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ABSTRACT 

 

Lithium titanium oxide spinel (Li4Ti5O12, LTO) is a promising anode material in terms of a very small 

volume change during cycling, an excellent cycling stability and a relatively high operating voltage ca. 

1.55 V vs. Li/Li
+
 providing better safety characteristics. However, recent studies show that cells 

constructed with LTO produce gas (mainly H2, CO2 and CO) during cycling and storage. This gas 

formation is related with interactions between the electrode (surface) and the electrolyte. 

The interactions between the Li4Ti5O12 electrode and the electrolyte have been investigated by in-situ 

Fourier transform infrared (FTIR) spectroscopy and cyclic voltammetry. Absorbance band changes on 

charge and discharge have been identified, and interpreted by five processes which are related to 

concentration changes in the electrolyte. New compounds, which might have formed due to 

electrolyte decomposition, could not be identified. 

In-situ pressure measurements during cyclic voltammetry experiments have been carried out with 

LTO/Li half cells and Li4Ti5O12/LiFePO4 (LTO/LFP) full cells. In all cases the gas formation starts 

immediately after the start of the test, at potentials before the actual charging of LTO is started. The 

gassing rate immediately after charge is slightly higher than the rate before the corresponding charge 

process, whereas the rate slightly decreases after discharge compared to that before the discharge 

process. For the LTO/Li half cell a sudden pressure decrease was observed on charge and an increase 

on discharge, which can be explained by the dissolution and deposition of the lithium metal counter 

electrode, respectively.  
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INTRODUCTION 

1.1. Lithium-ion Batteries 

Lithium-ion batteries have been exploited in portable devices such as cellular phones and laptops for 

more than 20 years and they are now facing to be introduced into automotive industries. High specific 

energy (theoretically 387 Wh kg
-1

) and energy density (theoretically, 1015 Wh l
-1

) [1] of lithium-ion 

batteries (based on the cell chemistry: ½ C6Li+Li0.5CoO2↔3C+LiCoO2) are the main advantage 

compared to other battery technologies such as lead-acid, Ni-Cd and Ni-MH. Lithium-ion batteries are 

generally composed of electro-active materials (electrodes), electrolyte and separators. General 

construction of lithium-ion batteries is shown in Figure 1. Thin porous layers (60 to 90 μm) of an 

active material with a polymer binder such as polyvinylidene fluoride (PVdF) are coated on a current 

collector. An approximately 20 μm thick Al foil is usually used as a current collector for the positive 

electrode, whereas a copper foil of the same thickness is used for the negative electrode [2]. To 

enhance electronic conductivity a conductive additive such as carbon black is usually added. The 

positive and negative electrodes are separated by thin microporous separators. The thickness of the 

cell assembly is typically about 400 μm [2]. 

 

 

Figure 1. Schematic representation of a construction of lithium-ion batteries [3]. 
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For practical cells, carbons (or more specifically graphites) are widely used as the negative electrode 

because they exhibit both higher specific charges (372 Ah kg
-1

) and more negative charge/discharge 

potentials than most metal oxides and also show better cycling performance due to their dimensional 

stability [2]. Dioxides of the transition metals (e.g. LiCoO2 or LiNiO2) have been selected for the 

positive electrode materials. In particular, the use of LiCoO2 was first suggested as the positive 

electrode in 1980 [4]. The Li/LixCoO2 cells exhibit very high voltages with open circuit voltage (OCV) 

in the range of 3.9 to 4.7 V for stoichiometries of 0.07 < x < 1 and a very high specific energy of ca. 

1070 Wh kg
-1

. One or more lithium salts in mixtures of two or more solvent are the general 

composition of electrolytes because any individual solvent can hardly fulfill the diverse and often 

contradicting requirements (e.g. high fluidity versus high dielectric constant). The mixture of ethylene 

carbonate (EC) with one or more linear carbonates (e.g. dimethyl carbonate, DMC) is a choice of the 

electrolyte solvent used in lithium ion industries [5]. Among the numerous salts lithium 

hexafluorophosphate (LiPF6) was successfully commercialized due to the combination of a series of 

well-balanced properties with conductivity, dissociation constant, mobility, passivation of the Al 

current collector and so on [5].  

Figure 2 illustrates the working principle of the lithium-ion battery that consists of graphite, LiCoO2 

and LiPF6 in a mixture of EC and DMC. When the cell is constructed, it is in the discharged state. 

Then, lithium ions move from the positive electrode through the electrolyte and are inserted between 

the layers in graphite. This process is called ‘intercalation’ (insertion with a 2-dimensional character). 

Electrons also flow from the positive electrode to the negative electrode via the external circuit. 

Electrochemically speaking, graphite is reduced and combined with lithium ions and electrons, 

theoretically producing LiC6. The cell voltage becomes higher on charge as the potential of the 

positive electrode rises and that of the negative electrode decreases [6]. When an electric load is 

applied between two electrodes, lithium ions move in opposite direction passing through an 
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electrolyte and the cell is discharged. Electrons also flow in opposite direction along with the external 

circuit from the negative to positive electrode. In this case graphite is oxidized and LiCoO2 is reduced. 

For batteries “anode” and “cathode” nomenclature is generally based on the process of discharge. 

Therefore graphite and LiCoO2 are named as anode and cathode, respectively.  

 

Figure 2. The working principle of lithium ion batteries constructed with graphite and LiCoO2 

electrodes [3]. 

 

1.2. Li4Ti5O12 as an Alternative Anode 

Most production of lithium ion batteries still relies on a graphite anode and a lithium cobalt oxide or 

lithium nickel manganese cobalt oxide cathode, separated by a liquid electrolyte solution (e.g. LiPF6 

in ethylene carbonate and dimethyl carbonate) [7]. The operating potential of the graphite for lithium 

insertion/extraction is about 0.25-0.05 V vs. Li/Li
+
 and that of the LiCoO2 is about 3.7-4.2 V vs. 

Li/Li
+
. However, the stability window for commonly used organic electrolytes extends from about 0.8 

V to 4.5 V vs. Li/Li
+
, which is narrower than the potential gap defined by graphite and LiCoO2. The 

redox process at graphite, in particular, evolves outside this stability window. This makes the 
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graphite/LiCoO2 battery thermodynamically unstable in these electrolytes [7].  

A number of research efforts are directed to the replacement of the current components (graphite, 

LiCoO2 and alkyl carbonate electrolyte solution) of lithium ion batteries. Regarding anodes, one 

promising candidate is lithium titanium oxide (Li4Ti5O12, shortly LTO). LTO has a spinel structure 

(Li[Li1/3Ti5/3]O4), as shown in Figure 3. One-half of the octahedral sites are randomly occupied by 

lithium and titanium atoms and one-eighth of the tetrahedral sites are filled by lithium within the 

oxygen close packed lattice [8]. On charge three lithium ions are inserted, allowing a phase transition 

to Li7Ti5O12. The lithium ions coordinated in tetrahedral sites move to occupy adjacent octahedral 

sites, resulting in rock salt structure.  

 

Figure 3. (a) Li4Ti5O12 spinel structure. Blue tetrahedra represent lithium and green octahedra are 

disordered lithium and titanium. (b) Li7Ti5O12 rock salt structure. Blue octahedra represent lithium 

and green octahedra stand for disordered lithium and titanium [ref]. 

 

The LTO electrode is the attractive anode due to three reasons [9]. The first is associated with the 

solid electrolyte interphase (SEI) formation on graphite. LTO is regarded as a classical SEI-free 

electrode because the operating voltage of LTO is about 1.55 V vs. Li/Li
+
 and strong reductive 

decomposition of organic electrolytes does occur below 0.8 V vs. Li/Li
+
. Thus, the classical SEI may 

not be formed on the LTO electrode. The issue of lithium plating can also be solved due to the high 

redox potential of LTO. Last but not least, a volume change in LTO on charge and discharge is 
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minimized since the LTO is identified as a zero-strain material [10]. When lithium intercalation occurs 

into graphite, the interlayer distance increases by 10.3 % [2]. In contrast, a research shows that the 

change in unit cell volume is roughly 0.3 %. Therefore, almost no volume change is expected with a 

cycle life of several 10,000 cycles. LTO shows a significantly better cycling performance than 

graphite. Furthermore, compared to graphite, LTO exhibits a better thermal stability and safety.   

Due to the high working potential of 1.55 V vs. Li/Li
+
 and the low theoretical specific capacity of 175 

mAh/g, Li-ion cells with LTO as anode deliver low specific energy than Li-ion cells with graphite as 

anode. Nonetheless cells with LTO are still interesting for applications where high safety and 

reliability and long cycle life are required. 

One issue which needs to be resolved is gas formation when the battery is cycled and stored [11]. The 

gassing issues in literature will be reviewed in the next chapter.  

 

1.3. Gassing Behavior on LTO 

Gassing behavior of LTO paired with LiMn2O4 (LMO) was investigated by Belharouak et al. [12, 13] 

In their early publication, they compared LTO/LMO with graphite/LMO so that LTO is a superior 

material in terms of cycle-life and safety. A pouch cells with the capacity of ~10mAh were used and 

the cell discharge capacity for both LTO/LMO and graphite/LMO was compared after 500 cycles with 

6C rate at 55°C. LTO/LMO cell exhibited a 10% loss of its initial capacity, whereas graphite/LMO 

lost more than 40 % of its initial capacity. Safety issues were investigated by analyzing gaseous 

products generated in graphite/Li and LTO/Li half cells after the cells were discharged and then 

heated to 100°C for 12 hours. Graphite/Li cell produced a number of gaseous species mainly CO2 and 

H2 due to decomposition of the graphite SEI, while the fully discharged LTO half cell did not generate 

any gaseous decomposition products.  

However, in their next publication [13], they reported gaseous products mainly H2, CO2 and CO from 
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2 Ah pouch cell made of LTO/LMO. Calendar life testing was carried out at temperatures of 30, 45 

and 60°C for 5 months. The cells held at 30 and 45°C showed negligible capacity face after 5 months, 

while the cell held at 60°C lost 30% of its initial capacity (Figure 4). 

(a) 

 

(b) 

 

Figure 4. (a) Variation of capacity of LTO/LMO cells held at 30, 45 and 60°C for 5 months. (b) The 

relative amount of gases collected from LTO/LMO cells after 5 months [13]. 

 

The noticeable amount of gas inside the pouch cell was also identified after 5 months of storage. The 

relative amount of gaseous products collected from the tested cells are shown in Figure 4(b).The 

amount of gas was greater in the cell held at higher temperature. Hydrogen is the most abundant gas 

identified in all cells. They postulate that the predominant hydrogen as well as other gaseous species 

was attributed to electrolyte decomposition. 

Bernhard et al. [14] investigated gassing behavior of LTO/LMO full cell and LTO/Li half cell with 

different water content in electrolytes. They reported that more hydrogen was evolved when the water 

content in the electrolyte increased from 20 to 4,000 and then, 40,000 ppm. They concluded that the 

hydrogen evolution may come from water reduction on the LTO electrode. They also claimed that a 

reverse reaction of hydrogen formation is likely to occur on the LFP electrode. This may cause a 

larger amount of hydrogen that was observed in LTO/Li half cell due to the absence of the LFP 

electrode when 40,000 ppm water was added. Quantitative analysis of evolved hydrogen was done by 

differential electrochemical mass spectrometry (DEMS) and compared with the theoretical amount of 
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hydrogen which one would expect from complete water reduction. As a high potential electrode (LFP) 

required for hydrogen oxidation was absent in the LTO/Li half cell, more than twice hydrogen gas (63 

μmol) was observed in the half cell than the LTO/LFP full cell (40,000 ppm), as shown in Table 1. 

However, comparable amounts of hydrogen were detected in both half and full cell when water was 

not intentionally added (20 ppm). According to the authors, a slightly larger amount of hydrogen 

would have been produced at least in LTO/Li half cell due to the absence of the hydrogen consuming 

source (i.e. the LFP positive electrode).  

