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A B S T R A C T

The aqueous processing of lithium-containing electrode materials is challenged by the reactivity of such mate-
rials towards water, resulting in lithium leaching, slurry pH increase, and consequent corrosion of the aluminum 
current collector. The addition of (mild) acids to the aqueous electrode slurry has been reported as a viable 
method to suppress the corrosion issue. Herein, we present a comprehensive investigation of the addition of 
phosphoric acid (PA) to an aqueous electrode slurry containing Li4Ti5O12 as the active material. Following an 
initial evaluation of the slurry pH evolution as a function of the PA content, a comparative investigation of the 
PA-free electrodes and the “corrosion-free” electrodes was performed. The latter clearly outperform the PA-free 
electrodes in terms of their electrochemical performance. Interestingly, this is not only resulting from the 
buffered pH, but the phosphate anion also plays a decisive role.   

1. Introduction

Lithium-ion batteries (LIBs) are the electrochemical energy storage
technology of choice for a variety of applications, including small 
portable electronic devices, (hybrid) electric vehicles, and stationary 
energy storage [1]. The great majority of these LIBs comprise graphite as 
the active material for the negative electrode, but a significant share 
contains Li4Ti5O12 (LTO) owing to its exceptional cycle life, superior 
safety, and potentially faster charging [1–7]. While such properties are 
somehow intrinsic to the active material, the design, composition, and 
fabrication of the eventual electrode are at least as important [8]. These 
include the choice of the binding agent, which also has a great envi-
ronmental impact – not only with regard to the binding agent itself, but 
also the processing solvent. Water-based binders are clearly favored over 
binders that require the use of harmful N-methyl-2-pyrrolidone (NMP) 
[9]. Therefore, tremendous efforts have been devoted to the optimiza-
tion of advanced binding agents for LTO-based electrodes [10–14], as 
well as LIB electrodes in general [9]. The general compatibility of LTO 
with water-soluble binder has been reported by Fongy et al. [15] in 
2012, revealing that no major degradation of the active material 
occurred in contact with water. Nonetheless, just like other lithium 
transition metal oxides also LTO suffers lithium leaching when being 
dispersed in water. This leads to LiOH formation, an increase of the 

slurry’s pH value, and, eventually, pitting corrosion of the aluminum 
current collector [13], accompanied by severe cracking of the electrode 
coating layers [16]. The latter issue results in poor adhesion of the 
coating layer to the aluminum current collector and a large charge 
transfer resistance that decreases the rate performance [17]. The un-
derlying reaction with water appears to be rather fast when the material 
is simply exposed to water, as indicated by a rather rapidly stabilizing 
pH value above 11 [18]. This increase of the pH value was addressed in a 
previous study [13] by adding phosphoric acid (PA) to the electrode 
slurry, which buffers the pH value and, thus, suppresses the pitting 
corrosion of the aluminum current collector. This latter phenomenon is 
also accompanied by hydrogen evolution leading to large crater-like 
holes in the electrode coating. While this approach was successfully 
employed also for the aqueous processing of Li[Ni0.33Mn0.33Co0.33]O2 
(NMC111) [19], Li[Ni0.5Mn0.3Co0.2]O2 (NMC532) [20], Li 
[Ni0.8Mn0.1Co0.1]O2 (NMC811) [21], LiNi0.5Mn1.5O4 (LNMO) [22–25], 
and lithium-rich Li1.2Ni0.16Mn0.56Co0.08O2 (LR-NMC) [26], revealing the 
formation of a metal phosphate surface layer on these positive electrode 
active materials, the investigation of LTO in combination with PA 
remained limited to the determination of the adhesion strength and the 
evaluation in LTO‖NMC111 full-cells [13]. 

Herein, an in-depth investigation of the impact of adding PA to LTO- 
based electrode slurries is presented. Following an analysis of the pH 
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evolution as a function of milling time and PA content, a comparative 
study of the electrochemical behavior of the resulting LTO-based elec-
trodes combined with ex situ scanning electron microscopy (SEM) re-
veals a superior performance of the electrodes to which PA was added. 
Interestingly, new rod-shaped particles were formed in such case, which 
were not observed in the earlier studies for NMC, LNMO, and LR-NMC. 

