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 I 

Preface 

Chemistry of interfaces and surfaces play a key role in understanding numbers of diverse 

phenomena, such as chemical reactions, electrochemical processes, nanoparticle behavior, and so 

on. In-situ studies on these interfacial processes and depth profiling play an important role for 

properly addressing the issues of worldwide relevance, and for this, experimental methods, which 

discriminate interfacial structure with high resolution, are required. Raman spectroscopy is a 

powerful technique which can achieve in-situ observation of the molecular vibration. 

Nevertheless, it is known that some vibrations show weak Raman scattering so that micro 

constituents are difficulty to be observed by this approach. In these situations, surface-enhanced 

Raman spectroscopy (SERS) could be beneficial to enhance weak Raman signals and distinguish 

the vibration of a group or a chemical bond in the sample with low concentration. However, for 

the analysis of the interfacial reaction, SERS is not widely employed comparing to other 

traditional approaches, due to the confined SERS sensor to enhance the signals.  

To advance the interfacial analysis, Raman spectroscopy and SERS were employed in this 

study to realize the analysis on several ultra-thin samples. The originality of this study is applying 

the SERS sensors and realizing in-situ and kinetic measurements on three types of nano-films, 

with high sensitivity and resolution. In addition, temperature calculation from anti-Stokes Raman 

scattering and depth profile with a step of 0.1 nm also support the interface analysis. The 

measurements and analyses were successfully expanded to various kinds of nano-film samples, 

including (3-aminopropyl) triethoxysilane derived self-assembled monolayers (APTES SAMs), 

single layer graphene (SLG), and the solid-electrolyte interface (SEI) films formed at the 

electrode surface of Li-ion battery (LIB).  

In this study, APTES SAMs and SLG with known structure were used to evaluate the 

application potential of SERS and Raman spectroscopy in analyzing the interfacial reaction of 

thin-film materials. Meanwhile, some new phenomena were also discovered on these samples, 

including the analysis on the phase transition, the accurate vertical structure and the two interfacial 

junctions of APTES SAMs, and the thermal stability of SLG. Furthermore, SERS was applied to 

characterize the SEI layers in LIB, including the kinetics of their formation, the depth profiling, 

and their generation mechanism focusing upon the species such as Li2CO3. The in-situ interfacial 

observation on the thin-film materials was completed with atomic resolution, high quality and 

kinetically by using the SERS sensors. 

This thesis constitutes to five chapters as below. 



 

 II 

Chapter 1 is the general introduction. It explains the motivation of the entire research, the 

techniques employed, the target samples and the strategy in this study. Some fundamental 

concepts and theories are introduced. Moreover, some important supporting approaches are also 

explained in detail. 

Chapter 2 demonstrates the ability of SERS in the interfacial analysis of nanoscale structures. 

The depth profiling of APTES SAMs was observed using SERS at atomic level, combining with 

a piezo field gradient device. It distinguishes the vertical vibrations from specific groups and 

analyzes the orientation in APTES SAMs. In addition, it also describes the in-situ anti-Stokes and 

Stokes Raman spectroscopy observation on phase transition process of APTES SMAs and the 

thermal stability of SLG, subjected to confocal laser heating.  

In chapters 3 and 4, SERS is further applied to the interfacial analysis of LIB electrodes, to 

observe the important but unclear structure, the SEI films. Chapter 3 presents the kinetic 

observation on SEI film formation and thermal stability at the graphite electrode, which is 

measured by using SERS sensor. Furthermore, the real-time 2D mapping of the SEI formation is 

carried out by using the Raman microscopy installed with 11 x 11 multi-laser spots. 

Chapter 4 further investigates the Li2CO3 products by using Au NPs SERS sensor and figures 

out the mechanism of Li2CO3 formation. The interfacial behavior of PC and EC at the surface of 

graphite is deeply explored and its relation with interfacial reduction pathway is analyzed. Finally, 

the depth profiling of SEI film is presented to observe the location of Li2CO3 product in SEI film. 

Chapter 5 summarizes the observations and discoveries from the analysis of this study. Some 

perspectives are also discussed for future improvement. 
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1.1 Introduction of Raman spectroscopy and SERS 

High-performance characterization near the surface and interface regions of materials could 

play a significant role in the interfacial reaction analysis. Many spectroscopic techniques have 

been applied to the characterization, such as Fourier transform infrared spectroscopy (FTIR), x-

ray photoelectron spectroscopy (XPS) and time-of-flight secondary-ion mass spectroscopy (ToF-

SIMS), and so on. Each approach has its own merit and more methods could supply more 

comprehensive view of a structure or a reaction.  