 

Table 1. An analysis of LTI/Li and LTO/LFP cells by DEMS. H2O content in electrolyte and total 

amount of H2 generated after the charge/discharge cycle nH2(ch./disch.) and after charge nH2(charge) 

[14]. 

Cell type 
H2O content in Electrolyte nH2(ch./disch.) nH2(charge) 

ppm μmol μmol μmol 

LTO/LFP 20 0.09 0.51 0.37 

LTO/LFP 4000 18 7.4 7.1 

LTO/LFP 40000 180 31 31 

LTO/Li 20 0.09 0.47 0.33 

LTO/Li 40000 180 67 63 

 

CO2 can be formed in a side reaction of H2O reduction. Along with H2 also hydroxyl ions are formed 

which can then react with electrolyte solvent molecules and start a decomposition reaction that finally 

release CO2. Bernhard et al. suggested another mechanism for carbon dioxide evolution in the 

presence of water, related with the LFP cathode. They reported that CO2 was not detected in both 

LTO/LFP and LTO/Li cells when water was not intentionally added (20 ppm). When the electrolyte 

contained 4,000 ppm H2O, however, the LTO/LFP cell generated carbon dioxide as well as hydrogen. 

They suggested that this CO2 may stem from carbon (from either conductive additives or carbon 

coating on LFP) oxidation occurring on the LFP positive electrode. An oxidation of the electrolyte at 

the LFP electrode can be excluded because anodic oxidation of water-free alkyl carbonates takes place 

at a potential of 4.5 V or higher versus Li/Li
+
 and the potential of LFP electrode was just around 3.5 V 
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vs. Li/Li
+
. The redox potential of the CO2/C couple is +0.207 V vs. standard hydrogen electrode 

(SHE), which is of course depending on pH value, but the redox potential of CO2/C is always lower 

than that of FePO4/LiFePO4 regardless of pH (see Figure 5). This makes the current observation of 

CO2 feasible and understandable from carbon oxidation, but not from the decomposition of alkyl 

carbonates. They found that although the exact data was not given, CO2 evolution was much smaller 

in the LTO/Li half cell due to the absence of the positive electrode (i.e. LFP) that is required for 

carbon oxidation. The small amount of CO2 formed in the LTO/Li half cell may be generated by 

electrolyte decomposition supported by water or OH
-
 ions.  

 

Figure 5. The standard hydrogen potential versus pH for different redox couples [14]. 

 

He et al. [11] reported a comprehensive study of gas formation in LTO electrode. In contrast to 

previous two researches, they even tested LTO powder soaked in a variety of solvents and electrolytes 

and found carbon dioxide as the only gas produced after 3 months. When the LTO/NCM 

[Li(Ni1/3Co1/3Mn1/3)O2] cells are cycled, H2, CO2 and CO are the main gaseous products, which is 

consistent with the result by Belharouak et al. They interpreted that hydrogen may come from the 

dehydrogenation of the alkoxy group in solvents promoted by LTO on charge and discharge. Carbon 
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dioxide produced is probably associated with the decarboxylation reaction of solvents initiated by the 

terminated ions of LTO. In case of CO generation the intermediates of solvent dehydrogenation can 

accept electrons and lithium ions, resulting in the decarbonylation reactions and CO formation (see 

Figure 6). 

 

Figure 6. Suggested mechanisms for gas generation in LTO electrode [11]. 

 

Wu et al. studied lithium insertion/extraction processes of the LTO electrode by using electrochemical 

impedance spectroscopy (EIS) [15]. On the first discharge (i.e. lithium extraction out of LTO) they 

found that low frequency semicircle (LFS) in Nyquist plot turned into two joint semicircles. Wu et al. 

interpreted this observation in a way that some side reactions occur above 1.55 V vs. Li/Li
+
 as well as 

the lithium extraction processes. It was concluded that this side reaction is only related to gas 

generation with mainly hydrogen via the following reaction 

             
 

 
   

They concluded that the gas formation in the LTO electrode mainly takes place in the potential 

between 1.55 and 1.75 V vs. Li/Li
+
 on discharge. However, this conclusion is rather conflicting to the 

results obtained by Bernhard et al. because hydrogen and CO2 were detected in their cells on charge. 

These contrary results might be partly explained by different amount of H2O used in their experiments. 
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According to Wu et al.’s EIS results and some literature surveys, they suggested a modified model to 

describe lithium insertion and extraction mechanism of LTO (Figure 7). On charge the ionic 

conduction begins first through electrolyte and lithium ions arrive to the surface of LTO electrode. To 

balance the charge neutrality, electrons pass over conductive agents and hop on the surface of LTO. 

Charge transfer reaction now occurs and lithium ion diffusion proceeds. Finally, the spinel structure of 

LTO is transformed to rock salt, that is phase transformation. On discharge all described mechanisms 

take place in opposite way, but an additional reaction is involved. Solvent molecule is absorbed on the 

LTO electrode and hydrogen will be evolved. This side reaction consumes electrons.  

 

Figure 7. Schematic diagram of electrode surface and phase transformation mechanism [15]. 
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1.4. Objective 

The Aim of this work is to identify when (at which potential) and at how (by which reaction 

mechanisms) gassing of LTO in 1M LiPF6/EC:DMC (1:1 wt.) occurs by in-situ FTIR and in-situ 

pressure measurements. By carefully looking at infrared spectra at different potentials substances that 

may be formed or consumed should be identified. In-situ pressure measurements may provide 

complementary results to infrared spectra and help to quantify the amount of formed gas. 

In this study sub-micrometer sized LTO and LiPF6/EC:DMC (1:1 wt.) are used to investigate surface 

reactions on LTO electrode and gassing behavior. In-situ infrared spectroscopy combined with cyclic 

voltammetry enables to carefully look at substances formed or consumed on the electrode depending 

on working potential. IR band changes on charge and discharge were identified by five possible 

processes in electrolytes. Carbon dioxide band was not observed in any cycle. This may reflect that 

the LTO electrode and electrolyte only contained trace amounts of water. The extent of gas evolution 

was investigated by using a specially designed sandwich-type test cell and pressure sensor. Pressure 

fluctuations on charge and discharge were carefully identified and understood. 
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THEORY 

2.1. Infrared (IR) Spectroscopy 

Each atom can move independently along each of the axes of a Cartesian coordinate system, and it 

has three degrees of freedom. If a molecule is composed of n atoms, there are 3n degrees of motional 

freedom. Three of the degrees are the translational motions in that all atoms in a molecule move in the 

same direction at the same time. This does not change the distance between atoms. Another three 

degrees are the rotational motions that also do not change the interval between atoms. The rest of the 

degrees of freedom 3n – 6 are the motions that affect on the distance by changing either the lengths of 

the atomic bonds or the angles between the bonds. Since the bonds are assumed as a mechanical 

spring and they are elastic, periodic motions, the molecular vibrations, takes place. [16] 

If two atoms with the masses m1 and m2 constitute a diatomic molecule and the bond between them is 

assumed as a mechanical spring, the strength of the bond can be described by Hooke’s law. 

Furthermore, the frequency of the vibrations of the diatomic molecule is obtained as following 

equation [16] 

 

  
 

  
   

 

  
 

 

  
   

where f is the force constant of the bonds and m1 and m2 are the masses of the individual atoms. The 

frequency ν is given in Hz (s
-1

). In vibrational spectroscopy it is common that the frequency is 

measured in wavenumber k units (waves per unit length), that is the reciprocal wavelength 

 

  
 

 
 

 

 
  

where c is the light velocity in vacuum and λ the wavelength of the light. Usually, the following 

notation is used to express the wavenumber k 
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The infrared region is spanned by the near infrared (NIR) from 12500 cm
-1

 (λ = 800 nm) to 4000 cm
-1

 

(2.5 μm), the mid infrared (MIR) from 4000 cm
-1

 (2.5 μm) to 400 cm
-1

 (25 μm) and the far infrared 

(FIR) from 400 cm
-1

 (25 μm) to 10 cm
-1

 (1 mm). This region (NIR, MIR and FIR) comprises 

fundamental vibrations of a molecule [17]. When the molecule is irradiated with a continuous 

spectrum of the infrared radiation and it absorbs an amount of energy, the molecule reaches a 

vibrationally excited state. The spectrum of the remaining radiation shows an absorption band at a 

frequency ν of the corresponding energy [16]. However, the interaction of infrared radiation with a 

vibrating molecule is only possible if the electric vector of the radiation field oscillates with the same 

frequency as acted on the molecular dipole moment [16]. The condition where a vibration is infrared 

active is that the dipole moment is changed by the normal vibration as follows 

 

 
  

  
 
 

    

where μ is the molecular dipole moment and q the normal coordinate describing the motion of the 

atoms during a normal vibration [16]. 

The vibrational movements are divided into stretching vibrations (changes of bond length) and 

deformation vibrations (changes of bond angles). The latter can be subdivided into bending, twisting 

or torsion, wagging and rocking modes. Further subdivision may refer to the symmetry of the 

vibration that correspond to symmetric or anti-symmetric and in-plane or out-of-plane. Characteristic 

vibrations are used for qualitative analysis of polyatomic molecules. The vibrations occur usually 

between 4000 and 1500 cm
-1

 in organic compounds. If a compound contains heavy atoms (i.e. 

inorganic compounds), it may exhibit characteristic vibrations at much lower frequencies. The 

characteristic vibrations are mostly based on stretching vibrations, which are localized in and are 

characteristic of typical functional groups [17].  
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Transmission measurement is the most widely used technique as it is simple and can be applied to 

gases, liquids and solids [17]. Moreover, the standard format of an IR spectrum is transmittance T (%) 

versus wavenumber. When the incident light interacts with a sample, the intensity of the incident light 

I0 may partly be reflected at optical interfaces (IR), be scattered (IS) and be absorbed in the sample (IA), 

and then the rest of it will be transmitted (IT). In the transmission mode I0 and IT are measured and it is 

aimed that the remaining intensities are close to zero by the proper sample preparation [17]. 

 

2.2. Measurement Technique: Attenuated Total Reflection (ATR) 

Reflection measurements at optically flat interfaces can be carried out in either external or internal 

reflection configuration. If light propagates within the optically rare medium, this is the configuration 

of external reflection. On the other hand, light propagates within the dense medium in the 

configuration of internal reflection. When the incident light enters the dense medium beyond the 

critical angle, total reflection occurs at the interface. Upon total reflection, the electromagnetic wave 

E0 propagates through the optical interface and generates an evanescent field shown in Figure 8. The 

evanescent field is a non-transverse wave along the optical surface and penetrates the rare medium. 

The penetration depth of the evanescent field is expressed as follows 

 
   

  

            
  
  

 
 
 

 

where λ0 is the wavelength of the light in vacuum, n1 the refractive index of the dense medium, n2 the 

refractive index of the rare medium, α angle of incidence. In the infrared range the penetration depth 

is in the order of a few tenths of the wavelength (between 0.5 and 10 μm).  

ATR techniques are similar to the conventional absorption spectrum measurement except the band 

intensities at longer wavelengths. The evanescent wave penetrates deeper into the sample at longer 

wavelengths. A single-reflection or a multi-reflection can be used depending on sampling. The main 



15 

 

advantage of the ATRs is the versatility in terms of a variety of samples. This is suitable for studying 

films, coatings, powders, threads, adhesives, polymers and aqueous samples [17].  

 

Figure 8. Schematic representation of the evanescent field penetrating the rare medium. E0 and ER are 

the amplitude of incident and reflected wave, respectively. The indexes of refraction of the dense and 

rare medium are denoted as n1 and n2, respectively [17]. 

