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A B S T R A C T   

Lithium-ion batteries are the most efficient electrochemical energy storage devices. However, there is still room 
for improvement in terms of safety and energy density, presently limited by conventional tape-casting electrode 
processing. In this study, a blend of the anodic material Li4Ti5O12 with 2 wt% carbon black has been processed 
through powder injection moulding (PIM) yielding, after subsequent debinding and sintering processes, to ultra- 
thick (>500 µm) ceramic binder-free electrodes. The mixture of Li4Ti5O12 with the thermoplastic binder 
composed of polypropylene, paraffin wax, and stearic acid is investigated to identify a rheologically suitable 
feedstock for the PIM process. The resulting disk-type green parts contain 50 vol% of ceramic powder. After 
removing the binder with solvents and subsequent thermal treatment, the parts are sintered at 900 ◦C, aiming for 
a relatively high porosity, i.e., 25.7%. The resulting electrodes show very high areal and volumetric capacities up 
to 26.0 mA⋅h⋅cm− 2 and 403 mA⋅h⋅cm− 3 at C/24, respectively, in a half-cell against lithium metal.   

1. Introduction 

Lithium-ion batteries (LIBs) have become indispensable in the 
modern Society, being used in small-scale applications linked to con-
sumer electronics, such as mobile phones and laptops, as well as large- 
scale applications such as electric vehicles and microgrids, due to their 
high energy density and long cycle life [1,2]. LIBs were first commer-
cially produced in 1991 by Sony Inc. using LiCoO2 as cathode, petroleum 
coke (soft carbon) as anode and LiPF6 in propylene (PC) as electrolyte. 
The development of new cathode, anode and electrolyte materials has 
improved the energy density and reduced the cost, but the essence of 
LIBs has not changed much since their discovery [1–3]. Typically, the 
electrode manufacturing of commercial batteries involves four main 
steps [4]: 1) slurry mixing, where the active materials, conductive agents 
and polymeric binders are mixed with solvents to obtain homogeneous 
slurries; 2) coating of current collectors with the slurries; 3) drying of the 
electrodes by heating to adequately remove the solvent and, finally, 4) 
calendaring, in which the film is compressed by two metal rollers to a 
suitable thickness with uniform porosity. This technology often requires 

the use of toxic organic solvents such as N-methylpyrrolidone (NMP), 
which can harm humans and the environment, including the repro-
ductive system, eyes, skin and respiratory system [5,6]. Furthermore, 
the removal of this solvent, with its high boiling temperature (202 ◦C), 
significantly increases the cost of the manufacturing process. The pres-
ence of non-active materials (binders, solvent, and conductive agents) is 
necessary in this manufacturing process and reduces the total specific 
capacity of the cell. Moreover, this process inherently imposes a limi-
tation on the thickness of the electrodes typically restricted to a few 
dozen of microns [7]. 

With the aim of reducing the amount of non-active components and 
increasing the thickness of the electrodes, we have recently demon-
strated the feasibility of the Powder Extrusion Moulding (PEM) process 
for the manufacturing of thick ceramic electrodes (500-1000 µm) for 
lithium-ion battery applications [8,9]. The electrodes consist only of 
active material because the binder can be removed from them, which, 
along with their thickness, increases considerably the areal and volu-
metric capacities of the cell. Moreover, these binder-free electrodes 
greatly facilitate their recycling. All these features are an added value to 
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this technology as the additives and, above all, the current collectors 
increase the weight of the battery and the difficulty in their disposal. 

The search for alternative electrode processing routes is the main 
motivation of this work, which describes the application of Powder In-
jection Moulding (PIM) to the manufacturing of LTO ceramic thick 
electrodes for LIBs. This processing method, quite similar to PEM, 
combines traditional plastic injection moulding with ceramic technol-
ogy in order to obtain complex shape ceramic pieces [10]. Briefly, the 
process starts with mixing the ceramic powder with a multicomponent 
binder system to produce the feedstocks with adequate viscosity. Sub-
sequently, and after pelletizing the feedstock, the injections process 
takes place producing the so-called “green parts” with the shape of the 
desired final part. After, a de-binding step is required to remove the 
polymer, which results in fragile “brown” parts. A controlled sintering 
process yields the final pieces, whose geometry can be as diverse as the 
design of the mould of the injection machine. Generally, PIM is suitable 
for producing small, complex pieces, that can achieve very high den-
sities with good dimensional precision (Tolerances are between ± 0.1% 
and ± 0.5% of dimension), and with high production rates [11–13]. This 
technology has been widely used for structural materials (metals and 
ceramics). Within the electrochemistry field, there are precedents of its 
use for solid oxide fuel cells [14–16] but not for LIBs. 