2. Experimental

2.1. Electrode preparation

The electrodes were composed of 88 wt% LTO (NEI Corporation), 5 
wt% of conductive carbon (Super C45, IMERYS), and 7 wt% sodium 
carboxymethyl cellulose (CMC, Dow Wolff Cellulosics). The slurry was 
prepared as follows. CMC was dissolved in deionized water via magnetic 
stirring at room temperature. Subsequently, a selected amount of PA 
(>99%, Bernd Kraft; 33% aqueous solution) was added – except for the 
PA-free reference electrode. The PA content was varied from 0.67 wt% 
(1PA), over 1.34 wt% (2PA), and 2.01 wt% (3PA) to 2.68 wt% (4PA) 
versus the mass of LTO in the slurry. In the next step, the conductive 
carbon and LTO were added to the aqueous dispersion. The resulting 
slurry was dispersed by planetary ball milling (Fritsch Vario PULVERI-
SETTE 4) for 2 h at 1100 rpm and then cast on battery-grade aluminum 
foil using a laboratory-scale doctor blade with a wet film thickness of 
200 µm. After immediate pre-drying in an atmospheric oven (ED-115, 
Binder) at 80 ◦C, disk-shaped electrodes (geometric area: 1.13 cm2) were 
punched and dried at room temperature overnight in the dry room. 
Finally, the electrodes were further dried under vacuum at 120 ◦C for 12 
h and pressed at 5 tons for 10 s (Atlas manual hydraulic press, Specac). 
The active material mass loading of the disk electrodes ranged from 5.3 
to 5.8 mg cm-2. The residual moisture in the dried 0PA and 4PA elec-
trodes was measured in argon atmosphere using a Coulometric KF 
Titrator (C30, METTLER TOLEDO) and about 0.2 g of each sample, 
revealing a water content of about 300 and 500 ppm in the case of the 
4PA and 0 PA electrodes, respectively. The porosity ε of the electrodes 
was calculated based on the mass loading L and thickness m of the 
electrode coating. ρ represents the density of the different electrode 
components, while xAM, xCB, and xB represent the mass ratio of the 
active material (AM), carbon black (CB), and binder (B) in the electrode. 
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The calculations revealed an average porosity of about 50% and 55% 
for the 4PA and 0PA electrodes, respectively, i.e. rather similar values – 
especially when considering the morphology of the 0PA-type electrodes. 
The adhesion strength of the electrode coating layer to the current col-
lector was determined using a zwickiLine device (2.5 KN, ZwickRoell) 
and electrode samples with an area of 6.45 cm2. The experiment was 
repeated at least 5 times each. The pH measurements during the elec-
trode slurry dispersion were conducted every 30 min at 21 ± 2 ◦C, using 
a Lab 860 pH meter (SI Analytics) with a Blue Line 18 pH electrode 
(Schott Instruments). 

2.2. Physicochemical characterization 

Scanning electron microscopy (SEM) was performed using a Zeiss 
Crossbeam 340 field-emission scanning electron microscope, equipped 
with a Capella focused ion-beam (FIB, gallium ion source) and an energy 
dispersive X-ray (EDX) spectrometer (Oxford Instruments X-Max 
Xtreme, 100 mm2, 1 5 kV). A single reflection, diamond attenuated 
total reflection (ATR) accessory PLATINUM ATR from Bruker was uti-
lized for the ATR infrared (ATR-IR) spectroscopy analysis. The spectrum 
obtained for the 4PA-type electrodes was background-corrected via the 
spectrum recorded for the 0PA-type electrodes. X-ray photoelectron 
spectroscopy (XPS) was carried out using a monochromatic Al Kα (hν =