 

2.3. In-situ Fourier Transform Infrared (FTIR) Spectroscopy  

The general constitution of Fourier transform spectrometers is shown in Figure 9. The most important 

component is Michelson interferometer that is consisted of a beam splitter and two flat mirrors. Most 

common beam splitters for mid infrared measurement are made of KBr with a multilayer coating. A 

collimated infrared beam is directed to the beam splitter that divides the beam into two parts of equal 

intensity. The divided beams are then reflected by the fixed and the movable mirrors back to the beam 

splitter where they are recombined and interfere. The movable mirror can cause changes in the 

pathlength between the two beams by being moved along the interferometer arm. Therefore the 

conditions for constructive and destructive interference are fulfilled. The recombined beam passes 

through the sample and reaches to the detector. 
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Figure 9. Schematic diagram of an FTIR spectrometer [17]. 

 

Now, the obtained infrared interferogram (intensity versus time) is converted to an infrared spectrum 

(intensity versus frequency) by a mathematical procedure called Fourier transformation. This 

technique significantly reduces the measurement time compared to dispersive spectrometers. The 

second advantage of FTIR spectrometer is the so-called Jaquinot advantage. This increases the optical 

throughput, and a linear increase in the light intensity leads to a quadratic increase in the signal-to-

noise ratio [16]. 

The standard detector in FTIR spectrometers is the pyroelectric DTGS (deuterated triglycine sulfate) 

detector. This was also the detector used in this work. The response of the detector in the MIR range is 

wavelength independent. The DTGS detector operates at room temperature and exhibits good linearity 

across the whole transmittance scale. As the detector responds to signal frequencies of up to several 

thousand hertz, a scan of one spectrum at a resolution of 4 cm
-1

 only takes in the order of 1 s [17]. 
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2.4. IR Data Evaluation by SNIFTIRS 

In-situ FTIR spectroscopy provides a very useful tool for characterizing the electrode-solution 

interface at a molecular level with time [18]. In this technique the ratio (R0-R1)/R0 is computed, where 

R0 and R1 are reflectance at the two potentials. This is also named subtractively normalized Fourier 

transform infrared spectroscopy (SNIFTIRS). It is expected that positive- and negative-going features 

are obtained, depending on whether R0 > R1 or R0 < R1 (i.e. on whether a substance is formed or 

consumed at the potential of spectrum R1). In this work, however, the ratio (A1-A0)/A0 is used instead, 

where A0 and A1 are absorbance at different potentials, because it is more familiar with normal IR 

spectra with absorbance scale.  

If a substance is formed at a potential and it absorbs IR beam (A1>A0), the reflectance at the potential 

will be reduced (R0>R1), leading to a positive-going feature in both (R0-R1)/R0 and (A1-A0)/A0. When 

a negative-going band is shown, this indicates that the original substance is consumed with time.  

However, it is worth to mention that some authors [19-21] compute the difference (R1-R0)/R0 or 

simply the ratio R1/R0. If this is the case, a negative-going band stands for that a substance is formed. 

The authors also interpret in this case that a positive-going band directly reflects the vibration of an 

original substance existing in the initial state.  

 

2.5. Cell Design 

A special in-situ IR cell which has been developed at ZSW [22] was used in this study. The schematic 

illustration of the cell is shown in Figure 10. This is hermetically sealed for the use in environment 

free from water and oxygen. A cell body is made by polypropylene (PP) having a main cavity in the 

center where the electrode assembly is inserted. From bottom to top a counter electrode (CE), two 

separators, working electrode and aluminum current collector are stacked up together (Figure 10). The 

bottom CE is sat on a stainless steel current collector. A micrometer screw is installed on the bottom to 
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push the electrode assembly up later on. An optical prism made by CaF2 is placed on top of the 

electrode assembly. Lithium metal is used as a reference electrode. A tiny piece of lithium is loaded on 

the tip of a reference screw and it gently touches a tail of the second separator. Another screw and O-

ring are placed at the opposite side, which plays a role to tightly hold aluminum current collector by 

fixing the tail of the collector.  

 

Figure 10. Schematic illustration of the in-situ cell and the individual components in the cell for 

infrared measurements. 

 

Once the components are assembled, a defined amount of electrolyte (0.2 ml) is injected into the in-

situ cell. Afterwards the electrode assembly is pushed against the optical prism by tightening the 

micrometer screw. By using this cell combining with the IR spectrometer the reaction occurring on 

the back-side of the electrode can be probed. Also, both half- and full-cell measurements can be 

carried out. Possible disadvantages are that the nature between the electrode and separator may differ 

from that on the back-side of the electrode. Moreover, IR spectra might be delayed to electrochemical 

signal. 
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2.6. Gassing Cell 

A commercially available in-situ gassing test cell ECC-Press DL (EL-Cell GmbH) consisting of a 

sandwich-type test cell (EL-Cell Ref) with a pressure sensor was used to investigate gassing of LTO. 

A schematic diagram of the cell is shown in Figure 11(a). Going from bottom to top, lithium counter 

electrode, two separators and LTO working electrode are placed in stack. A lithium reference 

electrode is inserted from the side into a region where two separators are (Figure 11(b)), which may 

touch or come closer to the separators. A defined amount of electrolyte (ca. 0.2 ml) was used in all 

measurement. All components are immersed in the electrolyte. If the cell components are completely 

installed, the dead volume inside the cell is 3.024 ml that can be further used to estimate a pressure 

change during battery cycling. A measuring range of pressure is between 0 to 2.5 bar. Temperature, 

potentials and current can also be monitored.  

 

(a) 
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(b) 

 

Figure 11. Schematic representation of (a) in-situ gassing test cell (ECC-Press DL) [23] and (b) the 

structure inside the cell [24]. 
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EXPERIMENTAL 

3.1. Electrode Preparation 

Lithium titanium oxide (Li4Ti5O12) powder was obtained from Clariant International Ltd. and used as 

received. Conductive carbon black (SuperPLi, Timcal), PVDF (Solef5130, Solvay Solexis) and N-

methyl pyrrolidone (NMP, Sigma-Aldrich) were used as received. A binder solution was prepared by 

mixing PVDF and NMP at a 5:95 weight ratio. This solution was stirred by using a magnetic stir bar 

for more than 6 hours, resulting in a transparent viscous liquid. Once the binder solution was made, it 

was stored in a refrigerator to avoid ageing promoted by ambient temperature, and this is further used 

in several slurry preparations. Working electrodes were prepared by vigorously mixing LTO, carbon 

black (when needed) and the binder solution with a magnetic stirrer (800 rpm or more) for 4 hours. To 

adjust the slurry viscosity further, NMP was added to the mixture until the magnetic stir bar could 

move smoothly.  

In this work two coating methods were used, namely free-standing and aluminum-supported. The 

free-standing films are not supported by a current collector and only used in in-situ IR cell. Al-

supported films are only used in the gassing cell (EL-Cell Ref). In free-standing case, the slurry was 

blade-coated (doctor blade) with a set wet-film thickness of 350 μm between the bottom and blade 

onto a glass substrate. Before the slurry was spread, the glass substrate was heated at 40°C. Once the 

slurry was spread, the doctor blade was gently pulled from one edge of the substrate to the other by 

hand. The blade was put to the original position and pulled backward again to homogeneously spread 

the slurry. After coating, the film was dried on the heated glass substrate at 80°C in ambient 

atmosphere for more than 2 hours. The dried film was carefully removed from the glass substrate by a 

razor blade and punched out as 7.8 mm diameter. The punched electrodes were pressed by using a die 

with 4 tons/cm
2
 for 1 minute, which leads to 8 mm diameter electrodes. The electrodes were further 

dried overnight at 130°C under dynamic vacuum in a glass oven (Büchi, Switzerland).  
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Al-supported electrodes were prepared in a way that the slurry was coated on an aluminum foil by 

using doctor blade at a wet-film thickness of 350 μm and an automatic coater (Erichsen GmbH & Co. 

KG, Germany). The speed of the blade being moved was set as 2.5 mm/s. Once the film was coated, 

the metal substrate underneath was heated up to 80°C to evaporate the residual solvent of the film. 

After drying in ambient atmosphere for more than 2 hours, the Al-supported film was punched out as 

16 mm diameter by a hydraulic puncher. The punched Al-supported electrodes were further dried 

overnight at 130°C in the glass oven under vacuum as free-standing case. Subsequently, the free-

standing and Al-supported electrodes were transferred into an Ar-filled glove box (MBraun, Germany, 

<0.1 ppm O2 and H2O) and stored for further use.   

A commercially available coated LFP electrode was used as a counter electrode for the in-situ gassing 

cell. The LFP active materials are coated on the aluminum current collector on both sides. One side of 

the films is later removed.  

 

3.2. Electrolyte Solutions 

The 1M LiPF6 in a mixture of ethylene carbonate (EC) and dimethyl carbonate (DMC) (1:1 wt.) was 

purchased from UBE (Japan). The electrolyte with different concentrations of LiPF6 (0.6, 1.0 and 

1.4M) were prepared by dissolving LiPF6 (powder, BASF, Germany) in a commercial mixture of EC 

and DMC (1:1 wt., UBE) for overnight.  

 

3.3. Scanning Electron Microscopy (SEM) Measurements 

SEM measurement was conducted on a LEO 1530V scanning electron microscope (Carl ZeissNTS 

GmbH). The particle size of as-received LTO powder was examined. 
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3.4. In-situ IR and Electrochemical Measurements 

As mentioned above, the special in-situ IR cell was used in infrared and electrochemical measurement. 

The 8 mm diameter working electrode, an Al current collector, two separators (borosilicate glass filter, 

GF/A, Whatman) and 8 mm diameter lithium counter electrode (lithium foil, 0.75 mm thick and 19 

mm wide, Alfa Aesar) were placed inside the in-situ IR cell. The Al current collector was punched out 

as 8 mm diameter with a hole (4 mm diameter) in the center and dried under dynamic vacuum in the 

glass oven (Büchi) before use. The first separator was punched as 8 mm diameter and dried at 200°C 

under dynamic vacuum in a glass oven (Büchi) before use. The second separator was cut into a 

keyhole shape as an 8 mm diameter circle with a long “tail” and also dried same as the first separator. 

After all components (LTO working electrode, the Al current collector, separators, Li counter 

electrode) were placed in the cell and without yet injecting the electrolyte, the feed-through hole for 

electrolyte was sealed by a screw with O-ring.  

The assembled cell was now transferred to the FTIR spectrometer (VERTEX 70, Bruker Optics) 

equipped with room temperature DLaTGS (deuterated L-alanine doped triglycene sulphate) detector. 

The cell was placed vertically in the sample compartment of the spectrometer as shown in Figure 12 

and the cover of the sample compartment of the spectrometer was shut. Next, the sample compartment 

was purged with N2 for 10 minutes to remove the air in the optical path until carbon dioxide signal 

became negligible. After 10 minutes, the background measurement was carried out. The spectrum was 

recorded from 4000 to 1100 cm
-1

 at a resolution of 4 cm
-1

.  
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Figure 12. Schematic illustration of in-situ IR measurement. 

 

After taking background spectrum, the cell was transferred again into the glove box to fill a desired 

electrolyte. Approximately 0.3 ml electrolyte solution was injected into the cell. Before the feed-

through hole was blocked by a screw, the electrode assembly was slowly pushed against the CaF2 

prism by tightening the main screw of the micrometer. Once the surface of Al current collector looked 

to be relatively flat in a way that the surface was observed by bare eyes through the prism while being 

pushed against, then the feed-through hole was sealed. The position of the electrode assembly was 

again adjusted toward the prism by the fine screw of the micrometer after the in-situ cell was taken 

out of the glove box. The first sample spectrum was taken after waiting for 10 minutes in the same 

reason as background measurement. Before infrared spectra were taken, cables from a potentiostat 

(Reference 600, Gamry Instruments, USA) for working (WE), counter (CE) and reference electrode 

(RE) were connected to the corresponding connectors of the cell. 

The charge and discharge of the cell was realized by cyclic voltammetry (CV) using low scan rates to 

ensure complete charge and discharge. A potential scan was carried out 3 times between 1.0 and 2.5 V 
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versus Li/Li
+
 with 0.1 mV/s. Open circuit voltage (OCV) for most cases was around 3 V vs. Li/Li

+
. 