Raman spectroscopy is capable of depth profile, in-situ kinetic measurement and temperature 

calculation. Combining with SERS sensor, the weak Raman scattering could be dramatically 

enhanced, which is usually called Surface-enhance Raman spectroscopy (SERS). SERS could 

distinguish the molecular information which cannot be analyzed by normal Raman spectroscopy 

and other methods. It is expected to provide a powerful technique to observe the subtle variation 

information in thin-film materials and interfaces. However, comparing with other traditional 

approaches, the application of SERS in interfacial analysis is quite limited, due to the confined 

SERS sensor. 

This study attempts to demonstrate the capacity of SERS and apply it on understanding the 

in-situ kinetic interfacial reaction and structure of thin-film materials. The main techniques are 

Raman spectroscopy, SERS with several types of SERS sensors, temperature calculation from 

anti-Stokes and Stokes Raman scattering and depth profile measurement with a step of 0.1 nm. 

The in-situ analyses were completed with atomic resolution, high quality, and kinetically. In 

section 1.1, all the techniques employed in this study for analyzing interfacial reaction, will be 

introduced one by one. 

1.1.1 Raman spectroscopy 

Raman spectroscopy is a vibrational spectroscopy used to collect the unique chemical 

fingerprint information of molecules, based on the Raman scattering (Figure 1.1) found by Indian 

scientist C.V. Raman. The information of molecular vibration is beneficial for analyzing the 

molecular structure. The process of Raman spectroscopy work involves the inelastic scattering of 

monochromatic light via a sample material. Usually, a laser is irradiated on a sample for 

generating this light from the interacts with phonons, vibrating molecules, or other stimulations 

in the target samples. The majority of the scattering shows the frequency, which is the same as 
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the excitation source. It is called Rayleigh scattering. Minority of the scattering displays the 

shifted frequency that is different from the excitation source, owing to the interactions of the 

electromagnetic waves incidence and the vibrational energy levels of the molecules. It results in 

shifting the energy level of the laser photons oscillating up and down and gives the information 

about vibrations, called the Raman effect. A Raman spectrum is plotted with the intensity of 

frequency results versus shifted frequency. The frequencies position will represent each band 

position, corresponding to the energy levels of functional group vibrations. [1]  

 

 

Figure 1.1 Illustration of Raman scattering 

 

Usually, a Raman spectroscopy instrument contains the laser source, the sample and the 

necessary apparatus to detect the Raman spectrum as shown in Figure 1.2. Each part of apparatus, 

ND filter, objective lens, Pinhole size, grating, and so on, could influence the observed signals in 

various degree. For example, the objective lens with high magnification would reduce the laser 

power irradiated on the sample, but its large NA value allow the high spatial resolution when 

measuring Raman spectrum. On the contrary, objective lens with low magnification could allow 

larger laser power at the sample, but its low NA value is not good for the Raman mapping with 

high spatial resolution. Carefully adjusting all the apparatus is crucial to observe Raman spectrum 

with high quality.  

Raman spectroscopy can detect the information of molecular vibrations, which can be used 

to quantitate and identify some specific functional groups or molecular bands. There are many 

merits of Raman spectroscopy. It allows the in-situ observation that requires little or no sample 

preparation; the spectra range includes wavenumber below 400 cm-1, which makes it more 

effective than infrared spectroscopy for the detection of the variation at low frequency shift; The 

frequency position of each peak can be easily attributed to chemical structure; Raman 

spectroscopy can measure vibrations of symmetric linkages that are hardly seen via infrared 
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spectroscopy, and so on. So far, there are a number of new developments on Raman spectroscopy, 

such as SERS, resonance Raman spectroscopy, tip-enhanced Raman spectroscopy (TERS), 

polarized Raman spectroscopy, transmission Raman spectroscopy, spatially offset Raman 

spectroscopy, and hyper Raman spectroscopy. [2] SERS is the key approach in this study and will 

be introduced more in following section. 

 

 

Figure 1.2 The schematic of the basic set up of a Raman spectroscopy instrumentation 
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1.1.2 Surface-enhanced Raman spectroscopy (SERS) 

1.1.2.1 The theory of SERS 

SERS, a family of Raman scattering, can be observed via the enhancement caused by rough 

metal nanoparticles (NPs). The development of SERS started from 1970s. Since Fleischmann et 

al. [3] discovered the dramatic enhancement of the Raman scattering of pyridine molecules that 

were adsorbed on the surface of rough Ag electrode, SERS attracted numerous attentions more 

and more. SERS can solve the issue of the low sensitivity when using common Raman 

spectroscopy. So far, the observed maximum enhancement factor can reach 1014 comparing with 

the normal Raman scattering [4]. It is beneficial to decrease the detection limit, analyze the 

minority of a target sample, and even achieve single molecule detection some times. It is a crucial 

advantage for the interfacial analysis. The enhancement mechanism of SERS was believed to be 

electromagnetic enhancement [5, 6] and chemical enhancement [7, 8] as shown in Figure 1.3. 