1486.6 eV) X-ray source and a Phoibos 150 XPS spectrometer, equipped 
with a microchannel plate and a delay line detector (DLD). High reso-
lution scans were obtained with an X-ray source power of 200 W, 20 eV 
pass energy, and 0.1 eV energy steps in fixed analyzer transmission 
mode. The photoelectron data were calibrated versus the graphitic C=C 
(sp2) peak at 284.4 eV originating from the presence of the conductive 
carbon in the electrodes. The fitting of the spectra was performed with 
the CasaXPS software, employing a nonlinear Shirley-type background 
and a 30% Lorentzian and 70% Gaussian profile function. Inductively 
coupled plasma optical emission spectrometry (ICP-OES) was conducted 
on a Spectro Arcos spectrometer (Spectro Analytical Instruments) to 
investigate the lithium and titanium leaching. For these measurements, 
0.44 g of LTO powder were dispersed in deionized water (in the presence 
or absence of PA) by ball milling for 2 h analogously to the slurry 
preparation. Subsequently, the dispersions were centrifuged and the 
liquid phase was analyzed via ICP-OES. X-ray diffraction (XRD) was 
performed using a Bruker D8 Advance (Cu Kα radiation, λ = 0.15406 
nm). The 2θ range was set to 5◦ ≤ 2θ ≤ 70◦ and the step size was 0.008◦

(2θ) with an acquisition time of 1 s per point. Rietveld refinement was 
conducted utilizing the GSAS-II software [27], assuming the structural 
model reported by Jovic et al. [28,29]. The instrumental parameters 
were obtained from a LaB6 standard; accordingly, the instrumental 
broadening parameters, i.e., U, V, W, X, and Y, were kept fixed to 
4.397•10-4 deg2, -5.720•10-4 deg2, 2.577•10-4 deg2, 1.855•10-2 deg, 
and 2•10-5 deg, respectively. The scale factor, background, sample 
displacement, unit cell parameters, peak shape, and atomic parameters 
were refined in the given order. 

2.3. Electrochemical characterization 

For the electrochemical characterization, coin cells (CR2032, Hoh-
sen) were used if not indicated differently. In the case of the half-cell
tests, lithium metal foil (battery grade, Honjo) served as the counter
electrode. The cell assembly was carried out in an argon-filled glovebox
(MBraun) with a H2O and O2 content lower than 0.1 ppm. A poly-
ethylene separator (Asahi Kasei, Hipore SV718) was used soaked with
100 μL of the electrolyte solution (1 M LiPF6 in ethyl carbonate (EC)/
dimethyl carbonate (DMC), 1:1 w/w, UBE). After assembly, the cells
were left to rest for 6 h to ensure a homogeneous wetting of the elec-
trodes with the electrolyte. Galvanostatic cycling was performed at 20
± 2 ◦C using a Maccor Battery Tester 4300. The cut-off voltages were set
to 1.0 V and 2.5 V. All voltage values for the tests with coin cells refer to
the lithium metal counter electrode. The dis-/charge rate of 1C corre-
sponds to the specific current of 170 mA g 1. Cyclic voltammetry (CV)
experiments were conducted on a multichannel potentiostat (VMP3,
BioLogic), using three-electrode Swagelok-type T-cells with lithium
metal as the counter and reference electrodes. The sweep rate was 0.1
mV s 1 and the cut-off potentials were set to 1.2 and 3.5 V. In this case,
the given potential values refer to the lithium metal quasi-reference
electrode. Electrochemical impedance spectroscopy (EIS) was per-
formed utilizing three-electrode ECC-PAT-Core cells (EL-CELL) with
lithium foil as the counter electrode and lithium metal ring as the
reference electrode. The applied AC signal had an amplitude of 5 mV and
the frequency ranged from 1 MHz to 10 mHz.

3. Results and discussion

The evolution of the pH value as a function of time for the aqueous
LTO dispersions in absence of PA (0PA) or in presence of varying 
amounts of PA (1PA, 2PA, 3PA, and 4PA) during ball milling is depicted 
in Fig. 1a. In all cases, the pH value increased with time as a result of the 
continuous lithium leaching. In the absence of PA, the pH value was by 
far the highest at the beginning with almost 11 (10.9) and maintained to 
be the highest throughout the ball milling process, leveling off at 12.1 
after 1.5 h. When adding PA, the initial pH value was well below 6 for 
1PA, close to 5 for 2PA, and lower than 5 for 3PA and 4PA. After ball 
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milling for 2 h, however, the pH increased substantially to 10.8, 10.4, 
9.6, and 9.1 for, respectively, 1PA, 2PA, 3PA, and 4PA. The pH value of 
the latter slurry is considered to be at the borderline of the corrosion 
regime of aluminum, while all former values are within the corrosion 
regime [19,22]. 

