anode dried at 60 °C (g). Similarity 
analysis of ToF signals after alignment for cathode dried at 60 °C (b), cathode dried at 40 °C (e), and is for the anode dried at 60 °C (h). Adjusted ToF for the 
1st overlapping peaks for cathodes dried at 60 (c) and 40 °C (f), and anode at 40 °C (i).
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3.4 Time-of-flight evolution during the electrode drying process 

After the alignment of the ultrasound signal for all experiment, the ToF evolution during LIB 

electrode DP is discussed in this section. As shown in Figure 8 (b), Figure 9 (b) and Figure 10 

(b),  the left half of the overlapping peaks (at ToF between 0.025-0.25 µs) indicates the 

interface of gel and CC (solid-slurry interface), and right half of the overlapping peak indicates 

the CC-solvent interface (solid-liquid interface at the beginning of drying and solid-solid 

interface at the end of drying).  

The Figure 8 (a) illustrates the entire acoustic ToF evolution of the cathode coating layer dried 

at 60 °C, which shows the first peak increasing in amplitude until becoming saturated as it 

merges with the neighbouring peak. Figure 8 (b) shows the acoustic ToF evolution in the 1st 

stage of drying corresponding to the colour map in Figure 3 (a) between 1-16 min. As shown 

in Figure 8 (b), as the drying time increases, the left of the first overlapping peak attenuates 

and the right of the overlapping peak grows up. These shifts of ultrasonic waves resulted by 

the constant solvent evaporation result to volume reduction and film shrinkage as the initial 

stage of conventional drying mechanism 26, 33 33, as shown in Figure 1 (e-I) - (e-II). These shifts 

can also be explained as the attenuation of the reflective ultrasonic signal of solid-slurry will 

be greater since reflection and scattering at the solid-slurry interface is much stronger than 

the solid-liquid interface. Alternatively, the increasing amplitude of the right half of the peak as 

the drying time increases until the electrode is dried at end of the DP ~360 s is due to the 

attenuation of the ultrasonic signal at the solid-solid interface that is much smaller than at the 

solid-liquid interface. Similar results were also observed for the cathode dried at 40 °C, as 

shown in Figure 9 (b) and the anode dried at 60 °C in Figure 10 (d).  

Figure 8 (b) also shows the right half of the overlapping peak shifting to left until merging with 

the right half of the peak for the cathode drying at 60 °C during drying, which could be the 

reflection and scattering of the ultrasonic wave at the interfaces in the different stages of drying. 

As the drying time increases, the cathode coating becomes denser until becoming a solid 

phase, consequently resulting in a faster response of the ultrasonic signal reflection due to 

higher material stiffness/elastic moduli. The top-down film consolidation mechanism was 

summarized by Jaiser et al. 15. The consolidation layer of the electrode is rapidly formed on 

the surface of the electrode, even at low stiffness/elastic moduli of slurry, with no 

sedimentation. The consolidation layer grows as the solvent evaporates and the consolidation 

layer area expands until it approaches the substrate.  

Figure 8 (c) shows the acoustic ToF evolution in the 2nd stage of drying corresponding to the 

colour map in Figure 3 (a) after 16 min, which has no significant change of the ultrasonic 

waves. However, the zoomed figure, as shown in Figure 8 (d), indicates a slight shift of the 
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ultrasonic wave to the right (longer ToF). This phenomena could be due to the further 

expansion of the solid cathode coating that subsequently prolong the measurement of the 

reflection of the ultrasonic wave from the CC/cathode coating interface. The further shift of the 

ultrasonic wave does not occur for the cathode dried at 40 °C, as shown in Figure 9 (c) and 

(d). This is also means the delayed reflection of ultrasonic wave could be due to the lower 

temperature not inducing thermal expansion of the cathodes after formation of the 

consolidated film.  

 

 

Figure 8 (a) Acoustic ToF evolution during cathode coating layer dried at 60 °C; (b) acoustic ToF 
evolution during the 1st stage of drying; (c) acoustic ToF evolution during the 2nd stage of drying; (d) 
zoom-in acoustic ToF evolution during the 2nd stage of drying. 

The Figure 9 (a) illustrates the entire acoustic ToF evolution for the cathode coating layer dried 

at 40 °C, showing that the first half of the overlapping peak at ToF between 0.025-0.25 µs 

increases in amplitude until saturated. Figure 9 (b) shows the acoustic ToF evolution during 

the 1st stage of drying, corresponding to the colour map in Figure 4 (a) between 1-50 min. 