The lithium titanate spinel, Li4Ti5O12 (LTO), is a well-known nega-
tive electrode material, which can insert up to three lithium ions varying 
its lattice parameter from 8.3595 Å to 8.3538 Å. This results in a volu-
metric change of barely 0.2% (i.e., zero-strain material); and, thus, great 
cyclability [17,18]. Due to the relatively high equilibrium voltage, 1.55 
V against the couple Li/Li+, it has been proposed that the formation of 
the solid-electrolyte interphase (SEI) resulting from the electrolyte sol-
vent and salt decomposition does not occur, avoiding the Li+ ion in-
ventory loss occurring, e.g., with graphite [19]. The low reactivity of 
lithiated LTO makes it a much safer anode material compared to con-
ventional graphite [20]. Additionally, it offers a decent specific capacity 
of 175 mA⋅h⋅g− 1, but its main drawback is its low electric conductivity, 
down to 10− 13 S⋅cm− 1, related to the high oxidation state of titanium 
[17]. Although in some works it is claimed that a relatively small lith-
iation extent is sufficient to increase the electronic conductivity of LTO 
by several orders of magnitude [19,21], several manuscripts report on 
different strategies to increase the charge transfer reaction rate by either 
ion doping —promoting a partial substitution of Ti4+ with Ti3+ [22, 
23]— or conductive carbon addition. This last approach can be done by 
mixing the LTO with carbon particles or coating the ceramic particles 
with a thin carbon layer via, e.g., thermal treatment of different organic 
carbon sources, such as citric acid [24], toluene [25] or activated carbon 
from coconut shells [26]. The straightforward mix, despite its carbon 
distribution not being as homogeneous, has the advantage of not fully 
covering the ceramic grains, therefore not hindering the lithium ex-
change at the active material surface exposed to the between electrolyte 
[17]. This present study focuses on the latter approach. 

The aim of this work was to obtain binder-free, thick Li4Ti5O12 (LTO) 
electrodes for LIBs by powder injection moulding. Due to the insulating 
character of sintered LTO, conductive carbon black Super C65 (2% of the 
total weight) was added. The various steps of the processing were 
optimised, and the sintered parts obtained were characterised with 
different physical and chemical techniques. Finally, electrochemical 
characterization in pouch bag cells (lithium used as the counter elec-
trode) was carried out to determine their suitability as LIB electrodes. 

2. Materials and methods 

2.1. Materials 

A commercially available Li4Ti5O12 (LTO) powder (Linyi Gelon Lib 
Co., China) was employed as the active material. According to the 
manufacturer, the particle size distribution comprehends d10, d50, and 
d90 values of 0.2, 1.0, and 3.0 µm, respectively. The particles are slightly 

aggregated and have an irregular shape as it can be seen in Fig. 1a. The 
pycnometric density (measured with a Micromeritics AccuPyc 1330, 
USA) is 3.533 ± 0.004 g⋅cm− 3. Another ceramic component of the 
feedstock is a conductive carbon black Super C65 (C) (Imerys, 
Switzerland), with a pycnometric density of 1.92 ± 0.01 g⋅cm− 3. The 
electrodes were designed to contain 2 wt% of carbon black. 

The binder system is a multicomponent mixture constituted by 
polypropylene (PP) (Repsol, Spain) as the polymeric backbone; paraffin 
wax (PW) (PanReac AppliChem, Spain) to reduce the viscosity of the 
mixture; and stearic acid (SA) (PanReac AppliChem, Spain) as a sur-
factant. This system was already and successfully used in our research 
group for PIM and PEM processing of different ceramic materials [8,14]. 