 

 

Figure 1.3 Schematic of the electromagnetic enhancement and chemical enhancement in SERS 

[9] 

 

The electromagnetic mechanism (EM) enhancement is mainly owing to the excitation of 

localized surface plasmon resonances (LSPRs) caused by the trapped light wave at the nano-gaps 

Molecule

Detector

(A) Electromagnetic enhancement

Nanoparticle

(B) Chemical enhancement

LUMO

HOMO

Molecule Metal

E
n
e
rg

y 

（i）

（ii）（iii）

E0(λ)

Es

Ei=E0+ES

ED

Een

E0=ED+Een

λ’

ra



 

Chapter 1 General introduction 

 

 6 

of metal NPs. The excitation of LSPR would result in high intensity surface electromagnetic field 

(EM enhancement) at the metal NPs surface. The molecules close to the enhanced 

electromagnetic field, could be excited stronger Raman scattering (SERS). EM is a distance-field 

effect, which may influence the range of several tens nanometer away from metal NPs surface. 

The enhancement factor of EM could be up to the order of 104 to 106 [10] and is considered to be 

the dominant mechanism of SERS. There is no special bond between adsorbed molecule and NP 

surface when considering EM mechanism. It cannot explain the diversity of SERS enhancement 

from various adsorbed molecule species, while it can explicate the SERS enhancement when 

target molecule is not at the very near surface of metal NPs but a little far away in tens nanometer 

scale.  

In addition, chemical mechanism also has close relation with SERS effect and is believed to 

contribute the enhancement factor to the order of 102 [10]. The most believed model in the 

chemical enhancement is charge transfer (CT) mechanism. When the irradiation light is emitted 

on the metal surface with appropriate wavenumber, the resonance transition of electronic energy 

would occur between adsorbate and metal surface. It could alter the molecular polarizability of 

adsorbate and arouse the SERS effect. The bond between adsorbed molecule and metal surface is 

necessary for the CT mechanism [11]. The CT enhancement can only come about at the near-field 

of metal surface.  

SERS enhancement is considered to be a combination of EM and CT mechanism. No matter 

which mechanism contribute more to the SERS effect, to create local field intensity enhancement, 

effective SERS sensors are crucial.  

1.1.2.2 SERS sensor 

For applying SERS approach in various fields, the SERS sensor with high enchantment 

factor, sensitivity and reproducibility plays an important role. The SERS effect can be generated 

from an electric enhanced field (plasmonic hotspots), which could occur at the sharp corners 

and/or with intra-particle gaps of metal nanostructures. In general, Au, Ag and Cu are traditional 

and classic materials for SERS sensor. The LSPRs of Au, Ag and Au cover wide wavelength range, 

where most Raman measurements occur. It results in choosing different laser wavelength for each 

metal NP as shown in Figure 1.4.  

The SERS hotspots occur mainly at crevices of rough metal surface, the gaps between NPs, 

or sharp features of regular pattern (Figure 1.5). Attempting various materials and structures is 

beneficial for finding appropriate SERS sensor that support maximizing the SERS enhancement. 
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[12] Many practical potentials are still undiscovered because of the lack of appropriate SERS 

sensor. 

 

 

Figure 1.4 Approximate wavelength ranges for using Ag, Au, and Cu as SERS sensors [12] 

 

Numerous efforts have been made to develop effective SERS sensor for wide application. 

Exploring new material, optimization the pattern of substrate and developing the structure of 

metal NPs result in various SERS sensors such as Shell-isolated NPs [13], polyhedral Ag 

mesocages [14] and SERS-active nanostructures [15], and so on. In this chapter, three types of 

SERS sensor that are focused on designing substrate patterns will be introduced in detail. 

 

Figure 1.5 SERS Hotspots generated from metal nanostructures. Reprinted by permission from 

Macmillan Publishers Ltd: Nature Reviews Materials ref [16], copyright 2016 
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Nanoparticle film 

Nanoparticle films, which are the suitable choice for SERS studies, have been producing 

enlightening results, for example the silver NPs. Silver NPs have been produced mainly by 

chemical solution processes involving the use of aggressive chemical reducing agents, capping 

agents, and organic solvents. Figure 1.6 [17] includes some scanning electron microscopy (SEM) 

images of silver NPs film. The silver NPs films were demonstrated to offer great surface 

enhancement and the surface enhancement factor can be efficiently changed by the silver atom 

concentrations of the films. Zeng et al. [18] compare the enhancement ability of the triangular and 

spherical silver NPs film and found that the triangular silver NP is remarkable but somewhat 

lower than that of the spherical silver NP film. In this study, SERS sensors with spherical metal 

NPs film structure were applied to the analysis in liquid/solid interface in chapters 3 and 4. 