The SEM images of the corresponding electrodes are in good agree-
ment with these findings. The 0PA electrode (Fig.1b) shows extensive 
crater-like holes with a diameter exceeding 100 µm resulting from the 
aluminum corrosion induced hydrogen evolution, which are inter-
connected by severe cracks [22]. Going to the 1PA electrode (Fig. 1c), 
the crater-like holes appear slightly smaller and the cracking is less se-
vere, resulting from the lower pH value. In the case of 4PA (Fig. 1d), 
however, the corrosion appears successfully prevented in line with the 
significantly lower pH value. Accordingly, these two electrodes (0PA 
and 4PA), as the “end members” with regard to the pH value, were 
selected for the forthcoming in-depth investigation of the impact of 
adding PA to the electrode slurry. 

Prior to the electrochemical characterization, we evaluated the 
impact of the corrosion and crater-like holes on the adhesion strength of 
the electrode coating layer to the aluminum current collector. Both the 
tensile force and tensile stress were significantly higher for the 4PA 
electrodes compared to the 0PA electrodes with ca. 750 N and 1.2 N 
mm 2 vs. ca. 640 N and 1.0 N mm 2, respectively. Interesting to note in 
this regard is that the in the case of the 0PA electrodes, the breaking 
point appears to be within the electrode coating layer. This might be 
related to the hydrogen evolution owing to the aluminum corrosion and 
the resulting weakening of the cohesion of the electrode components – to 
a certain extent also indicated by a slightly higher porosity. 

Subsequently, these two kinds of electrodes were subjected to gal-
vanostatic cycling at varying C rates (Fig. 2). At lower C rates of 0.1C to 
0.5C, no significant difference in specific capacity is observed (Fig. 2a, 
b). The capacity at 0.1C, for instance, is about 165 mAh g 1 for both the 

electrodes, i.e., fairly close to the theoretical maximum of 175 mAh g 1. 
Starting from 1C, however, the specific capacity of the 4PA electrodes 
becomes increasingly higher. For example, the latter electrodes deliver 
114, 91, and 69 mAh g 1 at 4C, 7C, and 10C, respectively, while the 0PA 
electrodes achieve only 83, 37, and 16 mAh g 1. Additionally, the 
cycling stability after 200 galvanostatic cycles at 1C is lower for the 0PA 
electrodes (120 mAh g 1) than for the 4PA electrodes (142 mAh g 1) 
(Fig. 2a). Comparing these capacity values with those recorded during 
the 20th cycle at 1C, i.e., 145 mAh g 1 for 0PA and 150 mAh g 1 for 
4PA, capacity retention of, respectively, 82.8% and 94.7% are obtained 
once more highlighting the superior performance of the 4PA electrodes. 

The comparison of the voltage profiles at the different C rates (Fig. 2 
c,d) shows as the superior rate capability of the 4PA electrodes origi-
nates from a substantially lower polarization ΔE at elevated C rates (see 
also Fig. 2e for the direct comparison). At 2C, for instance, ΔE amounts 
to about 280 mV for the 0PA electrodes, while it is only 167 mV in the 
case of 4PA. At 7C it is around 330 mV for 4PA and almost three times as 
high for 0PA with more than 900 mV. In fact, a comparative EIS analysis 
shows that the cell resistance with the 0PA electrodes (66 Ω) is higher 
than of those with the 4PA electrodes (47 Ω) already in the pristine state 
(Fig. S1). Generally, these results show that the addition of PA and the 
consequent suppression of the aluminum corrosion is essential for 
obtaining good rate capability and cycling stability. It might be noted 
that the extensive polarization in the case of 0PA is not only detrimental 
to the performance, but has an important impact on the energy effi-
ciency, as any polarization leads to a significant loss in the form of heat 
[30]. The inferior rate capability and cycling stability of 0PA electrodes 
is also evidenced during the further constant current cycling at 4C 
(Fig. 2f). After an initial decrease in both cases, the specific capacity 
stabilizes at about 120 mAh g 1 for 4PA, which is well maintained also 
after 200 cycles, while it steadily decreases from about 90 mAh g 1 at 
the 10th cycle to about 70 mAh g 1 after 200 cycles for 0PA. 