2.2. Feedstock preparation and rheological study 

The volumetric proportion of PP, PW, and SA was 50:46:4. Firstly, 
the critical powder volume percentage (CPVP) was estimated through 
torque measurements of the different powder-binder mixtures (feed-
stock). The preparation of the feedstock was carried out through various 
steps:  

1) Before the mixing step, a mixture of LTO, C and SA was prepared. 
Firstly, the SA was quickly dissolved in an exceeding volume of 
ethanol 96%. Secondly, a dispersion of the ceramic powders was 
made with an Ultra-Turrax Miccra D9 (Germany) operating at 
11,000 rpm. The LTO powder was added gradually into the ethanol 
and, afterwards, the carbon black as well. The resulting mixture was 
homogenised for 15 min. Lastly, the suspension was placed in an 
oven at 50 ◦C for 24 h, and a grey powder was obtained. After 
preparation of the premix with C and SA, carbonaceous matter may 
be present (Fig. 1b).  

2) This powder and the other components of the binder were mixed in a 
Haake Rheocord 252p (Germany) mixer with dual rotor blades, at 
40 rpm and 180 ◦C for 40 min.  

3) Lastly, the solidified feedstock was milled in a Retsch SM 100 device 
(Germany) to obtain grains with a diameter of less than 0.5 mm, 
which have a more suitable size for the injection machine. 

Six different formulations of ceramic powder (LTO+C) loading were 
prepared to investigate the optimal feedstock composition: 50, 51, 52.5, 
55, 56.5 and 58 vol%. 

Rheological studies were performed by applying shear rates between 
100 and 10,000 s− 1 at 170, 180 and 190 ◦C. The instrument employed 
was a Haake Rheocap S20 (Germany) capillary rheometer whose die had 
dimensions of 30 mm length (L), and 1 mm diameter (D) (L/D ratio of 
30). 

2.3. Injection moulding process (green part preparation) 

Larger quantities of the optimised mixture were processed in the 
injection machine (Arburg 220 S 250–60, Germany) obtaining disk-type 
pieces from a 12 mm × 0.7 mm mould. With an established maximum 
injection pressure of 1000 bar, optimization of the process was carried 
out by varying the injection volume and other parameters to obtain high 
dense and defects-free pieces. The optimised parameters for the injec-
tion process are shown in Table 1. 

2.4. Debinding and sintering processes 

Binder removal was performed by a combination of solvent and 
thermal debinding, resulting in the so-called brown pieces. In the first 
step, i.e., solvent debinding, PW and SA are removed by solubilization in 
n-heptane 50 ◦C. The thermal debinding (Goceram GCDV 50/2, Swe-
den) was done by heating at a rate of 5 ◦C⋅min− 1 to 200 ◦C, 30 min 
plateau, then heating at 1 ◦C⋅min− 1 up to 450 ◦C, 60 min plateau and, 
finally, cooling down to room temperature at 5 ◦C⋅min− 1 (Fig. S1). The 
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gas used was a mixture of Ar/H2 (5 vol%) at a pressure of 2 bar. The 
same atmosphere was used in the sintering step (Carbolite CTF 18/300, 
UK) where the samples were heated at 900 ◦C, with a constant heating 
rate of 2 ◦C⋅min− 1, for one hour (Fig. S1). 

2.5. Characterization 

The density of the LTO/C sintered pieces was measured through the 
Archimedes method, employing an acrylic lacquer as a sealing agent. 
Ten samples were measured and the average value is given besides the 
standard deviation. X-ray diffraction (XRD) analysis was performed in a 
Philips X′Pert (Netherlands) diffractometer with a (θ/2θ) Bragg–-
Brentano geometry, employing Cu-Kα radiation. The 2θ range analysed 
was 10–90◦ with a step scan of 0.02◦ and a counting time of 8 s per step. 
Carbon content of the samples was determined by elemental analysis, 
using a LECO CS-200 (USA) analyser. Differential scanning calorimetry 
(DSC) analysis (Perkin Elmer Diamond, USA) was employed to verify the 
full elimination of PW and SA during the solvent debinding step. The 
experiments were done with N2 as the working atmosphere from 0◦ to 
200◦C with a heating rate of 10 ◦C⋅min− 1. 

The microstructure of the powders and the different samples were 
studied by scanning electron microscopy (SEM), with an FEI Teneo 
(USA) working at 10 kV. Moreover, transmission electron microscopy 
(TEM) of sintered samples was performed, using a JEOL JEM 300 F 
(Japan) microscope operating at 300 kV. 