 

 

Figure 1.6 Photograph of the silver NPs films with different silver NP concentrations. Reprinted 

with permission from ref [17]. Copyright 2008 American Chemical Society 

 

Nanoparticle arrays 

To realize the practical applications of SERS sensor, it is important for the SERS sensors to 

show highly ordered, reproducible and controllable structures. A nano-patterned structure, either 

3D or 2D, can provide not only significant Raman enhancement, but also high potential for 

application, for example, the nano-pattern in Figure 1.7. In the case of 2D SERS sensors, a lot of 

techniques are available for the pattering such as the conventional electron beam lithography, 
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photolithography, block copolymer lithography. Furthermore, 3D nanostructures have been 

demonstrated to be even higher SERS sensitivity. The 3D nanostructures have advantages of large 

surface area for the formation of hot spots between those closely neighbored NPs and the 

adsorption of target analytes. Many available 3D SERS sensors have been proposed, such as Al2O3 

nanochanels, Si nanotips and nanowires, ZnO nanowire arrays, etc. [19] In this thesis, a SERS 

sensor fabricated with micro-lens array (MLA) was also tested on interfacial analysis in chapter 

3. 

 

Figure 1.7 An example of Ag nanoparticle array, TEM image and FDTD simulations. Reprinted 

with permission from ref [20]. Copyright 2010 American Chemical Society 

 

Core-shell Nanoparticles  

Shell-isolated nanoparticle-enhanced Raman spectroscopy (SHINERS) was invented by 

Tian and co-workers [13], using core-shell NPs (Au@SiO2 NPs) (morphology as shown in Figure 

1.8). Core-shell NPs was composing from at least two nanomaterials. It is a oriented assembly 

that can be fabricated by cladding one nanomaterial onto another NP structure. The main virtue 

of SHINERS is that it is universally applicable to the sample with different surface morphology. 

The contamination and corrosion between SERS sensor and target sample can be avoided. 

(d)

(e)

(f)
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Numerous materials can be fabricated on various metal nanostructures to form the core-shell NPs, 

so that they can be used on diverse target samples with high sensitivity [21]. It has tremendous 

potential to be applied in various field, such as surface science, life sciences, food safety, and so 

on. Developing various ultrathin shells is crucial to the application, such as Au@SiO2 [13], 

Au@Al2O3 [13], Au@Pt [22], Fe2O3@Au [23], Au@ poly (2-aminothiophenol) (PAT) NPs [21], 

Au@Pd [24], etc. Based on these theory and applications, the Ag NPs SERS sensor coating with 

a Al2O3 nano-film was employed in chapter 3. The Al2O3 nano-film was not for isolated Ag NPs 

from each other, but for protecting Ag NPs film the corrosion by electrolyte. 

 

 

Figure 1.8 Au@SiO2 NPs prepared under different pH conditions reported in the reference. 

Reprinted by permission from Macmillan Publishers Ltd: Nature Protocols ref [25], copyright 

2013.  

 

1.1.2.3 Application of SERS 

SERS has great potential for providing information on slight molecular vibrations, even 

single molecule detection. So far, SERS has been widely employed in various fields, such as 

microbiology [26, 27], organic materials [28], and electrochemistry [29, 30].  

Single molecule detection [4, 12, 31, 32]: The development of single molecule detection 

makes SERS technique attractive more and more. It demonstrates the detection resolution of 

SERS is rather high and SERS has vast potential for various analysis. Single molecule SERS 
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(SMSERS) was report by Kneipp et al [33] and Nie et al.[4] in 1997. Kneipp and co-worker 

studied the adsorbed crystal violet on Ag NPs colloidal solution. NaCl solution was firstly added 

into AgNPs colloidal solution for obtaining Ag NPs aggregation. Then, 3.3×10−14 mol/L of crystal 

violet was mixed in Ag NPs colloidal solution which mean less than one crystal violet molecule 

in one probe volume. The SERS enhancement was detected and the enhancement factor was 

calculated to be 1014. The SMSERS observations in the literature concentrated on the SERS sensor 

of Ag NPs aggregation. Efforts are also made for realizing SMSERS on other fundamental 

research fields. Figure 1.9 is a label-free sensing platform for the unambiguous detection of 

single-stranded DNA using SERS reported by Braun et al. The probe-tethered Ag NPs were 

assembled on Ag film via the agency of the target DNA strand, resulting in creating an intense 

EM hot spot.  