The potential scan started at OCV and the voltage reached first to 1.0V, which is the first charge cycle. 

When the potential moves backward to 2.5 V vs. Li/Li
+
, it accounts for the first discharge cycle. 

Infrared spectra were taken every 100 seconds, which corresponds to every 10 mV interval.  

 

3.5. SNIFTIRS and Difference Spectra Evaluation 

Once the experiment was done, all spectra were treated in a subtractively normalized or subtractive 

way by using spectroscopy software OPUS 6.5 (Bruker Optics, Germany). First of all, the spectra 

were divided into each cycle of charge and discharge and then they were merged to a single file each. 

Each merged file of spectra was subtracted by the first spectrum of the corresponding cycle (charge or 

discharge). For the subtractively normalized spectra the results were additionally divided by the first 

spectrum. Every spectrum was originally recorded in an absorbance unit and computed in the 

following equation. 

(A1-A0)/A0 or A1-A0 

An example of the data processing is given in Figure 13. The original spectra in Figure 13(a) were 

taken on the first discharge of LTO+carbon black in LiPF6/EC:DMC. The absorbance spectra are 

subtracted by the first spectrum of this cycle taken at OCV, and then they are divided by the first 

spectrum. The resulting SNIFTIR spectra are shown in Figure 13(b) (also see Theory 2.4.).  
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(a) 

 

(b) 

 

Figure 13. The example of the data processing of SNIFTIRS. (a) The original spectra on the first 

discharge of LTO electrode and (b) SNIFTIR spectra.  

 

3.6. In-situ Gassing and Electrochemical Measurements 

Gassing experiments were carried out with ECC-Press DL (EL-Cell GmbH, Germany) combined with 

a potentiostat (VersaStudio, Princeton Applied Research). After the test cell was assembled, the cell 

was installed in the pressure sensor body and a gas transfer line coming from the sensor was 

connected to the lid of the cell. All assembly procedures were done inside the Ar-filled glove box 

(<0.1 ppm O2 and H2O). Once it was certainly that the cell was gas tight, ECC-Press DL was 

transferred to a temperature chamber (Binder GmbH). Temperature was set to 25°C. The cell was 

charged and discharged by CV. The OCVs of all cells after assembly were approximately 3 V vs. 

Li/Li
+
. The potential was changed to 1.0 V vs. Li/Li

+
 with 0.1 mV/s and moved back to 2.5 V vs. 

Li/Li
+
. The charge and discharge cycle runs 5 times between 1.0 and 2.5 V vs. Li/Li

+
. While a 

potential sweep proceeded, a pressure of the cell was monitored every 10 seconds by EC-Link, the 

software to receive signals from the ECC-Press DL provided by EL-Cell GmbH.  
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RESULTS AND DISCUSSION 

4.1. IR Spectra of a Mixture of Solvents and Electrolyte 

IR spectrum of a mixture of EC and DMC (1:1 wt.) is shown in Figure 14(a). All bands in Figure 14(a) 

are in a good agreement with the bands shown in the pure solvents. The band assignment proceeds as 

follows. Firstly, the bands which correspond to pure EC and DMC were identified from the reference 

spectra provided by Bruker Optics (Bruker/Merck library). The band assignment of the solvents is 

then based on literature [19, 25-26] and all bands and corresponding vibration modes are listed in the 

first and second columns in Table 2. Some bands in EC could not be precisely assigned, but they are 

still useful as good references for the further spectral analysis of a mixture of solvents and electrolytes.  

Next, the bands in the mixture of EC and DMC that were measured are assigned to either EC or DMC 

and also listed in Table 2. A few exceptions including a band merging and shifting are observed. It is 

likely that a molecular interaction between two solvents causes these merging and shifting. A band at 

3003cm
-1

 is positioned at the middle of 3009cm
-1

 (DMC) and 2998cm
-1

 (EC). Therefore, both single 

solvent bands might contribute to create the band at 3003cm
-1

. Very small bands at 2323 and 2045cm
-1

 

in EC are not clearly observed in Figure 14(a).  

For the three bands at 1749, 1272 and 1155cm
-1

 the noticeable shifts are observed in the mixture of 

solvents. The band at 1749cm
-1

 is assigned to DMC because the closest strong band nearby is the one 

at 1757cm
-1

 in the spectrum of pure DMC and no bands around 1749cm
-1

 are detected in the pure EC 

spectrum. The band at 1272cm
-1

 is also assigned to DMC because a band at 1280cm
-1

 in the neat 

solvent fits this band best in terms of wavenumber and intensity. The band at 1155cm
-1

 possibly 

originates from a strong band at 1163cm
-1

 in EC. A red shift directed to a lower wavenumber is 

observed in all three cases.  

IR spectra of electrolytes containing 0.6M, 1.0M and 1.4M LiPF6 in EC and DMC (1:1 wt.) are shown 

in Figure 14(b). The IR bands of 0.6M LiPF6 in EC:DMC in particular are summarized in the forth 
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column in Table 2. When the lithium salt (LiPF6) is added, new shoulder-like bands such as 1728cm
-1

 

are emerging and they are noted as ‘sh’ in Table 2. These bands are attributed to the solvent solvating 

a lithium ion (Bandsolv.) [27]. They are observed at 1726, 1464, 1406, 1317 and 1196cm
-1

. These five 

distinct bands of Li
+
-solvating solvents are growing with increasing the salt concentration from 0.6 to 

1.4M and an upward arrow indicates an increase of the bands in Figure 14(b). Unfortunately, some of 

the bands in the mixture of pure solvents at 1688, 1423 and 1209 cm
-1

 were not clearly detected in the 

electrolyte spectra, probably because the bands were very weak and the adjacent bands were relatively 

strong. to describe that the solvents are not contained in the Li+ salvation shell 

Original bands of either EC or DMC (now named “free” solvent bands, Bandfree to describe that the 

solvents are not contained in the Li
+
 solvation shell) are usually remained at the same position as they 

are positioned in the mixture of solvents, but few bands are slightly shifting with changing salt 

concentration. The rightward and leftward arrows in Figure 14(b) indicate a shift of the band when the 

salt concentration is increasing from 0.6 to 1.4M. When the band is shifted, its absorbance is also 

changing. For example, a band at 1274 cm
-1

 (DMC) moves to a higher wavenumber (1279 cm
-1

) and 

its intensity is decreased at higher salt concentration. A blue shift in wavenumber together with a 

decrease in band intensity is observed for the bands at 1802, 1274 and 1158 cm
-1

.  

An exception is the band at 1773 cm
-1

 (EC) that is shifted to a lower wavenumber (1769 cm
-1

) with 

increasing LiPF6 concentration. The absorbance of this band also shows an opposite trend that is a 

increase in intensity of higher salt concentration. Therefore, it is assumed that the band at 1773 cm
-1

 is 

a combination band of a free solvent and a Li
+
-solvating solvent. It is worth to mention that the 

discussed band shifts for most bands are lower than the resolution (4 cm
-1

) of the IR spectrometer 

except for the band at 1274 cm
-1

 (shifted to 5 cm
-1

 higher value).  
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(a) 

 

 

(b) 

 

Figure 14. IR spectra of (a) a mixture of EC and DMC and (b) electrolytes containing various LiPF6 

concentrations in EC:DMC (1:1 wt.). EC-related, DMC-related and Li
+
 solvating bands are marked 

on (b) as black, red and blue, respectively.  
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Table 2. Band assignment of IR spectra of EC, DMC, a mixture of EC and DMC, and 0.6M LiPF6 in 

EC:DMC (1:1 wt.). 

EC
*
 Assignment

§
 DMC Assignment EC:DMC Assignment 

0.6M LiPF6 

/EC:DMC 
Assignment 

3565 vvw           

  3009 vw νa(CH3) 3003 EC+DMC 3003 EC+DMC 

2998 w νa(CH2)          

  2963 w νs(CH3) 2963 DMC 2964 DMC 

2932 w ν(CH2)     2933 EC 2934 EC 

  2857 vw F.R. 2857 DMC 2858 DMC 

2323 vvw Comb.          

2045 vvw Comb.          

1962 vw Comb.     1964 EC 1964 EC 

1861 w Comb.     1861 EC 1861 EC 

1804 vs ν(C=O)     1800 EC 1802 EC 

1776 vs      1774 EC 1773 EC 

  1757 vs ν(C=O) 1749 DMC
†
  1749 DMC 

        1728 sh 

1689 vw Comb.     1688 vvw EC    

  1606 vvw Comb. 1606 DMC 1606 DMC 

1552 vw Comb.     1552 EC 1553 EC 

1482 w δ(CH2)*     1482 EC 1482 EC 

        1464 sh 

  1456 s δa(CH3) 1454 DMC 1454 DMC 

  1433 w δs(CH3) 1432 DMC 1433 DMC 

1421 vw δ(CH2)*     1423 sh EC    

        1406 sh 

1392 m δ(CH2)*     1390 EC 1391 EC 

        1319 sh 

  1280 vs νa(OCO) 1272 DMC
†
  1274 DMC 

1221 w sh      1223 sh EC 1221 EC 

  1208 vw sh ρ(CH3) 1209 sh DMC    

        1197 sh 

1163 s skel. vib.     1155 EC
†
 1158 EC 

* vs very strong, s strong, m medium, w weak, vw: very weak, vvw: very very weak, sh shoulder 

§ νa: antisymmetric stretching vibration, νs: symmetric stretching vibration, δ: bending vibration (deformation), δa: 

antisymmetric bending vibration, δs: symmetric bending vibration, ρ: rocking vibration, skel. vib.: skeletal vibration, Comb.: 

a combination of fundamental modes of vibration,  

† tentative assignment 
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4.2. Scanning Electron Microscopy 

The particle size of as-received LTO powder was examined by using SEM as shown in Figure 15. The 

LTO powder in this work consists of particles with diameter in the range of 0.2 – 0.4 μm. However, it 

is also shown that the particles are agglomerated, resulting in larger particles in diameter of 

approximately 1 μm. 

(a) 

 

(b) 

 

Figure 15. Scanning electron micrographs of as-received commercially available Li4Ti5O12. 

Magnification: (a) 30,000, (b) 100,000. 
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4.3. Cyclic Voltammetry (CV) 

 

Figure 16. Cyclic voltammogram of LTO/Li half cell including five cycles at 0.1 mV s
-1

 within the 

range 1.0‒2.5 V vs. Li/Li
+
. 

 

Figure 16 shows cyclic voltammogram of LTO/Li half cell for 5 cycles. The LTO working electrode 

contains 8 wt% conductive additive (carbon black). A potential scan begins from OCV (ca. 3V vs. 

Li/Li
+
) and the potential moves toward a lower value (cathodic scan) until it reaches to 1.0V. This is 

considered as the first charge cycle (C1), during which lithium ions are inserted into the interstitial 

sites of LTO structure, resulting in Li7Ti5O12. Then, the potential scan direction is reversed (anodic 

scan) until reaching to 2.5 V vs. Li/Li
+
. This is the first discharge cycle (D1). Lithium ions are 

extracted from the LTO material on discharge. There is only a single peak observed on charge (1.5 V 

vs. Li/Li
+
) and discharge (ca. 1.6 V vs. Li/Li

+
), which mirrors the two-phase reaction mechanism 

(transformation of LTO to Li7Ti5O12 and vice versa) takes place while the cell is charged or discharged. 

The peaks in the cyclic voltammogram become sharper and more symmetrical on the second charge 
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and discharge, then they are maintained in further cycles. This is because a so-called formation of the 

cell occurs on the very first cycles (C1 and D1).  

 

Figure 17. Specific current as a function of time for the experiment from Figure 16. 