Electrochemical impedance spectroscopy (EIS) studies were per-
formed in a Solartron 1260 (UK) analyser, on a range between 0.1 Hz 
and 106 Hz, with an amplitude sinusoidal wave perturbation of 100 mV. 
Prior to the measurements, gold ion-blocking electrodes were painted on 
both sides of the pellets, and they were set at 750 ◦C for thirty minutes in 
the same atmosphere of the sintering (Fig. S1). 

2.6. Electrochemical characterization (battery behaviour) 

Further electrochemical characterization of the LTO/C electrodes 
was done by studying the battery behaviour in pouch-bag cells, using 

lithium foils (Sigma-Aldrich, Germany) as the counter-electrode. The 
LTO/C electrodes were coated on one side with a gold paint to act as 
current collector, which was subjected to the same thermal treatment as 
described for EIS. In these cells, a Hipore SV718 separator (Asahi Kasei, 
Japan) was employed, and 1 mL of liquid electrolyte LP30 (1 M LiPF6 in 
a mixture of the same volume of EC and DMC, supplied by Sigma- 
Aldrich, Germany) was added. This large amount of electrolyte is 
enough to fill all the open pores of the electrode. The cell was assembled 
in a dry room whose dew point was below − 65 ◦C. The electrochemical 
cycling tests were carried out with a Maccor (USA) series 4000 poten-
tiostat, at 20 ± 1 ◦C in the voltage range between 1 and 2 V. The C rates 
were C/24 for the first and second cycles, and from then on C/12, being 
1 C = 175 mA⋅g− 1. 

3. Results and discussion 

3.1. Powder loading analysis 

The feedstock was produced in the rotor blade mixer by adding the 
mixture of LTO, SuperC65 and SA to the binder system (paraffin wax and 
polypropylene). This operation was performed while keeping the torque 
value under control before adding more ceramic powder to the mixing 
chamber. The variations of torque with mixing time for each feedstock 
are depicted in Fig. 2a. First, the binder components (PP and PW) are 
introduced into mixing chamber and then small portions of the mixture 
of powders were added until the torque was stabilised. It can be seen 
how, for the different feedstocks, the powder additions cause an increase 
in the torque value. After the last powder addition, the steady state value 
associated with the homogenization of the ceramic-polymer mixtures is 
reached. In general, the mixing time to reach steady-state torque τ, was 
less than 10 min, which indicates the good homogeneity of these sys-
tems. Nevertheless, the 56.5% and 58% feedstocks were hardly forming 
a uniform mixture, as it can be seen in their noisier curves. The values of 
τ were taken by averaging the data of the last five minutes of mixing, as 
in that interval the torque did not fluctuate significantly. It is observed 
that for powder loading between 50% and 55%, the steady-state torque 
is about 1 N⋅m, but there is a noticeable increment for 56.5% and 58%. 
In comparison to prior findings [8] on carbon black-free LTO (Fig. 2b), 
torque values present a similar trend. Notably, the incorporation of 
carbon black into LTO powder complicates the mixing process provok-
ing higher torque. The critical powder volume concentration (CPVC), 
determined by the slope change in torque curves [27] is slightly shifted 
towards higher powder loading (52.5% for LTO and to 55% for LTO/C). 

3.2. Feedstock rheology 

Flow behaviour of the feedstock is very important to determine the 
suitability of the mixture to be injected. Feedstocks should have good 

Fig. 1. SEM micrographs of a) the pristine LTO powder, b) the mixture of powders composed of LTO, carbon black and stearic acid.  

Table 1 
Injection moulding parameters.  