 

  

Figure 1.9 Detection of single-stranded DNA by using SERS. Reprinted with permission from ref 

[34]. Copyright 2007 American Chemical Society 

 

Application in detection on various samples: some reports describe the detection on Polymer 

material [35-37] by using SERS, such as, the self-assembled monolayers (SAMs) adsorbed on 

SERS-inactive metal surfaces which show strong SERS enhancement or deposit polymer samples 

on rough SERS substrate to obtain enhance Raman scattering. Besides, SERS is also widely 

studied in biological application [38, 39], which allows the investigation of biological samples 

under in-situ or minimally invasive conditions. Moreover, in the field of electrochemistry, for 

instance, SERS can support the analysis on characterization and reaction mechanism of 

electrodeposition process [40, 41].  

However, the application of SERS in the study of interfacial analysis and Li-ion battery (LIB) 

is not as mature as other traditional approaches. Figure 1.10 (a) is the publication item each year 

about the interfacial analysis with SERS, comparing the traditional approaches XRD, XPS, FTIR 

and Raman spectroscopy. As a result, SERS is not widely used as much as other traditional 

methods. Besides, in the field of LIB, as the collected data in Figure 1.10 (b), although Raman 
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spectroscopy was employed many in the analysis of LIB, the report about using SERS on studying 

LIB related research is nothing much.  

SERS, as a member of Raman spectroscopy, can not only elevate the sensitivity of Raman 

scattering, but also be capable of time-resolved measurement and depth profiling. The narrow 

application of SERS in LIB and interfacial analysis maybe affected by the confined SERS sensor. 

With appropriate SERS sensor, SERS could be expected to show more application and ability in 

the analysis of interfacial reaction.  

 

Figure 1.10 (a) Published items each year about the interfacial analysis with the methods of XRD, 

FTIR, XPS, Raman and SERS, from Thomson Reuters’ Web of Knowledge, Web of Science (as of 

5th Nov. 2016); (b) Published items each year containing the search topic term “Li ion battery & 

Raman” (left) and “Li ion battery & SERS”, from Thomson Reuters’ Web of Knowledge, Web of 

Science (as of 5th Nov. 2016)  
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1.1.3 Time-resolved measurement 

1.1.3.1 Observation on kinetic reaction 

To support the analysis of kinetic reaction at interfaces, real-time observation is significant 

to the accurate monitoring. Time-resolved techniques allow the analysis on kinetic reaction and 

structure variation, such as chemical reaction process, melting process, crystallizing kinetics, 

surface dynamics and many more. Electron microscopy methods and electron diffraction 

techniques are sensitive to the morphology and nuclear positions within the molecule [42]. Thus, 

for the time-resolved observation, ultrafast electron microscopy [43, 44] and electro diffraction 

[45-47] are usually used to directly probe the transient positions of atoms inside a molecule. 

Different from them, spectroscopic methods can provide more direct access to the molecular 

energy spectrum, such as Raman spectroscopy. Raman spectroscopy has been well proven as an 

approach for analyzing molecular structure, molecular chemistry, and intermediates in solution. 

It is of great advantageous comparing to some time-resolved absorption and emission 

spectroscopy.  

To the present, the time-resolved measurement using Raman spectroscopy is mature and 

widely applied [48-52]. Taking the Figure 1.11 as an example, Fontané et al. [48] demonstrated 

that the secondary phases of ZnS in Cu2ZnSnSe4 layers during the sputtering process, which 

cannot be distinguished by XRD based techniques could be detected kinetically by using Raman 

spectroscopy. Meanwhile, along with sputter time, the in-depth structure of layers could be 

monitored, which mean the in-depth resolved measurement was realized. It also illustrates that 

time-resolved Raman spectroscopy can support various observation combining with other devices 

and techniques. The development of time-resolved observation using Raman could be much 

improved by the advent of highly efficient spectrometers, pulsed tunable lasers, and highly 

sensitive multichannel detectors [53]. The generation of ultrashort pulses is a revolutionary 

development, which can reduce the optical pulse widths to sub-picosecond [54]. For the Raman 

spectroscopy in our group, the minimum exposure time could be 0.002 s by installing pulse laser 

shutter on Raman spectroscopy, so that the kinetic monitoring is available in microsecond scale. 

In addition, the emergence of SERS highly improves the spectrum quality, which makes the time-

resolved observation on structure variation more accurate.  