Fig. 1. (a) Evolution of the pH value of aqueous LTO slurries in absence of PA (0PA) or in presence of varying amounts of PA (1PA, 2PA, 3PA, and 4PA) as a function 
of time during ball milling. (b–d) SEM micrographs of pristine LTO-based electrodes prepared (b) without adding PA (0PA), and with (c) 1PA and (d) 4PA. 
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It is worth noting that the rate capability of the 4PA electrodes (see 
Fig. 2a) is superior to a previous study on micrometer-sized LTO parti-
cles [2] despite the higher mass loading used herein. To further inves-
tigate this different behavior, the electrodes were subjected to CV 
experiments (Fig. 2 g,h). Fig. 2g shows the comparison of the first cyclic 
sweep. Both cells reveal the characteristic redox peak couple associated 
with the reversible phase transition from spinel Li4Ti5O12 to rock-salt 
Li7Ti5O12 upon lithium insertion [31–33]. The current intensity, how-
ever, is clearly higher for 4PA, while the peak separation is smaller, 
indicating favourable de-/lithiation kinetics and higher reversibility. For 
0PA, the maximum of the cathodic peak (φc) is located at around 1.37 V 
and the anodic peak (φa) shows its maximum at 1.73 V, resulting in a 
peak separation Δφ (φa-φc) of 360 mV. In the case of 4PA, the φa is 1.69 
V and φc is 1.42 V, leading to a peak separation Δφ of 270 mV, which is 
substantially smaller than for 0PA. In the second cyclic sweep, Δφ in-
creases for 0PA to 410 mV, while it decreases for 4PA to about 230 mV, i. 
e., roughly half the value. This difference in peak separation is in good 
agreement with the greater polarization observed for 0PA during the 
galvanostatic experiments and underlines the beneficial impact of add-
ing PA to the electrode slurry. 

One reason might be the slightly reduced lithium leaching when PA 
is present in the slurry, 0.71 mg (0PA) versus 0.63 mg (4PA) were 
determined by ICP-OES analysis of the slurry’s liquid phase, in line with 
previous studies on other lithium-containing active materials [20,34]. 
The loss of lithium at the particle surface might especially have a 
negative impact on the charge transfer at the particle|electrolyte inter-
face [35]. Another reason might be the extensive film formation on the 
0PA electrode upon cycling as highlighted by ex situ SEM (Fig. 3a and 
S2). These certainly add to the polarization, charge transfer resistance, 
and capacity fading. In the case of 4PA, such a surface film and particle 
cracking are not observed (Fig. 3b). Instead, the ex situ SEM analysis of 
the cycled 4PA electrodes reveals another rather surprising finding: 
relatively large rod-shaped particles with a diameter in the sub-
micrometer range and length of several micrometers (Fig. 3c). Such 
particle shape is not observed for the pristine LTO powder (Fig. S3), 
neither for the cycled 0PA electrodes. 

Accordingly, a more careful evaluation of pristine (Fig. 4) and cycled 
(Fig. 5) 4PA electrodes via SEM coupled with EDX mapping was per-
formed, showing that a relatively large number of such rod-shaped 
particles, which appear to be of rather high crystallinity with regard 

Fig. 2. Electrochemical characterization of 0PA-type and 4PA-type LTO electrodes with lithium metal counter electrodes: (a–e) Galvanostatic cycling at varying C 
rates with 5 cycles at each C rate, i.e., 0.1C, 0.2C, 0.5C, 1C, 2C, 4C, 7C, and 10C, followed by 160 cycles at 1C (cut-off voltages: 1.0 V and 2.5 V), with (a) the plot of 
the specific charge capacity vs. the cycle number, (b) the plot of the specific capacity vs. the C rate (always for the 5th cycle at each C rate), (c,d) the plot of the 
corresponding dis-/charge profiles for (c) 0PA and (d) 4PA, and (e) the plot of the polarization ΔE vs. the C rate (ΔE is defined as the difference between two voltage 
plateaus). (f) Galvanostatic cycling at a constant C rate of 4C for 200 cycles after two initial cycles at 0.1C. (g,h) Cyclic voltammetry experiments with panel (g) 
showing the comparison of the first cyclic sweep and (h) the second cyclic sweep. 
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to the clear edges and tips (Fig. 4b), is present. Moreover, phosphorus is 
essentially concentrated in these rod-shaped particles. The comparison 
of the P and Ti distribution also reveals a large overlap of the two ele-
ments (in addition to oxygen). However, the P and Ti overlap is not 
perfect, meaning that some of the P-containing particles do not show a 
significant concentration of titanium. This is particularly apparent in 
Fig. 5a in the upper left corner, for instance. 