Injection cylinder temperature gradient (◦C) 170/175/180/185 

Mould temperature (◦C) 50 
Dosing volume (cm3) 10 
Commuting point (cm3) 7.6 
Flow (cm3⋅s− 1) 35 
Maximum pressure (bar) 1000 
Post-pressure profile 600 bar 0.4 s 

200 bar 0.2 s 
Cooldown time (s) 20  
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stability and relatively low viscosity, below 1000 Pa⋅s in the 
100–2000 s− 1 shear rates interval [28]. The rheological properties of the 
prepared feedstock were evaluated through capillary rheology. For the 
sake of comparison with the other identical feedstock without conduc-
tive carbon black [8], tests were performed on samples with powder 
loading of 50 and 55 vol%. Fig. 3 shows the variation of the viscosity 
with the shear rate at 170, 180 and 190 ◦C for the feedstocks with 
different powder loadings. According to the pseudoplastic characteris-
tics of the binder system, the viscosity decreases as the shear rate in-
creases. This behaviour is the most suitable for the injection moulding 
process, as it assures uniform filling of the mould. The greater the LTO/C 
powder loading, the bigger the values of viscosity obtained, which is 
coherent with the previous pattern of steady-state torque. Meanwhile, 
the inverse happens with the temperature at which the test is done. The 
pseudoplastic behaviour (n < 1) can be quantified by determining the 
flow index value, n, in the Ostwald and De Waele law [29,30] (Table 2): 

τ = k⋅γ̇n  

where τ is the shear stress, k is the flow consistency index, γ̇ is the shear 
rate and n is the flow behaviour index. 

For the LTO/C feedstocks, it is observed that n increases slightly with 
the temperature, effect previously reported on LTO without C [8]. 

Fig. 2. a) Mixing torque vs time for each composition, noted in powder volumetric charge. The steady-state torque is written at the right of every graph, b) 
comparison of steady-state torque variation towards powder volumetric charge for LTO samples with and without conductive carbon black. 

Fig. 3. Rheological tests for 50% and 55% powder loading feedstocks of LTO/C at temperatures: a) 170 ◦C, b) 180 ◦C, and c) 190 ◦C. d) Example graph of an 
Arrhenius representation to obtain the activation energy of the flow of the feedstock. 

Table 2 
Flow behaviour index for the feedstocks at different temperatures.  

Powder loading 
(%vol) 

n Activation Energy 1000 s− 1 

(kJ⋅mol− 1) 
170 ◦C 180 ◦C 190 ◦C 

50  0.59  0.60  0.63  41.2 
55  0.55  0.57  0.61  42.3  
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Similarly to other reports for the same binding system [8,31], a pattern 
of decreasing n with higher powder loading is also appreciated. 

Fig. 3 depicts that higher powder loading corresponds to increased 
viscosity. Working with a highly viscous feedstock provokes challenges 
in terms of injection machine operation such as possible jamming and 
inadequate canal filling. Considering the requirement for a high porosity 
thick electrode, a decision was made to proceed with the PIM process 
using the feedstock constituted of 50% of powder loading. In Fig. 3d), an 
Arrhenius representation for the calculation of the activation energy of 
the flow of this feedstock is presented. The dependence between vis-
cosity and temperature according to this model follows this equation: 

η = η0⋅e
Ea
RT 

η is the viscosity, η0 is the viscosity at a reference temperature T0, R is 
the ideal gas constant, T is the temperature and Ea is the flow activation 
energy. 

The data are applied for a shear rate of 1000 s− 1, which is repre-
sentative of the flow in a ceramic injection moulding process according 
to Edirishinge and Evans [32]. The activation energy of 41.2 kJ⋅mol− 1 

for 50% powder loading is relatively high, but in the range of other 
feedstocks used for PIM purpose. With greater powder loading, the 
activation energy slightly increases to 42.3 kJ⋅mol− 1, this rather small 
dependence may be related to the fact that the loading is not too far from 
the CPVC. 

To understand the influence of carbon black on the viscosity of the 
feedstock, further rheological tests were performed on an identical 
carbon-free LTO feedstock (Fig. 4). The presence of the carbon black has 
a notable influence on the mixture, as can be appreciated by the fact that 
the viscosity is greater for LTO/C, varying from 15.28 to 57.07 Pa⋅s for 
the 180 ◦C, 1000 s− 1 measurement. Moreover, the graphics depict an 
influence of temperature considerably lower for the latter, confirmed 
with the flow activation energy value for the sample LTO 50% 
(12.4 kJ⋅mol− 1) [8]. 