In this study, the time-resolved measurements were carried out for monitoring the phase 

transition process of (3-aminopropyl)triethoxysilane derived self-assembled monolayers (APTES 
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SAMs), the thermal stability of single layer graphene (SLG) and the kinetic formation of the 

passivation film at the solid-electrolyte interface (SEI film) in LIB. To observing the weak Raman 

scattering of APTES SAMs and SEI films, the SERS sensors were used for enhancing Raman 

signals. Besides, in order to monitor the phase transition of APTES SAMs and thermal stability 

of SLG, another function of Raman spectroscopy, temperature calculation by using anti-stokes 

and stokes Raman scattering, will be conducted and analyzed together with time-resolved 

measurement. The details of temperature estimation will be introduced in the following section 

1.1.3.2. 

 

Figure 1.11 A Raman spectra measured on Cu2ZnSnSe4 layers at different sputter time using a 

325 nm excitation wavelength: The sputter process was characterized by the presence of a peak 

at about 700 cm−1, corresponding to the second order band of ZnS, in addition to the main first 

order ZnS mode at 350 cm−1. Reprinted from ref [48], with the permission of AIP Publishing 

1.1.3.2 Kinetic temperature calculation 

During the observation on kinetic reaction, if the anti-Stokes Raman scattering is detectable, 

the temperature of material can be monitored from the Raman frequency, and the ratio of the 

intensities of the anti-Stokes and Stokes Raman signals (the Ias/Is ratio) [55-57]. Anti-Stokes and 

Stokes Raman scattering are two possible outcomes of the Raman interaction. The material 

absorbs energy and emits photon with higher or lower energy than the absorbed photon. These 
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two possibilities are called anti-Stokes Raman scattering and Stokes Raman scattering, 

respectively. (Figure 1.12) 

 

Figure 1.12 Energy level diagram of Raman scattering 

 

Stokes scattering peaks are stronger than anti-Stokes scattering peaks, and their ratio depends 

on the temperature. This fact can be exploited practically for the temperature measurement. [58, 

59] The intensity ratio of anti-Stokes to Stokes scattering is theoretically expressed as 

Ias/Is = exp(−hν/kT)                          eq (1) 

where ν is the Raman shift of one vibration, k is the Boltzmann constant, and h is the Planck 

constant. With recording a series ratio of Ias/Is during a kinetic observation, the kinetic 

temperature (T) variation can be calculated accordingly. 

The anti-Stokes Raman scattering is of high potential to become a powerful technique for 

the in-situ temperature investigations. For example, the extension of Raman scattering from 

materials above the temperatures of 1000 °C is a crucial challenge, yet the structural and chemical 

variation of industrial materials usually occur in this temperature range [60]. In the case of this 

tough situation, this method is useful for high temperature measurement. Besides, for the 

observation in low temperature range, this method was also effectively applied. For instance, Tsuji 

et al. [61] observed the Stokes and anti-Stokes Raman scattering from organic light-emitting 

diodes based on copper phthalocyanine (CuPc), α-NPD, and Alq3 with excitation at 633 nm and 

demonstrated the temperature of the CuPc layer operated at 400 mA should be 140 ºC.  

The temperature calculation in this thesis were carried out for kinetic temperature 

observation at the range from room temperature to 600 ºC. These studies will be explained in 

chapter 2.  
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1.1.4 Depth profile measurement 

Except for the time-resolved measurement, another supporting technique for this study is the 

depth profile measurement. The most common depth profiling approaches include destructive 

method and non-destructive method, such as microtome method, TOF-SIMS, attenuated total 

reflection (ATR) FTIR, angle resolved XPS (ARXPS), and so on. The depth resolution appears 

to be from nanometer scale to micrometer. The Raman laser can penetrate sample surface from 

depth of tens of micrometers with a depth resolution of around 1~2 μm. Many applications [62-

64] demonstrate that confocal Raman spectroscopy is suitable to depth profile, but only realized 

in micrometer scale. Efforts can be made on improve the depth profile resolution, such as 

objective lens with high Numerical Aperture and effective SERS sensors. 