 

If the potential on the x-axis is converted to time scale, a specific capacity of LTO electrode can be 

determined by integrating a curve of specific current over time. The specific capacity (mAh g
-1

) of 

each charge and discharge cycle is noted in Figure 17. The specific capacity of the first charge is 

163.6 mAh g
-1

. This is close to the theoretical capacity of LTO (175mAh g
-1

). The discharge capacity 

is 160.0 mAh g
-1

 with only 3.6 mAh g
-1

 the irreversible capacity, which is due to irreversible side 

reactions, is rather small. The specific capacity on the second charge is 160.4 mAh g
-1

 and that of the 

second discharge is 159.4 mAh g
-1

. The low irreversible capacity in the first cycle and the very good 

cycling stability demonstrate the high quality and good electrochemical performance of the in-situ cell. 

The subsequent behavior of capacity between charge and discharge cycle is similar to that of the first 
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charge and discharge and that of the second charge and the first discharge. After 5 cycles, the specific 

capacity on discharge is gradually decreased (named the capacity fade) to 158.1 mAh g
-1

.  
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4.4. In-situ FTIR Spectroscopy 

4.4.1. Evolution of Background Absorption 

 

(a) 

 

 

(b) 

 

Figure 18. Selected in-situ SNIFTIR spectra measured at potentials (a) between 3.08 and 2.50 V and 

(b) between 2.49 and 1.00 V vs. Li/Li
+
 of LTO electrode in 1M LiPF6/EC:DMC (1:1 wt.). The open 

circuit voltage was 3.09 V vs. Li/Li
+
. 
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The SNIFTIR spectra of a LTO/Li half cell on the first charge are shown in Figure 18. As stated in 

section 4.3., a cathodic scan from ca. 3.0 V to 1.0 V vs. Li/Li
+
 is the first step and this indicates charge 

of LTO electrode. An apparent increase in background absorption is observed between 3.08 and 2.50V 

in Figure 18(a). The background absorption reaches to the maximum when the electrode potential is 

2.50V. Between 2.50 and 2.40V the background absorption remains relatively constant, and then it 

begins to decrease until the end of charge. The spectra in Figure 18(b) are now plotted relative to a 

spectrum recorded at 2.50V so that the background absorption between 2.50 and 1.00V can be clearly 

compared with respect to the reference spectrum at 2.5V. Once, a mild decrease in background 

absorption is observed between 2.50 and 1.49V. Between 1.49 and 1.37V a significant decrease in 

background absorption is observed, and a mild decrease is shown again until 1.00V. The background 

reaches to its minimum on the end of charge. To view an overall change in background absorption, 

one of the lowest points in the spectra (1925 cm
-1

) is chosen and then plotted with decreasing potential 

in Figure 19. As there is no observable band at 1925 cm
-1

 and the absorbance at this wavenumber is 

also very low, the background absorption can be simply visualized by this region. A step-like increase 

until 2.5 V vs. Li/Li
+
 and a significant decrease at 1.49 V vs. Li/Li

+
 are observed. Between 2.5 and 

1.49 V vs. Li/Li
+
 the absorption gradually decreases less than 0.005 in absorbance. 
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Figure 19. Variation of absorbance at 1925 cm
-1

 with potential on the first charge. 

 

Figure 20. In-situ SNIFTIR spectra measured at the specified potential between 1.02 and 2.50 V vs. 

Li/Li
+
 on LTO electrode. 
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On the first discharge a significant increase in background absorption is observed between 1.66 and 

1.74 V vs. Li/Li
+
 (Figure 20). During the anodic scan from 1.0 to 1.65 V vs. Li/Li

+
 the background 

absorptions are maintained and only a slight increase is shown. However, a distinct increase in 

background absorption is observed from 1.66 V vs. Li/Li
+
 until the potential reaches to 1.74 V vs. 

Li/Li
+
. From 1.75 V vs. Li/Li

+
 to the end of discharge (2.5 V vs. Li/Li

+
) the background absorption 

again remains relatively constant. As a result, a step-like increase is observed on the first discharge, 

which is centered at 1.69 V vs. Li/Li
+
.  

A similar behavior has been reported by Kuzmany et al. in polyaniline (PANI) doping experiment 

with an electrochemical oxidation and reduction (Figure 21) [28]. According to the report, the 

background absorption originates from free charge carriers. During the oxidation between -0.2 V and 

0.56 V vs. the standard calomel electrode (SCE), the background absorption dramatically increases 

(Figure 21(a)). This is the first oxidation step where the deprotonation of the nitrogen atoms occurs 

and the polyaniline becomes conductive (insulator-metal transition). If the potential increases further 

to a higher value (1.2 V), namely the second oxidation step, the background absorption decreases 

dramatically and reaches to its initial value (Figure 21(b)). The polymer that behaves as a conductor 

turns back to an insulator (metal-insulator transition). The completely reduced (at -0.2 V) and 

oxidized states (at 1.2 V) show a very high resistivity, which reflects a very low conductivity. This 

fact also supports the insulator-metal-insulator transition. In addition, Julien et al. reported that the 

optical properties of LiCoO2 change with the conductivity of the material [29]. They observed an 

absorption in the far-infrared region (100-400 cm
-1

). The completely intercalated state (x=1, LixCoO2) 

shows a semiconductor-like conductivity, whereas LixCoO2 for x = 0.75 has a metal-like behavior and 

shows an increase in background absorption. Therefore the background absorption in the IR spectrum 

implies that the conductivity of a material varies.  
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(a) 

 

(b) 

 

Figure 21. Variation of absorbance change (Δα) of polyaniline for various electrode potentials (a) 

between -0.16 and 0.56 V vs. SCE. and (b) between 0.6 and 1.18 V vs. SCE. [28]. 

 

For LTO a significant change in conductivity on the first charge was reported by Wu et al. [15] In 

their research electrochemical impedance spectroscopy (EIS) was used to analyze electrochemical 

processes occurring at electrode/electrolyte interface and conductivity of the electrode. When LTO is 

charged, lithium ions in electrolyte are inserted into LTO, resulting in a fully lithiated Li7Ti5O12 at the 

end of charge. Since the pristine LTO is known as an insulator (σ = 10
-13

‒10
-9

 S cm
-1

) [15, 30], its 

background in the IR spectrum is maintained in a lower level (see Figure 19). Once the cathodic scan 

starts and it triggers the lithium insertion, Ti
4+

 in LTO turns to a lower oxidation state of Ti
3+

. During 

charges both Ti
3+

 (providing electrons) and Ti
4+

 (providing holes) are present and a step-like increase 

in conductivity is observed. When the majority of titanium atoms has an oxidation state of Ti
3+

 at the 

end of lithium insertion, the conductivity of the material will decrease again. Therefore, Wu et al. 

conclude that the conductivity of the LTO electrode will reach its maximum when the concentrations 

of Ti
3+

 and Ti
4+

 are equal. 

The variation of the absorbance at 1925cm
-1

 (Figure 19) is quite fit to the result (Figure 22) from Wu 

et al. That means the evolution of the background absorption follows the changes in conductivity of 

the electrode. However, it cannot be readily explained that the background at 1.0V in Figure 19 is 

lower than that at the beginning of charge (ca. 3V) because the conductivity of the lithiated LTO (at 

1.0V) should not be as low as the pristine LTO as an insulator. To compare the conductivity of LTO 

upon charge a further measurement has to be required.  
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Figure 22. Variation of conductivity with electrode potential of the LTO electrode on charge and 

discharge [15]. 

 

The fully lithiated LTO (Li7Ti5O12) at 1.0V turns back to the original state (Li4Ti5O12) during the 

anodic scan up to 2.5V (discharge). Three moles of lithium ions and electrons are extracted as follows 

Li7Ti5O12 → Li4Ti5O12 + 3Li
+
 + 3e

-
 . 

When the concentration of Ti
4+

 starts to increase again from 1.0V, the conductivity of the material will 

increase. This is accompanied by an apparent increase in background absorption on discharge (see 

Figure 20). However, once the background fully rises at 1.74V, it remains in a constant level and there 

is no further change. As the pristine LTO is an insulator, the conductivity of the fully delithiated LTO 

(Li4Ti5O12) should not be higher than that of a fully lithiated LTO (Li7Ti5O12). It is likely that a 

partially lithiated state as Li4+xTi5O12 exists on the end of discharge (2.5V) and the conductivity at the 

stage is larger than at the fully charged stage. This result may indicate that the LTO electrode is no 

longer an insulator after the first cycle. In conclusion the observation of the background absorption on 

discharge says that the conductivity of the fully discharged LTO is larger than that of the fully charged 

LTO.  
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4.4.2. Limits of SNIFTIRS Evaluation 

From the investigation of SNIFTIR spectra of the first charge and discharge one might ask why all 

bands are heading the same direction (Figure 18 and 20). When the background absorption increases, 

for example, all bands in the spectra (Figure 20) are toward a negative direction. This was also the 

question to authors because in literature people reported SNIFTIR spectra having both negative- and 

positive-going bands. Therefore, it leads to perform a quick simulation of how a SNIFTIR spectrum 

will be obtained depending on a change in background absorption and a band increase/decrease.  

A model spectrum was created, having a single band by using Gaussian distribution function in Excel 

(Figure 23). The initial spectrum is denoted A0 and the subsequent spectrum is denoted Ai. In A0 the 

background absorption is 0.1 a.u. and the band height is 0.8 a.u. In Ai the background absorption is 

increased to 0.5 a.u. and the band is increased to approximately 1.0 a.u. As shown in Figure 23(a), 

even if the absorbance of the band is increased with potential, the SNIFTIR spectrum gives a 

negative-going peak, due to the increase in background absorption. The SNIFTIR spectrum does not 

tell the actual increase in absorbance of the band Ai. The error is also shown when the background 

absorption decreases in Figure 23(b). The original band at the initial spectrum A0 becomes weaker in 

the spectrum Ai. The background absorption also decreases. The calculated SNIFTIR spectrum shows 

a positive-going band. This upward signal might have to indicate an absorbance increase of the band, 

but in reality the band in Ai is decreased with time. All possible cases depending on band 

increase/decrease (i.e. absorbance change) and background absorption were simulated in the same 

manner and summarized in Table 3.  
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(a) 

 

 

(b) 

 

Figure 23. Model spectra A0 and Ai and SNIFTIR spectra (a) when both the background absorption 

and the band increase and (b) when both the background absorption and the band decrease. A0 

indicates the initial state and Ai a subsequent state. 
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Table 3. Summary of a band direction in SNIFTIR spectrum when background absorption and a band 

increase/decrease. The signs of inequality (‘greater than’ or ‘less than’) stand for the comparisons 

between the amount of increase/decrease in band height and the amount of increase/decrease in 

background absorption. 

Band 
 

Background absorption Directions in SNIFTIRS 

Band increase 

> Background increase Negative 

< Background increase Negative 

> │Background decrease│ Positive 

< │Background decrease│ Positive 

│Band decrease│ 

> Background increase Negative 

< Background increase Negative 

> │Background decrease│ Positive 

< │Background decrease│ Positive 

 

When both background absorption and absorbance of a band increase, negative-going bands in the 

SNIFTIR spectrum will be only obtained. Moreover positive-going bands will be only observed when 

both background and absorbance decrease. As a result, if there is a significant background absorption 

in a system, the SNIFTIR spectra cannot be directly used to investigate a dynamic change in the 

electrochemical system. The information of background absorption is still present in SNIFTIR spectra 

(Figure 18 and 20), but the changes in band intensity cannot be simply estimated by looking at the 

band direction. For example, a positive-going band at 1800 cm
-1

 in Figure 18(b) may or may not 

indicate the absorbance increase with decreasing potential.  

To avoid the mathematical artifacts during the SNIFTIRS evaluation, simple difference spectra 

without normalization Ai – A0 were used instead of SNIFTIR spectra. Therefore all spectra Ai of a 

corresponding cycle are subtracted by the initial spectrum A0. Even if the background absorption 

changes during the potential cycles, the absorbance of a band at the next time step with respect to the 

band’s background can be still compared to the absorbance of the initial band. In this case a positive-

going feature means that the band increases with time and a substance is formed. A negative-going 

feature indicates that the band decreases with time and an original substance is consumed or 

decomposed.  
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4.4.3. Initial Changes in Original Spectra between OCV and 2.5 V vs. Li/Li
+
 

 

Figure 24. IR spectra measured at the specified potentials between 3.09 (OCV) and 2.5 V vs. Li/Li
+
 on 

LTO electrode in 1M LiPF6/EC:DMC (1:1 wt.). EC-related, DMC-related and unknowns are marked 

as black, red and grey, respectively. 