Given the information provided by SEM/EDX we may assume that 
the formation of the large rod-shaped particles is a general phenomenon 
for the 4PA electrodes. To further investigate the nature of these rod- 
shaped particles forming upon electrode preparation when PA is 

added into the slurry, a comprehensive characterization of the pristine 
electrodes via XRD (Fig. 6), XPS (Fig. 7), and ATR-IR (Fig. 8) was con-
ducted. The refined XRD pattern of the pristine LTO powder is presented 
in Fig. S4 and the retrieved lattice parameter, atomic distances, and 
positions are provided in Table S1. The analysis shows a phase-pure 
spinel-structure material. The comparison of the XRD patterns recor-
ded for the 0PA and the 4PA electrodes (Fig. 6 a,b) with the XRD pattern 
recorded for the pristine material (Figs. S4 and 6b) reveals three addi-
tional very broad reflections for the 0PA electrode at about 28.3◦, 30.2◦, 
and 31.5◦ (marked by asterisks), which are matching fairly well, for 
instance, with the PDF references no. 01–075–4926 (28.3◦) and 

Fig. 3. Ex situ SEM micrographs of cycled LTO electrodes: (a) 0PA at a magnification of 30kx; (b,c) 4PA at a magnification of (b) 50kx and (c) 30kx (for the cycling 
procedure, see Fig. 2a). 

Fig. 4. SEM/EDX analysis of pristine 4PA-type LTO electrodes at a (a) lower and (b) higher magnification with a mapping of oxygen, phosphorus, and titanium (from 
left to right). 

Fig. 5. SEM/EDX analysis of cycled 4PA-type LTO electrodes (see Fig. 2a for the cycling procedure) at a (a) lower and (b) higher magnification with a mapping of 
oxygen, phosphorus, and titanium (from left to right). 
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00–023–1009 (31.5◦) for AlO(OH) and Al2O3, respectively, suggesting 
that these are related to aluminum corrosion products [36]. These 
corrosion-related reflections are absent for the 4PA electrodes, which is 
in good agreement with the absence of corrosion-related craters in the 
electrode coating (Fig. 1). However, instead four additional, 
low-intensity reflections at 16.9◦, 22.3◦, 23.3◦, and 24.9◦ 2θ angles were 
observed in the case of 4PA (see Fig. 6b for the magnification; the 
additional reflections are marked by crosses). These additional re-
flections are matching well with the PDF reference no. 01–084–0003 for 
Li3PO4. The Rietveld refinement of the XRD pattern obtained for the 4PA 
electrodes is presented in Fig. 6c and the retrieved lattice parameter, 
atomic distances, and positions are provided in Table S2; the latter are 
not considering the presence of the Li3PO4-related reflections. Gener-
ally, the results are in good agreement with the structural model for 
cubic (space group: Fd-3 m) LTO [29], indicating that the bulk LTO 
phase was not affected by the addition of PA. The refinement also shows 
that there is an appreciable amount of Li3PO4 formed. This suggests that 
the reduced amount of lithium in the liquid phase detected by the 
ICP-OES analysis results from the lithium “trapping” within the poorly 
water-soluble, solid Li3PO4 phase. Moreover, the rather large amount of 

Fig. 6. (a) Comparison of the XRD patterns recorded for the pristine 0PA- and 4PA-type electrodes. (b) Magnification of the 2θ region from 21◦ to 33◦, as highlighted 
in (a). (c) Result of the Rietveld refinement of the XRD pattern recorded for the 4PA-type electrode (the intensity is plotted in the log scale to increase the visibility of 
the Li3PO4-related reflections). 