 

Previous achievement in depth profile of our group  

 

Figure 1.13 Left: Raman spectrum of hydrazine on the Cu antenna SERS sensor with depth step 

of 1 nm between each spectrum; Right: The prospective configuration of hydrazine on Cu 

(gauche-conformation). Reprinted from ref [65], Copyright 2013, with permission from Elsevier 



 

Chapter 1 General introduction 

 

 17 

 

In our group, there are efforts of developing SERS sensors have been made to improve the 

depth profile resolution by using Raman spectroscopy. Various SERS sensors are designed and 

applied in the analysis of liquid/solid interface and solid/solid interface, so that the resolution and 

intensity of the electric field could be both enhanced by SERS sensor. Moreover, to support the 

accurate vertical movement of Raman laser, a piezo field gradient stage is installed to control the 

depth displacement with the minimum step of 0.05 nm. Based on these developments, the depth 

profiling has been achieved to nanometer level. For instance, Jiang et al. [65] developed a SERS 

sensor with a plasmon antenna structure and applied the SERS sensor in characterizing the 

hydrazine adsorption on Cu surface with a depth resolution of nanometer as shown in Figure 1.13.  

 

 

Figure 1.14 Raman depth image of G-band intensity for HOPG layers [66] 

 

Furthermore, Yanagisawa et al. [66] developed a plasmonic SERS sensor and applied the 

SERS sensor to the structure analysis in Highly Ordered Pyrolytic Graphite (HOPG) interlayer 

and the Diamond-like carbon (DLC)/Si interface. The depth image of G-band intensity of HOPG 

in Figure 1.14 showed good agreement with the layer distance, 0.335 nm, which demonstrate the 

depth profile resolution of sub-nanometer.  

In the chapters 2 and 4, several SERS sensors are also applied in characterizing the internal 

structure and the interfacial structure of the nano-film samples, APTES SAMs and SEI film in 

LIB. 
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1.2 Introduction of three target samples 

The techniques introduced in the section 1.1 are employed in analyzing the in-situ kinetic 

interfacial reaction of three Nano-film structures, which are organic film of (3-aminopropyl) 

triethoxysilane derived self-assembled monolayers (APTES SAMs), inorganic film of single-

layer Graphene (SLG), and the passivation film at the solid-electrolyte interface (SEI film) in Li-

ion batteries (LIB) consisting of both organic and inorganic components. Amongst them, APTES 

SAMs and SLG with known structures were used for evaluating the ability of SERS in the 

interfacial analysis. The SEI film in LIB is for applying SERS to observe the unknown structure. 

These three samples will be introduced one by one in following sections. 

 

1.2.1 APTES SAMs 

APTES is a typical organosilane agent for the preparation of amino-terminated films, which 

can be used for promoting adhesion of polymer films on substrate, promoting protein adhesion 

and cell growth, attaching metal NPs to a silica substrate, and so on. APTES moieties are attached 

through the formation of Si-O-Si bond between the silanol groups and substrate surface. APTES 

has been widely used because its amino terminal group [67, 68] and is attractive for DNA 

microarrays [69], protein arrays [70], and many more.  

The surface functionalization of SiO2 substrates could be accomplished by the self-assembly 

process of the APTES monolayer. The bond formation between the SiO2 substrate surface and the 

APTES moieties generated from the first step of hydrolysis of the ethoxy (–C2H5) groups, which 

result in the formation of silanols (Si–O–H). The followed second step lead to the covalent 

adsorption of the hydroxysilane product. Thereby, a self-assembled monolayer of APTES 

moieties would be formed, which is constructed by the siloxane (Si–O–Si) network. As can be 

seen in the structure of APTES SAMs in Figure 1.15, the APTES moieties are oriented in a way 

that the positively charged amine groups (–NH2
+) are aligned away from the underlying silicon 

substrate. [70, 71] 
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Figure 1.15 An ideal APTES SAM layer with high orientation array 

 

In actual preparation, the APTES moieties have been demonstrated to be not as complete 

order as the ideal structure in Figure 1.15. Zhu et al. [72] discussed the possible irregular structure 

of APTES-derived layer. Upon the lowest layer, there might be almost no APTES moieties 

orientated vertically and regularly. As displayed in Figure 1.16, there might be inter- and 

intramolecular catalyze silane attachment and oligomers and polymers of silanes exist in the 

interior APTES layer. Some typical structures would be the physisorbed, hydrogen-bonded silane 

molecules (a) or electrostatically attached silane molecules (b), which are not stable. Besides, 

some molecules only react with surface silanol groups (c) and some are bonded with 

neighborhood molecules horizontally (d) and/or vertically (e). Moreover, some attach to the 

surface and form oligomeric (f), leading to the disorder layer.  

 

Figure 1.16 An APTES-derived layer with structural irregularities refer to the research of Zhu et 

al. Reprinted with permission from ref [72], Copyright 2012 American Chemical Society. 