3.3. Injection process 

Based on the rheological results, the injection process was performed 
with the feedstock containing a 50% vol. charge of LTO/C. In this step, 
several parameters are optimised to obtain defect-free green parts, such 
as the injection pressure, post-pressure, injection speed, packing time or 
mould temperature. Error! Reference source not found. shows these 
main injection parameters. The temperature of the feedstock was 
maintained below 185 ◦C to prevent the decomposition of the paraffin 
wax. Fig. S2a displays the progressive filling of the piece mould. The 
injection volume was further increased until constant weight of the 
pieces. Finally, a post-pression scheme was applied aiming to prevent 

contraction of the pieces while cooling. The average dimensions of the 
injected disks were 11.97 ± 0.05 mm in diameter and 0.71 ± 0.02 mm 
in thickness (errors in dimensions correspond to the standard deviation 
of 10 injected samples). 

3.4. Debinding and sintering 

The injected pieces were subjected to a combined solvent and ther-
mal debinding to remove the organic compounds. In the first step (sol-
vent), the paraffin wax (PW) and the stearic acid (SA) were extracted by 
immersing the samples in an exceeding volume of n-heptane, at 50 ◦C.  
Fig. 5a shows the amount of PW and SA that was removed over the 
leaching time. This is a typical behaviour [33,34]. The kinetics of this 
process were studied using the model proposed by Shivashankar and 
German [35], where the extraction happens in two steps. First, a quick 
dissolution of the most accessible binding system, and afterwards a 
slower penetration of the solvent in the inner parts of the sample and 
extraction of the non-polar components. Both follow this empiric 
relation: 

ln
1
F
=

Detπ2

ψ2 +K 

F is the fraction of binder still not dissolved, t is the time passed since 
the beginning of the solvent debinding, K is a constant for a powder- 
polymer system, De is the interdiffusion coefficient between polymer 
and ψ is the effective length scale, which for a cylindric piece corre-
sponds to: 

ψ =
πD2H

/
4

πD(H + D/2)

Where H is the height of the piece and D is the diameter. Thus, ψ value 
for the samples of this work is 3.16⋅10− 2 cm. 

As it can be seen in Fig. 5a, the PW and SA are quickly removed from 
the parts within the first hour, reaching values approximately 95% of 
their theoretical amount. The study of the interdiffusion coefficient 
presented in Fig. 5b is in agreement with the two-step extraction: for the 
first one, De1 is 3.66⋅10− 7 cm2⋅s− 1; for the second one, De2 is 1.36⋅10− 8 

cm2⋅s− 1. De1 is 27 times greater than De2, which is, kinetically, a 
coherent result, because the initial process happens on the surface of the 
piece, where the n-heptane is abundant, and the concentration gradients 
of dissolved PW and SA are rapidly regulated. On the other hand, inside 
the piece these gradients cannot be rapidly readjusted due to limited 
accessibility and, as a result this process is slower. To conclude the 
solvent debinding studies, differential scanning calorimetry was per-
formed on the samples before immersion and after 4 h immersed in n- 
heptane at 50 ◦C. The DSC curves (Fig. S3) highlight that the solvent- 
debinded samples do not present the melting heat flow peaks corre-
sponding to PW and SA, but still contain PP. The paraffin wax influence 
on the polypropylene melting point can be appreciated, as in the green 
part this temperature is lower than usual, an effect which has already 
been noticed in the literature on blends of PW and polyolefins [36,37]. 

The polypropylene was removed with the thermal debinding and, 
finally, the brown parts were sintered at 900 ◦C to increase the me-
chanical stability of the ceramic electrodes. These disk-type pieces have 
a diameter of 11.2 ± 0.2 mm, a thickness of 0.65 ± 0.01 mm, and a 
volume of 79.5% of the green parts as a result. Through the Archimedes 
method, their density was found to be 2.56 ± 0.09 g⋅cm− 3, resulting in a 
relative density of 74.3% and a porosity of 25.7%, based on a measured 
pycnometric density of LTO/C of 3.443 ± 0.001 g⋅cm− 3. Also, the X-ray 
diffraction analysis proved that no changes in the crystalline lattice of 
LTO occurred as result of the processing (Fig. S4). 