Fig. 7. XPS P 2p photoelectron region for the pristine 4PA-type LTO electrodes.  
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lithium phosphate formed suggests that the addition of PA favors, in 
fact, lithium dissolution from the LTO phase to a certain extent. None-
theless, the specific capacity remains essentially unaffected at low C 
rates. The first cycle Coulombic efficiency of the 4PA electrode (97%) is 
slightly lower than that of the 0PA (99%), which may result from the 
electrochemical “re-lithiation” to a certain extent. 

The XPS analysis of the 4PA electrodes in the P 2p region further 
corroborates the presence of Li3PO4 (Fig. 7). However, the fitting also 
suggests the presence of mixed LixHyPO4 (with x + y ≈ 3) phases, with 
the “lithium-rich” phosphate phase showing slightly lower binding en-
ergies (Li2HPO4/Li3PO4; P 2p3/2: 133.8 eV) and the “lithium-poor” 
phase showing higher binding energies (H3PO4/LiH2PO4; P 2p3/2: 134.6 
eV) [22,37,38]. Additionally, the XPS data indicate the presence of a 
titanium-containing phosphate phase (Ti-P-O; P 2p3/2: 136.1 eV), which 
is in agreement with the SEM/EDX data (Figs 4 and 5). The absence of 
any related reflections in the XRD pattern suggests that this phase is 
mostly amorphous or present only in small amounts at the surface and, 
thus, not detectable by XRD. 

ATR-IR analysis of 4PA (Fig. 8) clearly revealed a broad band with 
several peaks at 1101, 1061, and 1024 cm 1 when using 0PA as the 
reference. This suggests the presence of overlapping P-O vibration bands 
and it is in fairly good agreement with the previously reported range of 
P-O vibration of lithium titanium phosphate [39]. It is interesting to note
that lithium titanium phosphate with a rhombohedral or orthorhombic 
structure and also α-TiPO4 have been reported earlier as potential 
electrode active material with a specific capacity of up to about 120 mAh 
g 1 [40–42]. The (lithium) titanium phosphate formed herein, however, 
appears to be electrochemically inactive, as the CV data (Fig. 2g,h) do 
not show any redox feature in the expected potential range from 1 to 3 V 
[40–42], which might be related to its amorphous nature. The impact of 
the presence of this phase (if any – apart from the trapping of lithium 
and titanium during the electrode preparation and the resulting pH 
buffering effect) needs to be further understood – just like the presence 
of Li3PO4. The incorporation of the latter into the electrode has been 
shown to be advantageous already for the electrochemical performance 
of several active materials, including LNMO [43], LiFePO4 [44], Li2Fe-
SiO4 [45], Bi [46], and also LTO/TiO2 composite microelectrodes [47], 
and assigned to its good ionic conductivity and enhanced charge 
transport kinetics. While a detailed understanding of the beneficial 
impact is still missing, to the best of our knowledge, the results reported 
herein (and in the aforementioned previous studies) and the finding that 
this phase is formed during the aqueous electrode preparation of 
lithium-containing active materials underlines the importance of dedi-
cated in-depth future studies. 

4. Conclusion

The addition of phosphoric acid (PA) to the aqueous electrode slurry
containing Li4Ti5O12 (LTO) supresses the aluminum current collector 
corrosion and leads to a superior cycling performance of such electrodes 
in terms of de-/lithiation kinetics and cycling stability. These enable a 
very good rate capability of the utilized micrometer-sized LTO particles. 
Most interestingly, the phosphate anion plays a decisive role in reducing 
the amount of lithium in the liquid phase. The leached lithium is, in fact, 
“trapped” in the formed rod-shaped lithium (titanium) phosphate par-
ticles that are found in the pristine and cycled LTO electrodes. The 
precise impact of these additional phases formed during the electrode 
preparation remains to be fully understood. Nonetheless, this finding 
highlights the need to carefully adjust the electrode slurry composition 
when adding acids to the aqueous electrode slurry to suppress the 
aluminum corrosion. We may, thus, anticipate that the findings reported 
herein will contribute to the eventual transition to the water-based 
electrodes processing by improving the understanding of the in-
teractions of the active material and electrode slurry’s additives. 
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