 

Figure 24 illustrates infrared spectra with potential sweep from 3.09 (OCV) to 2.5 V versus Li/Li
+
. 

The only minor changes are detected from the original absorbance spectra in a range between 1750 

and 1450 cm
-1

. Bands that are losing their intensity with decreasing potential are marked as a dash line 

whereas two bands that seem to become evolved with potential are depicted with a solid line. Many 

weak bands at the beginning quickly disappear at potential larger than 3.06 V versus Li/Li
+
. There is a 
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difficulty in the explicit assignment of all observed bands, but the disappearance of the existing bands 

with potential clearly indicates a decrease (displacement, dilution or decomposition) of initial 

substances. Some bands can be assigned. Bands at 1684.8 and 1558.4cm
-1

 may come from EC [25] 

and bands at 1635.6 and 1506.4cm
-1

 can be assigned DMC [26]. Figure 25 is the SNIFTIR spectra 

between 3.09 and 2.5 V vs. Li/Li
+
. The negative-going peaks, which are supposed to indicate 

substances that are consumed or decomposed, in the spectra appear at the same wavenumbers in 

Figure 25. However, the bands at 1565 and 1551cm
-1

 that seemed to be newly formed in Figure 24 

show a negative intensity until 2.80 V vs. Li/Li
+
 in the SNIFTIR spectra. In fact, there are no bands 

that are directed upward in this wavenumber region. It is concluded that all substances are consumed 

in this potential range. In addition the original absorbance spectra must be carefully analyzed by 

cross-checking with SNIFTIRS.  

 

Figure 25. SNIFTIR spectra measured at the specified potentials between 3.08 and 3V vs. Li/Li
+
 on 

LTO electrode. 
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4.4.4. Difference Spectra of the First Charge (2.5 – 1.0 V vs. Li/Li
+
) 

 

Figure 26. Difference spectra measured at the specified potentials between 2.5 and 1.0V vs. Li/Li
+
 on 

LTO electrode. 

 

As similar as the SNIFTIR spectra of the first charge in Figure 18, an increase in background 

absorption is observed in the difference spectra in Figure 26. All spectra in Figure 26 were subtracted 

by the spectrum recorded at 2.5 V vs. Li/Li
+
 so that any changes in band and background absorption 

can be compared with respect to 2.5 V vs. Li/Li
+
. The spectra in a selected range of wavenumber are 

plotted in Figure 27(a) and (b). An increasing offset was applied to all spectra to clearly resolve band 

changes upon potential sweep.  

Positive- and negative-going features are both visible in Figure 26. The negative-going bands 

certainly reflect the vibrations of already existing substances (i.e. ethylene carbonate and dimethyl 

carbonate) at the beginning and the decrease in band intensity. The negative-going bands at 2967 and 

2858 cm
-1

 are assigned to DMC and the band at 2937 cm
-1

 originates from EC. Another negative-

going band at 3006 cm
-1

 can be assigned to a combined vibration of CH2 in EC and CH3 in DMC as 
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same as the mixture of solvents (see Table 2). When the potential attains 1.90 V vs. Li/Li
+
 the 

described negative bands in the C-H stretching region start to appear. These features continuously 

grow with further decreasing potential until the end of charge at 1.0 V vs. Li/Li
+
. 

 

 

(a) 
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(b) 

 

Figure 27. Difference spectra (a) between 3700 and 2000cm
-1

 and (b) between 2000 and 1150cm
-1

 on 

the first charge. A constant offset is applied to the spectra to visualize changes in the absorbance at 

different potential. A dash line represents a band going upward and a solid line indicates a band 

heading downward. 

 

There are a number of emerging bands observed between 2000 and 1150 cm
-1

. Almost all negative-

going bands in Figure 27(b) are assigned to EC and DMC based on the early assignment of EC:DMC 

mixture and electrolyte with different concentration. A band assignment of Figure 27(a) and (b) is 

listed in Table 4.  
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The negative-going band at 1786 cm
-1

 is shown at 1.52 V vs. Li/Li
+
, but then it is difficult to assign at 

1.41 V vs. Li/Li
+
 while other adjacent strong bands are emerging at the same potential. As its direction 

goes downward (i.e. a decrease of the amount of initial substances), this might have to be assigned to 

either EC or DMC. However, the early assignment (see chapter 4.1.) suggests that there is no 

observable band close to this wavenumber. One possibility is that this band is hidden by the band of 

EC (1776 cm
-1

), which is strong and broad. 

The band at 1330 cm
-1

 appears at 1.56 V vs. Li/Li
+
 and grows negatively. Its intensity peaks at 1.49 V 

vs. Li/Li
+
 and then slightly decreases with decreasing potential. At the end of charge this band is still 

present, but it remains as a shoulder-like band of 1279 cm
-1

. However this band is not clearly resolved 

in the original spectra of the mixture of solvents and electrolyte with different salt concentrations. As 

the neighboring Bandsolv. close to 1317cm
-1

 (see Table 2) is strong and broad, the band at 1330cm
-1

 

might be hidden by it. 
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Table 4. Band assignment in difference spectra on the first charge. EC and DMC indicate free solvent, 

whereas sh (shoulder) means a band of a solvating solvent. 

Negative-going bands Positive-going bands 

Wavenumber (cm
-1

) Assignment Wavenumber (cm
-1

) Assignment 

3006 DMC (+EC) 1859 ? 

2967 DMC 1825 ? 

2937 EC 1303 ? 

2858 DMC   

1965 EC   

1863 EC   

1802 EC   

1786 ?   

1772 EC   

1751 DMC   

1733, 1725, 1719 sh   

1685 EC   

1558 EC   

1483 EC   

1467 sh   

1456 DMC   

1434 DMC   

1408 sh   

1391 EC   

1330 ?   

1318 sh   

1279 DMC   

1205 DMC   

1198 sh   

1164 EC   

 

Three positive-going bands at 1859, 1825 and 1303 cm
-1

 are shown in Figure 27(b). The band at 1825 

cm
-1

 starts to appear at 1.90 V vs. Li/Li
+
 and peaks at 1.49 V vs. Li/Li

+
. After the potential passed by 

1.49V, its intensity becomes smaller and then almost negligible at 1.41 V vs. Li/Li
+
. The band at 1859 

cm
-1

 is first discernible at 1.52 V vs. Li/Li
+
 and its intensity is buried under background at 1.44 V vs. 

Li/Li
+
. A potential range where the band at 1303 cm

-1
 is observable is even shorter than the former 

two bands. It appears at 1.49 V vs. Li/Li
+
 and then disappears at 1.44 V vs. Li/Li

+
. Since the positive-

going feature means an increase in population of existing substances or a formation of a completely 
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new substance, the interpretation should be carried out with a comparison with the original 

absorbance spectra. The selected absorbance spectra are shown in Figure 28. The spectra are shifted in 

y-direction with respect to a spectrum at 1.0 V vs. Li/Li
+
 (its background is the smallest) so that the 

minimum points (i.e. the background) of the spectra coincides. This manipulation corrects the effect 

on changes in background absorption. Two (1825 and 1303 cm
-1

) of the bands that are directed 

upward in the difference spectra are invisible in the original spectra. Therefore, they might be hidden 

in the adjacent strong band or originate from mathematical computation of difference spectra since the 

adjacent strong bands at 1802 and 1279 cm
-1

 are shifting to higher wavenumber with changing 

concentration of LiPF6 (see below for the effect of concentration swings during charge/discharge of 

LTO). It is even more difficult to interpret the band at 1859 cm
-1

 because there is a band nearby at 

1861 cm
-1

 in the original spectra and a small negative-going band appears at 1863 cm
-1

 at the end of 

charge in the difference spectra. The negative-going band is close to 1859 cm
-1

 and its gap is within 

the resolution of measurement (4 cm
-1

). Overall, the band at 1859 cm
-1

 arises until 1.49 V vs. Li/Li
+
 

and loses its intensity after 1.49 V vs. Li/Li
+
, and then the band starts to grow negatively. This is 

partially explained by concentration changes in the electrolyte solution (see below). Moreover, as the 

band at 1859 cm
-1

 in the difference spectra overlaps the adjacent band at 1861 cm
-1

 in the original 

spectra, it is unlikely that this band is a completely new band.   



52 

 

 

Figure 28. Original absorbance spectra measured at the specified potentials between 2.50 and 1.00V 

vs. Li/Li
+
 on LTO electrode. The baselines of the spectra are shifted in y-direction to coincide. 

 

Based on the original absorbance spectra, the changes in band intensity of all visible bands are traced 

with decreasing potential. For example, the band at 1811 cm
-1

 that is assigned to free solvent of EC 

ν(C=O) decreases gradually until 1.49 V vs. Li/Li
+
 and suddenly falls down between 1.49 and 1.41 V 

vs. Li/Li
+
. After 1.41 V vs. Li/Li

+
, a mild decrease in absorbance is observed again. The bands of 

solvating solvent show a slightly different feature. The band at 1729 cm
-1

 decreases gradually same as 

the band at 1811 cm
-1

, but it starts to quickly lose its intensity earlier than the band of free EC band at 

1.56 V vs. Li/Li
+
.  

The general trends of absorbance change of free and solvating solvents are listed in Table 5. A 

downward arrow indicates a decrease in absorbance whereas an upward arrow means that the band 

intensity increases with potential. The potential region is divided into three parts. They are before 

(2.50-1.56 V vs. Li/Li
+
), during (1.56-1.49 V vs. Li/Li

+
) and after charge (1.49-1.00 V vs. Li/Li

+
) of 

LTO. In fact, the charge process is ended at approximately 1.40 V vs. Li/Li
+
 in cyclic voltammogram, 
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so the last potential region overlaps a part of the charge process. In the first potential region all bands 

including Bandfree and Bandsolv. are slowly decreasing. Between 1.56 and 1.49 V vs. Li/Li
+
 the bands of 

free solvent quickly rise, but the bands of solvating solvent suddenly falls down. There are few 

exceptions of free solvent bands that do not follow the behavior, which are bands at 1802, 1773 and 

1482 cm
-1

. The reason for these exceptions is unclear. After passing by 1.49 V vs. Li/Li
+
, the bands of 

free solvent drop quickly until 1.41 V vs. Li/Li
+
 and then slowly decrease. Although there are few 

exceptions, free solvent bands of EC and DMC are in good agreement each other in all potential 

divisions. The band of solvating solvents decreases mildly between 1.49 and 1.0 V vs. Li/Li
+
.  

 

Table 5. Patterns of bands of free and solvating solvents in a defined potential section on the first 

charge. 

 

 

The possible reasons that cause a change in band intensity are charge/discharge processes of a battery, 

displacement of electrolyte by other components (e.g. by gas), decomposition of electrolyte and 

diffusion to counteract concentration gradients which are built up during charge/discharge. A 

schematic representation of the five candidates is shown in Figure 29. When charge occurs at an 

anode material (Figure 29(a)), lithium ions are inserted into the material and the concentration of Li
+
 

in the electrolyte decrease, which causes to lose the band intensity of solvating solvents. However, the 
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free solvent band will increase due to the relative rise in free solvent molecules, as less solvent 

molecules are required to solvate Li
+
. Discharge process just counteracts to the band change in free 

and solvating solvents (Figure 29(b)).  

 

(a) 

 

(b) 

 

(c) 

 

(d) 

 

(e) 

 

Figure 29. Schematic representations of five different processes that occur on LTO electrode (yellow: 

electrode, light blue: free non-solvating solvents, dark blue: solvating solvents, red: Li
+
, green: gas, 

green/red-shaded: surface film) during cycling. (a) charge, (b) discharge, (c) displacement by gas 

formation, (d) decomposition and (e) diffusion. 