Fig. 6 shows a comparison of the microstructure of green (a), brown 
(b), and sintered (c) parts. The polymeric component is distinguishable 
in the image as a dark-grey contrast in the BSE (backscattered electron) 
image, because of the lower molecular weight of the polymeric part 

Fig. 4. Apparent viscosity against shear rate results for the feedstocks with 50% 
vol. LTO and 50% vol. LTO/C. 
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compared to the ceramic particles. In the brown part, no traces of binder 
are found, indicating the successful debinding process. In the sintered 
part, the typical porosity reduction and grain growth are not observed, 
due to the low sintering temperature used. This result is preferred, since 
the electrodes should be porous rather than compact to have a larger 
electrode-to-electrolyte surface area ratio. 

According to elemental analysis tests performed on sintered parts the 
carbon content was determined to be 2.26 ± 0.01%. This value is 
somewhat higher than the expected one, and this can find an explana-
tion in the previous work of Sotomayor et al. [8] where, for a LTO 
processed by powder extrusion moulding, the reducing atmospheres of 
the thermal debinding and the sintering led to an inorganic carbon layer. 
According to Jung et al. [38], a carbon coating can actually help to 
improve the conductivity of lithium titanate, which is one of the main 
concerns in sintered LTO. Through transmission electron microscopy, 
the presence of this layer is confirmed, as it can be seen on the outer 
surface of an LTO crystalline particle, where an amorphous structure can 
be clearly identified (Fig. 7c). The surface carbon coating seems to 
adhere well to LTO as seen in Fig. 7b). 

The conductivity of the samples was determined by impedance 
spectroscopy. For comparison, these were also performed on a reference 
sample of commercial LTO, without added carbon, which was uniaxially 
compacted and sintered in air at the same temperature and heating rate 
(same thermal treatment) as the LTO/C. The conductivity value of 7.7 
( ± 0.1)⋅10− 9 S⋅cm− 1 at 0.1 Hz of pure LTO corresponds to that of a 
typical insulator. This conductivity value is significantly improved by 
1.5 orders of magnitude in the sintered LTO/C material with 2.8( ± 0.1)⋅ 
10− 7 S⋅cm− 1, (see Fig. S5). Therefore, the addition of carbon black im-
proves the conductivity of pristine LTO. 

The electrochemical performance of the sintered LTO/C was evalu-
ated by means of galvanostatic cycling with potential limitation. Inside a 
pouch-bag cell, metallic lithium was used as the counter-electrode, 
along with a glass fibre separator and commercial LP30 as the electro-
lyte. The first two cycles were programmed at a C/24 rate, and from then 
on, a higher C-rate of C/12 was used. This protocol ensured a stabili-
zation of the system at the beginning of the experiment. Specifically, to 
allow for a proper wetting of the very thick electrode. The notoriously 
large areal mass loading of active material for the PIM processed parts 
(~166 mg⋅cm− 2) required this consideration, as the amount of Li to be 
intercalated and de-intercalated is considerably higher than in conven-
tional tape-casted electrodes, whose thickness are usually a few dozens 
of microns and their areal loadings between 25 and 35 mg⋅cm− 2 [39]. 
The capacity of the cell for the first discharge was 155 mA⋅h⋅g− 1, close to 
the theoretical value of 175 mA⋅h⋅g− 1, but the volumetric and areal 
capacity are remarkably higher, 397 mA⋅h⋅cm− 3 and 25.8 mA⋅h⋅cm− 2 

respectively. Sotomayor et al. [8] had already developed thick LTO 

Fig. 5. a) Removal of paraffin wax and stearic acid of a green part immersed in n-heptane at 50 ◦C vs time, b) associated graph of ln 1/F (fraction of binder non 
solved) vs time. 