Apart from the similar peak evolution discussed earlier, that the left half of the overlapping 
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peak decreases and the right half of the peak increases. The overlapping peak does not shift 

to the left compared to that of the cathode dried at 60 °C. This could be due to the slow drying 

rate at the relatively low temperature that would keep the slurry phase of coating for a longer 

period without interfering the reflection of ultrasonic wave signals form the interface of CC and 

cathode coating. Correspondingly, the attenuation of the ultrasonic wave will be less significant 

but take longer time to attenuate compared with the cathode dried at higher temperature.  

Figure 10 (c) shows the acoustic ToF evolution during the 2nd stage of drying corresponding 

to the colour map in Figure 5 (a) between 50-85 min.  Figure 10 (d) shows the acoustic ToF 

evolution during the 3rd
 stage of drying, corresponding to the colour map in Figure 5 (a) after 

85 min. The ultrasonic response slightly shift vertically without any trends after 3000 s, this 

could be explained as the large pores become depleted of solvent, only isolated patches of 

solvent remain within the capillary network. During this final stage, the solvent evaporates at 

the internal gas-liquid interfaces and must then diffuse as vapour out of the film. The additional 

mass transport resistance due to vapour diffusion through the pore structure reduces the 

drying rate 21.  

Jaiser et al. 21 found that no further adhesion loss is caused by using a high drying rate to 

accelerate this final stage of drying. This insensitivity can be explained by the isolation of the 

inactive material in disconnected pores between which it is unable to move, preventing any 

further binder migration. This final stage ends when all solvent is removed, and the film is 

completed dry as shown in Figure 1 (e-IV). 
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Figure 9 (a) Acoustic ToF evolution during cathode coating layer dried at 40 °C; (b) acoustic ToF 
evolution during the 1st stage of drying; (c) acoustic ToF evolution during the 2nd stage of drying; (d) 
acoustic ToF evolution during the 3rd stage of drying. 

Figure 10 (a) illustrates the entire acoustic ToF evolution for the anode coating layer dried at 

60 °C, showing that the left half of the overlapping peaks which at ToF between 0.025-0.25 

µs  increase in amplitude until saturated. Figure 10 (b) shows the acoustic ToF evolution during 

the 1st stage of drying corresponding to the colour map in Figure 5 (a) between 0-3 min. Figure 

10 (c) shows the acoustic ToF evolution during the 2nd stage of drying corresponding to the 

colour map in Figure 5 (a) between 3-6 min.  There are no significant changes of the ultrasonic 

response in the first two stages of drying within 6 min. This could be caused by the fact that 

the specific heat capacity of NMP (~1259J kg-1 °C-1) is lower than the specific heat capacity of 

water (4200 J kg-1 °C-1), thereby taking longer for anode slurry to heat-up.  

Figure 10 (d) shows the acoustic ToF evolution during the 3rd stage of drying corresponding 

to the colour map in Figure 5 (a) after 6 min. The evolution of ultrasonic response 

demonstrates a similar trend as the cathode drying at 60 °C, as shown in Figure 10 (b) which 
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shifts to the left (shorter ToF). This can also be explained as the reflection and scattering of 

the ultrasonic wave at the interfaces in the different stages of drying that have different 

physical properties, including the density. As the solvent is being continuously removed during 

the DP, the density, stiffness/elastic moduli of the anode coating film increases that result in a 

faster response of the ultrasonic signal reflection. The first two peaks of the initial ultrasonic 

ToF signal (from drying time = 0 s) appear much closer together to begin with, when compared 

with the first two peaks of the cathodes, as shown in Figure 8 (b) and Figure 9 (b). This 

significant overlapping of the two peaks in the anode could be due to a similar attenuation of 

the ultrasound between the ultrasound gel-CC interface and the CC-anode slurry. It has been 

reported that the water-based anode slurry is predominantly elastic, while the organic-based 

cathode slurry is predominantly viscous, which indicates that the viscosity of the organic-based 

cathode slurry is better than the anode slurry for acoustic resolution 18. As shown in Figure 10 

(d), the ultrasonic wave attenuates as drying times increase, this is caused by the 

consolidation of the anode coating film resulting in greater attenuation of the ultrasonic signal 

at solid-solid interfaces than solid-liquid interfaces in the presence of solvent. 
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Figure 10 (a) Acoustic ToF evolution for the anode coating layer dried at 60 °C; (b) acoustic ToF 
evolution during the 1st stage of drying; (c) acoustic ToF evolution during the 2nd stage of drying; (d) 
acoustic ToF evolution during the 3rd stage of drying. 