 

The displacement shown in Figure 29(c) is a process that pushes both free and solvating solvents from 

their original positions out of the optical zone when gaseous products, for example, are produced 

inside the cell. A similar effect would occur if the electrode expanded and the amount of electrolyte 

between the electrode and the optical prism decreased. Since LTO is, however, a zero-strain material 
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with almost no volume changes on charge/discharge, it is unlikely that this effect will occur. When the 

displacement process takes place, the band intensity of free and solvating solvents will decrease.  

The decomposition might also play a similar role to band intensity (Figure 29(d)). When electrolyte 

solvents and electrolyte salt are decomposed due to the electrochemical or catalytic reasons, free 

and/or solvating bands will lose their intensity. The decomposition products may be soluble in the 

electrolyte or gaseous. In both cases they will dilute the electrolyte or displace some molecules of 

electrolyte out of the optical zone. Some decomposition products may precipitate and form solid films 

on the electrolyte surface.  

The last plausible candidate is the diffusion depicted in Figure 29(e). If a concentration of either free 

or solvating solvent in a thin layer just above the electrode (within the optical zone) differs from that 

of bulk electrolyte nearby the electrode (out of the optical zone) at a given time (or potential), the 

diffusion will occur along with the concentration gradient and eventually the concentration of two 

regions will be identical. Once the band of free or solvating solvent increases by a certain reason, the 

diffusion will counteract the increase in band to reduce its intensity again after some time.  

According to the five processes, band intensity of free and solvating solvents will change in the same 

or in different directions. All possible changes are summarized in Table 6. The arrows in Table 6 

indicate the absorbance change in band of either free or solvating solvent with potential. 

 

Table 6. Estimated patterns of bands of free and solvating solvents based on the five processes in 

Figure 29. 

 

 

The patterns in Table 5 can be now explained by the five possible processes. Between 2.5-1.56 V vs. 

Li/Li
+
, negative-going bands of both free and solvating solvents are explained by displacement and 
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decomposition processes. However, it cannot be simply concluded that both processes act upon the 

decrease or which process dominates this pattern. Between 1.56 and 1.49 V vs. Li/Li
+
, the patterns for 

free and solvating solvents might be attributed to the charge process that leads to a band increase in 

free solvent and a decrease in solvating solvent. From 1.49 down to 1.0 V vs. Li/Li
+
 the diffusion as 

well as the displacement and decomposition are likely to play a role in the band decrease in both free 

and solvating solvents. Assuming that only diffusion takes place, the bands of solvating solvents will 

increase to counteract the observed decrease between 1.56-1.49 V vs. Li/Li
+
. As, however, a sharp 

decrease is observed between 1.56-1.49 V vs. Li/Li
+
, the diffusion process is overlapped by a general 

displacement/decomposition process, resulting in the bands of solvating solvent to slowly decrease. In 

addition, all bands finally lose their intensity at the end of charge (at 1.0 V vs. Li/Li
+
) even though 

there is a fluctuation in band intensity during the charge cycle. This negative-going feature of all 

bands indicates the loss of the initial substances that are mostly electrolyte solvents, EC and DMC. 

Since displacement/decomposition is found between 2.5 and 1.56 V vs. Li/Li
+
 and between 1.49 and 

1.0 V vs. Li/Li
+
, it is likely that the processes are also present between 1.56 and 1.49 V vs. Li/Li

+
, but 

are masked by the dominating charge effect. 

The displacement and decomposition may be an indirect indication of gas formation from the 

electrolyte. This can support the results from the in-situ pressure measurements (see Chapter 4.5), 

where an increase in pressure (due to gas formation) is observed right from the beginning of and all 

throughout the experiment. 

During decomposition one would expect the formation of new species, such as H2, CO2 and other 

gasses. H2 is inactive in IR while CO2 is likely to be IR active. However, in this work CO2 could not 

be identified. Also soluble and insoluble species should be formed and accumulated in the electrolyte 

and on the surface of electrode. A list of typical decomposition products and their respective 

wavenumbers are presented in Table 7, as proposed in the literature.  
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Table 7. Decomposition products from literature. 

Decomposition products IR bands (cm
-1

) References 

Li2CO3 ~1500, ~1425 [11] 

ROCO2Li 1636, 1290, 1100 [11, 31] 

(CH2OCO2Li) 2 1624 [32] 

RCO2Li 1577, 1502 [33] 

 

None of these compounds could be identified in the present spectra. This could mean that either no 

decomposition takes place or the decomposition level was so low, that the concentration of 

decomposition products is remained below the detection limit of IR spectroscopy. 
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4.4.5. Difference Spectra of The First Discharge (1.0 – 2.5 V vs. Li/Li
+
) 

 

Figure 30. Difference spectra measured at the specified potentials between 1.0 and 2.5 V vs. Li/Li
+
 on 

LTO electrode. 

 

Difference spectra of the first discharge are shown in Figure 30. As stated in section 4.3.1., an 

apparent increase in background absorption is observed between 1.66 and 1.75 V vs. Li/Li
+
. This 

implies a change in conductivity of LTO electrode during the anodic scan. In order to visualize a band 

emerging feature, a constant offset was applied to Figure 31(a) and (b). In the spectral region between 

3700 and 2000 cm
-1

, the notable change in band evolution is only detected at around 3000 cm
-1

. Four 

bands at 2996, 2960, 2930 and 2856 cm
-1

 are assigned to EC and DMC and they are all directed 

downward. These bands are detectable at 1.66 V vs. Li/Li
+
, but then the bands almost disappear at 

1.75 V vs. Li/Li
+
. The negative-going feature of free solvent bands is explained by discharge process 

in a way that lithium ions are released from the electrode and solvated by solvent molecules, thereby 

the bands of solvating solvents increase and free solvent bands decrease. Once the concentration of 

free solvent decreases, a concentration gradient is created between an area above the LTO electrode 
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and bulk electrolyte and the solvents begin to diffuse until it reaches in equilibrium. This leads to an 

increase in band intensity of free solvents.  

 

 

(a) 
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(b) 

 

Figure 31. Difference spectra (a) between 3700 and 2000cm
-1

 and (b) between 2000 and 1150cm
-1

 on 

the first discharge. A constant offset is applied to the spectra to visualize changes in the absorbance at 

different potential. A dashed line represents a band going upward and a solid line indicates a band 

heading downward. 

 

The enlarged part of difference spectra for the first discharge between 2000 and 1150 cm
-1

 are shown 

in Figure 31(b). The band assignment is listed in Table 8. The most bands are precisely assigned to 

free EC, DMC and solvating solvent. Three positive-going bands on charge in Figure 27(b) (1859, 

1825 and 1303 cm
-1

) are again observed at the almost identical wavenumber at 1862, 1825 and 1301 
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cm
-1

 on discharge, but their directions are opposite. As the negative-going feature reflects a decrease 

in an existing band at 1.0 V vs. Li/Li
+
, it is expected that those negative-going bands can be identified 

from the initial band assignment of a mixture of solvents and electrolyte in Table 2. The band at 1862 

cm
-1

 is assigned to EC, but the remaining bands (1825 and 1301 cm
-1

) are not found in the table. Also, 

it is difficult to assign them in the original spectra shown in Figure 32. The band at 1172 cm
-1

 is also 

observable in the difference spectra, but it is not discernible either in Table 2 or in Figure 32.  

The positive-going band at 1784 cm
-1

 peaks at 1.69 V vs. Li/Li
+
, and then it disappears at 2.20 V vs. 

Li/Li
+
. The band at 1331cm

-1
 also reaches its maximum at 1.69V vs. Li/Li

+
, but then its intensity 

becomes negligible after 2.20V vs. Li/Li
+
. The band evolution aspect of one at 1255 cm

-1
 differs from 

the previous two positive-going bands. This band is evolved at the very early stage of discharging at 

1.20 V vs. Li/Li
+
 or below and it peaks at the potential between 1.72 and 1.75 V vs. Li/Li

+
. At the end 

of discharge, this band is still present whereas the other positive-going bands (1784 and 1331 cm
-1

) 

are completely masked by adjacent bands. Nevertheless, these three bands are not assigned in the 

original spectra. Overall, the positive-going feature is observed at the end of the first discharge, which 

may indicate the formation of new substances. Besides, it is also worth to compare with the difference 

spectra obtained on charge. In fact the decreased amount in band intensity at the end of charge is 

larger than the increased amount at the end of discharge, which means that the diminished band 

intensity on charge is not recovered on discharge. As a result it is concluded that the concentration of 

both free and solvating solvents decreases due to charge/discharge as well as displacement and 

decomposition processes after the charge/discharge cycle. 
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Table 8. Band assignment in difference spectra on the first discharge. 

Negative-going bands Positive-going bands 

Wavenumber (cm
-1

) Assignment Wavenumber (cm
-1

) Assignment 

2996 EC 1809 EC 

2960 DMC 1784 ? 

2930 EC 1771 EC 

2856 DMC 1725 sh 

1963 EC 1483 EC 

1862 EC 1469 sh 

1825 ? 1409 sh 

1800 EC 1331 ? 

1456 DMC 1316 sh 

1391 EC 1255 ? 

1301 ? 1204 DMC 

1275 DMC 1195 sh 

1172 ?   

1162 EC   

 

 

Figure 32. Original absorbance spectra measured at the specified potentials between 1.0 and 2.5 V vs. 

Li/Li
+
 on LTO electrode. The baselines of the spectra are shifted in y-direction to coincide. 
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Based on the original spectra, a detailed band analysis in the same manner as performed in Figure 28 

was carried out and the result is summarized in Table 9. The original spectra of the first discharge are 

shifted in y-direction to coincide.  

The potential range is divided into three parts that are the first between 1.0-1.6 V vs. Li/Li
+
, the 

second between 1.6-1.69 V vs. Li/Li
+
 and the last from 1.69 to 2.50 V vs. Li/Li

+
. In the first potential 

region, free solvent bands slightly diminish, whereas the solvating bands decrease and then increase 

again as depicted in Table 9. Overall changes, however, in band intensity in both free and solvating 

solvent bands are relatively small. These changes of the free solvent and solvating solvent bands 

might be attributed to displacement and/or decomposition processes. Between 1.6 and 1.69 V vs. 

Li/Li
+
, the bands for free solvents quickly lose intensity, whereas the solvating bands gain intensity. 

These patterns can be explained by discharge process (see Table 6), where the concentration of 

lithium ions increases and this leads to an increase in solvating bands and a decrease in free solvent 

bands. The potential 1.69 V vs. Li/Li
+
 is a position where the lithium extraction out of LTO is almost 

ended. Further anodic scan gives rise to the opposite change in band intensity of both free and 

solvating solvents. The free solvent bands become larger while the solvating bands get smaller. This 

feature is readily explained by diffusion that counteracts to the previous changes (the downward 

patterns in free solvents and the upward patterns in solvating solvents) in concentration of free and 

solvating solvents between 1.6 and 1.69 V vs. Li/Li
+
.   
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Table 9. Variation of IR bands of free and solvating solvent in a defined potential region on discharge. 
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4.5. In-situ Pressure Measurements 

4.5.1. LTO/Li Half Cell 

The in-situ pressure measurements have been carried out using cyclic voltammetry, as before in the 

case of IR spectroscopy (Figure 33). Specific current versus time is plotted in Figure 34. The capacity 

has been analyzed by integrating of the current – time curves, as before. The initial discharge capacity 

is 170.3 mAh/g and after 6 cycles it decreases by approximately 1.2% to 168.2 mAh/g. This shows a 

very good cyclic stability in terms of using the in-situ cell.  

 

Figure 33. Cyclic voltammogram of LTO/Li half cell. 
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Figure 34. Specific current with time for 6 cycles for LTO/Li half cell. 