Fig. 6. Backscattered electrons mode scanning electron microscopy images of 
LTO/C surface of the parts for the stages: a) green, b) brown, c) sintered. 
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electrodes by powder extrusion moulding with a volumetric capacity 
(319 mA⋅h⋅cm− 3) 3 times higher than a conventional tape-casted LTO; 
and one order of magnitude larger areal capacity (15.2 mA⋅h⋅cm− 2). For 
the first cycle, PIM ceramic electrodes have even better volumetric and 
areal capacities than those obtained by PEM as indicated by the higher 
specific capacity of the former electrodes. This can be related to their 
greater porosity (25.7% versus 17%), which translates to a larger elec-
trode/electrolyte contact surface facilitating the lithium exchange. The 
areal capacity improvement can be attributed as well to their greater 
thickness (650 µm versus 475 µm). In relation to cyclability, the cell 
underwent more than 20 cycles at C/12 rate, and despite still working 
appropriately, capacity fading was observed as it can be seen in Fig. 8. At 
the 25th cycle, the discharge capacity was 77 mA⋅h⋅g− 1. This pro-
nounced capacity fading could be attributed to: (i) the partial polari-
zation of the electrode, where the lithium ions are not fully 
deintercalated throughout the LTO sample at the charging process. The 
reason behind this could be their long diffusion path towards the 
electrode-electrolyte interphase, which could be dealt with larger po-
rosities ensuring a good electrode-electrolyte contact; (ii) although 
rather unlikely, the formation of an extensive SEI that consumes some of 
the lithium which can be the counter ion to recently formed alkylcar-
bonates, as previously reported [19]; and (iii) to the lithium metal an-
ode’s inability to accommodate the high current densities and total 
capacities that result from using thick sintered electrodes. Besides, the 
excess amount of Li (30 mg, capacity ratio to LTO/C 5:1), and the 
electrolyte is actually attenuating the capacity fading, as stated before 
by Robinson et al. [40], who also prove that a full cell configuration with 
two intercalation electrodes would benefit the cyclability of thick 

electrodes and paves the way for the potential use of these high density 
electrodes. 

Still, even with those low values of specific capacity, they outperform 
LTO tape-casted ceramic sintered electrodes in terms of volumetric ca-
pacity. The reducing sintering atmosphere also has a positive effect in 
these performances, as previously stated with PEM-produced LTO [8], 
with tape-casted thick LTO [41] and with a LTO used for a semi-solid 
flow battery [22]. The presence of Ti3+ as a result of the sintering pro-
cess, under a reducing atmosphere, can explain the seemingly odd initial 
step of the first discharge. This plateau over 1.5 V is not observed again 
in later cycles, and can be considered a sign of all of the titanium 
returning to the (IV) oxidation state after the first charge. These results 
are to be considered an intermediate step in the research that proves that 
ultra-thick LTO/C electrodes processed by PIM are an option to develop 
high-capacity batteries. 

4. Conclusions 

For the first time, thick electrodes of LTO including 2 wt% conduc-
tive carbon have been processed through powder injection moulding 
technique. This technology is easily scalable to industrial scale, and 
currently it is used in the manufacturing of ceramic and metallic parts. 
Starting from the ceramic powders and a previously defined binder 
composed of polypropylene, paraffin wax and stearic acid; torque and 
rheology studies suggested that a 50% volumetric ceramic powder 
charge was appropriate for injection. Using this technique, defect-free 
disk-type green parts were produced, and these were subsequently 
subject to solvent debinding, thermal debinding and sintering to 

Fig. 7. TEM images of a) a grain of sintered LTO/C, b) an adhered carbon black grain, c) LTO covered by a carbon layer.  

Fig. 8. a) Potential of the PIM LTO/C electrode versus specific capacity. b) Variation of the charge and discharge capacities of the electrode through the cycles.  
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produce solvent-free ceramic electrodes. Although the binder is suc-
cessfully removed, the use of a controlled atmosphere during debinding 
and sintering allowed the parts to retain inorganic carbon from the 
decomposition of organic compounds. EIS analysis suggested that this 
conductive carbon can lead to an increase of conductivity of 1.5 orders 
of magnitude compared to similarly processed LTO without carbon. In a 
pouch-bag cell, these electrodes were capable of cycling against metallic 
lithium at C/24 and C/12 rates, and offered high values of volumetric 
and areal capacities, up to 403 mA⋅h⋅cm− 3 and 26.0 mA⋅h⋅cm− 2, 
respectively. These values are slightly higher than those obtained for 
LTO samples obtained by Powder Extrusion Moulding. The results make 
LTO/C an interesting anodic material and highlight the potential of PIM 
as a technique for processing lithium-ion batteries electrode 
components. 

Declaration of Competing Interest 

The authors declare that they have no known competing financial 
interests or personal relationships that could have appeared to influence 
the work reported in this paper. 

Data Availability 

Data is available from the authors upon request. 

Acknowledgements 

The authors would like to thank the Agencia Española de Inves-
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