3.5 Electrochemical testing  

Electrochemical properties of the cathodes dried at 40 and 60 °C, and anode dried at 60 °C 

were tested in coin cells with different C-rates C/10, C/3 and 1C. Figure 11 (a)-(b) shows the 

discharge and charge performances for cathodes dried at 60 °C, which shows that the specific 

capacity is highest at C/10 for both charged and discharged states. Figure 11 (c)-(d) shows 

the discharge and charge performances of the cathode dried 40 °C, the specific capacity is 

highest at C/10 during charge, but the highest discharge capacity is at C/3. As shown in Figure 

11(e)-(f), discharge and charge performances for the anode dried at 60 °C are showing similar 

trends, which the slower C-rate has higher specific capacity. Figure 11 (g) illustrates the 

specific capacities for each electrode at different C-rates. At all C-rates, the cathode dried at 

40 °C has higher specific capacity comparing with the cathode dried at 60 °C. This can be 

explained as the slow drying rate would promote a more homogenous CBD distribution, which 

could boost the electrode’s performance. It has been reported that the drying rate is 
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determined by the drying temperature 12. The optimized drying rate during the electrode 

manufacturing process will promote the balanced binder distribution of electrode film. However, 

the higher drying rate will result in an uneven distribution of soluble and dispersed binder 

throughout the electrode, potentially accumulating at the surface 15, 18-20. This binder migration 

can also lead to electrode delamination 12-13, 20, 24, due to the reduction in adhesion strength at 

the CC-electrode interface. High temperatures have been reported to potentially lead to 

greater binder migration, which can cause electrode delamination and result to a high 

resistance 12-13, 20, 24.  

 

Figure 11 Comparison of discharge and charge performances for cathodes dried at 60 (a)-(b) and 40 °C 
(c)-(d), and anode dried at 60 °C (e)-(f) with C-rate at  C/10, C/3 and 1C; (g) specific capacity check. 
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4 Conclusion 

An ultrasound acoustic based technique has been applied as an in-situ metrology tool to study 

the LIB electrode drying process using an NMC622-based cathode and graphite-based anode. 

The dynamic evolutions of the cathode dried at 40 °C and 60 °C, and anode dried at 60 °C 

were investigated, and the attenuation and shifts of the reflected acoustic signals were 

discussed and correlated with the up-to-date three-stage drying mechanism. The vertical 

attenuation of the ultrasonic waves is due to the interfacial changes caused by solvent removal 

and evaporation governed by Darcy’s law and the Marangoni effect. These shifts can also be 

explained as the attenuation of the ultrasonic signal at solid-slurry interface was greater since 

reflection and scattering at the solid-slurry interface is much stronger than at the solid-liquid 

interface. Conversely, the attenuation of the ultrasonic signal at the solid-solid interface was 

much smaller than the solid-liquid interface. The horizontal shifts of the acoustic signal was 

due to the reflection and scattering of the ultrasonic wave at the interfaces during the different 

stages of drying. As the drying time increases, the cathode coating became increasingly dense 

until it became one solid phase, resulting in a faster response of the ultrasonic signal reflection.  

Ultrasound acoustic-based measurements have been successfully proven to be a powerful in-

situ metrology to acquire dynamic drying profiles of LIB electrode during DP, which shows the 

potential of this rapid technique to be further developed for better understanding of DP to 

achieve a more controllable manufacturing process. The resulting electrochemical properties 

of the electrodes were tested in coin cells, where the cathode dried at lower temperature 

(40 °C) yielded higher specific capacities at all tested C-rates (C/10, C/3 and 1C) compared 

to the cathode dried at 60 °C. This was due to that the lower drying temperature would have 

promoted a more homogenous distribution of CBD, therefore promoting a better 

electrochemical performance.  

In general, the TGA technique is a powerful tool to study the weight change during the drying 

of the slurry itself. Furthermore, the electrode drying process not only has weight change, but 

also has physical property evolution and the interfaces change of the slurry which acoustic 

measurement is powerful to provide these details. Also, acoustic measurement has the great 

potential to be applied in the electrode manufacturing process as an in-line tool, but TGA 

cannot.  
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