 

A pressure change during cycling is plotted in Figure 35(a). Until approximately 50,000 seconds the 

pressure decreases due to temperature equilibration of the EL-Cell and the sensor body. In principle 

the cell is placed in a temperature chamber kept at 25°C. However, as the cell and the pressure sensor 

body were warm after being dried in the vacuum oven, the initial pressure drop can be due to the 

cooling effect down to 25°C on the cell assembly. That is, if a sealed container has a defined volume 

and it is cooled down, the pressure inside the container will decrease although the cell is now kept at 

25°C. After pressure drops to its minimum (around 50,000 seconds), it increases again cycle after 

cycle. To avoid this initial cooling effect in further experiments the washed and dried cell was stored 

in the glove box at 25°C before starting the new measurement until the cell was fully equilibrated. In 

that case the general increase aspect in pressure is observed right from the beginning (see Figure 

35(b)). 

Although there is a small fluctuation in pressure during charge and discharge, the general trend in 

pressure change is a rising feature. From the end of the second cycle until the end of the sixth cycle 
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the pressure increases by 3.5 mbar, which corresponds to 0.9 mbar per cycle. With increasing cycle 

number (or time) the gassing rate seems to slowly decrease.  

 

(a) 

 

 

(b) 

 

Figure 35. Variation of current and pressure with time on LTO/Li half cell. Pressure increase during 4 

cycles between the end of the second cycle and the end of the sixth cycle is denoted (a). After the 

equilibration of temperature, pressure starts to increase at the beginning of the experiment (b). 
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Another characteristic feature is that a pressure slope (i.e. gassing rate) immediately after charge is 

slightly larger than that before the corresponding charge process (Figure 36(a)). A slope comparison 

during the third charge and forth charge processes is shown in Figure 36(a) and (c). In the figures the 

slope before charge is denoted “Base slope”. In addition, the gassing rate immediately after discharge 

is slightly lower than that before the corresponding discharge. The gassing rates before and after 

discharge are also compared and depicted in Figure 36(b) and (d).  

An interesting feature is also shown when the cell is being charged and discharged (Figure 36(e)). 

Clearly, the pressure decreases during the charge process and increases during the discharge process. 

A decrease in pressure (probably by gas consumption), in particular, is not simply explained by LTO 

electrode itself because a research shows that both LTO soaked in either solvent or electrolyte and a 

battery made by LTO produced gaseous products [11]. Therefore, the gas consumption on LTO is not 

likely to occur. A possible cause could be the lithium counter electrode.  

 

(a) 

 

(b) 

 

(c) 

 

(d) 
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(e) 

 

  

Figure 36. Enlarged parts of Figure 35(a). Gassing rate before and after the corresponding charge or 

discharge process is compared (a-d). Pressure decrease during charge and increase during discharge 

are denoted in (e). 

 

In Figure 37 the potentials of working and counter electrode are plotted together with pressure and 

current with increasing time. The counter electrode (CE) potential is 30 times magnified in the figure. 

When the LTO electrode is charged (i.e. cathodic scan), lithium metal dissolves into electrolyte 

solution at the CE. It is evidenced that when the CE potential starts to increase, the pressure inside the 

cell begins to decrease (see Figure 37). When lithium ion dissolves during the charge of LTO, the 

volume of the solid Li CE decreases. Assuming that the volume occupied by the liquid electrolyte 

does not change, the volume obtained from the CE electrode can be occupied by the gasses in the cell, 

i.e. they can expand.  

Also very interestingly, the point where the pressure slope increases closely matches to the point 

where CE potential decreases. During discharge of LTO, the CE potential decreases, and lithium ions 

are deposited onto the Li counter electrode. At the same time pressure rises sharply. Once lithium 

deposition occurs, the volume occupied by solid lithium will increase. Since the liquid inside the cell 

is incompressible, it is assumed that the volume occupied by the liquid is the same. Therefore, the 

volume occupied by gaseous molecules is compressed since a total volume remains constant. This 

compression leads to an increase in pressure on discharge. 
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Figure 37. Variation of counter and working electrode potential with time. Pressure and current 

changes are also plotted together. 

 

To estimate the effect of lithium metal dissolution/depositon on the volume and pressure of the gas 

phase, a simplified calculation has been carried out. The total volume of the system including the cell, 

transfer line and pressure sensor is 3.024 cm
3
. This dead volume is partially occupied by the Li CE 

(0.1725 cm
3
), the separators (0.0124 cm

3
) and the LTO electrode (0.0552 cm

3
). This leaves 2.784 cm

3
 

of dead volume for the gasses. During charge approximately 3.073 mAh or 7.95810
-4

 g of Li are 

dissolved, which corresponds to a volume of 1.49010
-2

 ml (ΔV). That is, the dead volume increases 

by ΔV. Using the ideal gas law, and assuming that p·V = n·R·T = constant, this volume increase 

translates to a pressure decrease of 0.51 mbar. This calculated value is even higher than the 

experimentally observed one (0.25-0.27 mbar). The observed pressure decrease may be lower from 

the calculated one as the effects such as SEI formation on the fresh Li surface and gas formation 

during this new SEI formation are not considered in the simplified calculations. 

In conclusion, a general increase in pressure was identified. Immediately after charge, a gassing rate 

slightly increased whereas the rate decreased after discharge. A notable fluctuation was also observed 
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during charge and discharge. The sudden changes in pressure while the cell is being charged or 

discharged were fit to the changes in potential of lithium counter electrode. When lithium dissolution 

occurs, the pressure inside the cell decreases. Lithium deposition in CE during discharge caused to a 

sudden increase in pressure.  

 

4.5.2. LTO/LFP Full Cell 

To eliminate the effect of the Li CE on the pressure of the full cell, lithium iron phosphate (LiFePO4, 

LFP) was used as an alternative counter electrode. To avoid any possible effects of inhomogeneous 

electrode preparation and to obtain more reliable results a commercial LFP electrode was used. It was 

expected that a role of LTO electrode itself on gassing issue would be identified if lithium metal was 

replaced with LFP. The current and pressure change with time are plotted in Figure 38. As similar as 

LTO/Li half cell, the overall behavior of pressure is a steady rise with time. The increased amount of 

pressure during four cycles is 9.2 mbar or 2.3 mbar per cycle. This is more than 2.5 times larger than 

the amount in LTO/Li half cell.  

 

Figure 38. Variation of current and pressure with time on LTO/LFP full cell. Pressure increase during 

4 cycles between the end of the first cycle and the end of the fifth cycle is denoted. 
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The enlarged parts of current and pressure curves versus time are shown in Figure 39. In contrast to 

the half cell result, pressure decrease is not observed while the cell is being charged, instead a notable 

increase in pressure is shown after charge (Figure 39(a) and (b)). After discharge process, pressure is 

maintained or even slightly decreases. This result is in line with the half cell and even more 

pronounced measurement, for which it was observed that the slope of the baseline was increased after 

charge and decreased after discharge. 

The pressure increase on the end of charge can be partly explained by the detected slope increase in 

pressure curves in the half cell immediately after charge. This might be caused by LTO electrode. The 

constant pressure or a slight decrease in pressure after discharge is in agreement with the slope 

decrease in LTO/Li half cell.  

 

 

(a) 
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(b) 

 

Figure 39. Enlarged parts of Figure 38. Different sections in Figure 38 are represented. Pressure 

changes after charge and discharge are shown (a) during the second and third cycles and (b) during 

the fourth and fifth cycles. The arrows indicate the points where the slope begins to change after 

charge or discharge. 

 

However, also in this experiment the potential variation of the CE needs to be fully monitored. The 

potentials of working and counter electrode are shown in Figure 40 together with pressure versus time. 

Interestingly, the pressure begins to increase when the LFP potential exceeds 4.5 V vs. Li/Li
+
. This 

potential is often given as the oxidative decomposition limit of alkyl carbonate electrolytes. Therefore 

it cannot excluded that at least same part of the pressure increase at the end of charge is due to the 

oxidation of electrolyte. However, the influence of LTO on gassing as identified in the half cell 

measurement cannot be ruled out and both LTO and LFP potential may play a role to the pressure 

increase after charge. An additional contribution of the LFP CE to the overall gassing might also 

explain, why the gassing rate of the LTO/LFP full cell was slightly higher than that of the LTO/Li half 

cell. The points where the pressure remains constant or decreases are also closely fit to the potential of 

counter electrode that drops below approximately 2.3 V vs. Li/Li
+
. It is not clear if and how this over-
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discharge on LFP might explain this pressure change at the end of discharge as this would mean that 

gas should be consumed. 

For a better understanding of the gassing issue additional experiments are required with cells in which 

the cathode is clearly oversized compared to the anode, so that overcharge and over-discharge of the 

cathode are avoided. Unfortunately, the limited time frame of this master thesis, did not allow to 

perform these measurements.  

 

Figure 40. Variation of counter (dashed line) and working electrode (solid line) potentials with time 

on LTO/LFP full cell. Pressure curve is marked as blue. 
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CONCLUSIONS AND PERSPECTIVES 

In this study, the electrode/electrolyte interactions and gas formation of lithium titanium oxide was 

investigated in half- and full-cell tests.  

By using a special test cell, in-situ infrared measurements were carried out and dynamic changes at 

the interface between LTO and electrolyte were identified. As the changes in IR band were generally 

very small, it was attempted to use the SNIFTIRS to clearly visualize the evolution of bands at 

different potentials. SNIFTIRS is the method of choice in the literature to analyze minor changes in 

the spectra. For the LTO electrode the background absorption changed significantly on charge and 

discharge, and these changes can be explained with the conductivity change of LTO during lithium 

insertion/extraction. It is evidenced that the changing background absorption leads to an erroneous 

signal in SNIFTIR spectra so that this technique cannot be used in the present work. Instead, 

difference spectra were computed and used for the detailed band analysis.  

On the first charge all bands slowly lost in intensity between 2.5 and 1.56 V vs. Li/Li
+
 due to 

electrolyte displacement (e.g. by gas formation) and electrolyte decomposition processes occurring at 

the interface. During the actual change of the LTO electrode between 1.56 and 1.49 V vs. Li/Li
+
 the 

band intensities of non-solvating solvent increase and those of solvating solvents decrease. This can 

be explained by Li
+
 concentration changes in the electrolyte during charge. Between 1.49 and 1.0 V vs. 

Li/Li
+
, all bands decreased again, due to diffusion which counteracts the concentration gradient 

established on charge as well as displacement and decomposition of electrolyte. On discharge similar 

effects are observed than during charge. The concentration changes during discharge and diffusion 

effect seem to be even more pronounced.  

It was not possible to detect any new compounds, which would be indicative of the formation of 

decomposition products. 

In-situ pressure measurements were carried out in half- and full-cell to provide complementary 
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information on infrared results. Generally the pressure increases with time and the pressure increase 

starts with the start of the experiment. A clear decrease in pressure on charge and increase on 

discharge were observed in LTO/Li half-cell. These were sufficiently explained by lithium dissolution 

on charge and deposition on discharge. A careful comparison of pressure slope before and after the 

actual charge and discharge processes shows that gassing rate slightly increased immediately after 

charge and little decreased after discharge.  

In the case of full-cell (LTO/LFP), pressure increased after charge and relatively maintained or 

slightly decreased after discharge. Since the LFP electrode was not oversized, compared to the LTO 

electrode, as originally intended, the cathode potential was slightly overcharged during charge. This 

could have resulted in additional gas formation due to electrolyte oxidation at the cathode and could 

explain why the LTO/LFP full cell showed a slightly higher gassing than the LTO/Li half cell. 

In summary, the in-situ pressure measurements give a direct evidence, and the in-situ IR 

measurements give an indirect evidence for gas formation. However, CO2 and other electrolyte 

decomposition products could not be identified by IR. The gassing rate appears to be increased when 

the LTO electrode is charged. Further measurements in half and full cells with oversized cathods are 

recommended to obtain a complete picture of the gas formation issue.  
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