 

APTES SAMs has been investigated by many methods, including ellipsometry [73], UV–

visible absorption [74] and X-ray photoelectron spectroscopy [75]. The structure at the interface 

and within the APTES SAMs is partial understood till present. Nevertheless, none of them could 
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support the accurate inner structure of APTES SAMs in detail. In chapter 2, the phase transition 

process and depth profile on APTES SAMs will be demonstrated by using SERS, to demonstrate 

the advantage of SERS and explore the unknown properties of APTES SAMs simultaneously. 

1.2.2 Single layer Graphene (SLG) 

As a crystalline allotrope of carbon with 2-dimensional system (Figure 1.17), the honeycomb 

lattice of graphene has given occasion to many interesting properties and potential to be used in 

Lithium batteries, solar cells, semi-conductor, etc. Graphene has many extraordinary properties: 

large theoretical specific surface area (2630 m2g−1); high thermal conductivity (5000 Wm−1K−1), 

intrinsic mobility (200 000 cm2 v−1 s−1), optical transmittance (97.7%) and good electrical 

conductivity. [76] Raman spectroscopy has been a useful tool to study graphene, including 

identifying edge orientation, thermal conductivity, doping concentration, structural properties, 

and so on.  

 

 

Figure 1.17 Structure of single layer graphene: (a) Zigzag edge; (b) Armchair edge 

 

The defects in graphene can be induced by plasma treatment [77], electron beam irradiation 

[78], and so forth. It was reported that the nature of defects could be probed with the intensity of 

the D peak, since the breathing modes of sp2 atoms originated from defects. Many studies [79-

81] have quantified the number of point defects in SLG using the intensity ratios of the D and G 

peaks, I(D)/I(G). In addition, a decrease in the I(2D)/I(G) ratio can be an indicator of the increase 

in doping levels in graphene. In chapter 2, thermal stability and defect generation induced by 

confocal laser heating will be investigated by using Raman spectroscopy. 

(a) Zigzag edge (b) Armchair edge
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1.2.3 SEI film in Li-ion battery 

 

Figure 1.18 Schemetic of a typical Li-ion battery. Reprinted from ref [82], Copyright 2010, with 

permission from Elsevier. 

 

Since Li-ion battery (LIB) was developed and applied in commercial device twenty years 

ago, it became indispensable in daily life. The merits of LIB are high energy density and slow 

loss of charge when not in use. However, it still has bottleneck problem and disadvantage, such 

as capacity, charging rate, energy density, cycle life, self-discharge and even safety issue. Most of 

these performances, no matter advantages or shortages, were partly dominated by the passivation 

layers formed at the solid-electrolyte interphase (SEI film). Figure 1.18 is a schematic illustration 

of a typical LIB. Deeply understanding the reaction mechanism in LIB is significant to improve 

the performance of LIB. SEI film is considered as the most important but least understood 

component in LIB. It is significant because they are essentially responsible for the reversibility of 

Li+-intercalation while cycling LIB. But it is difficult to characterize since its sensitive chemical 

nature, elusive manner of formation, and the lack of reliable in-situ characterization tools [83].  

1.2.3.1 Basic theory in Li-ion battery 

LIB is also called the “rocking chair” battery, because during the charging and discharging 

cycling, the participants in the electrochemical reactions are two electrodes with electrolyte for 

the Li+ move in and out between cathode and anode. By far, the widely used active material in 

(a) aluminum current collector; (b) oxide active material; (c) porous separator soaked with liquid 

electrolyte; (d) inhomogeneous SEI film; (e) graphite active material and (f) copper current collector. 
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anode is graphitic material. Besides, there are also plenty of other kinds of carbonaceous materials 

can been used. The most common used active material in cathode includes LiCoO2, LiMn2O4, and 

LiFePO4, and so forth. The electrolyte in LIB usually consists of Li salt (LiPF6, LiClO4, LiBF4, 

and so on) and organic solvent (cyclic carbonate and acyclic carbonate). When a LIB is under 

charging cycle, the Li+ ion moves from the cathode (lithium related compounds) and intercalates 

into the anode (usually C6). When the cell is discharging, the deintercalation of Li+ ion from anode 

to cathode occurs. When electrons flow through a closed cycling of charging and discharging, the 

reaction on two electrodes could be summarized as following reaction eq (2) and (3) [84]. The 

equations show the chemistry, taking LiCoO2 as example. 

The cathode half-reaction is:  

Li1-xCoO2 + xLi+ + xe- ⇄ LiCoO2              eq (2) 

The anode half-reaction is: 

xLiC6 ⇄ xLi+ + xe- + xC6                 eq (3) 

1.2.3.2 Chemistry of SEI film in Li-ion battery 

During the first charging cycle in LIB the electrolyte undergoes reduction at the surface of 

graphite anode resulting in a passivation layer, named SEI film. An effective SEI film can prevents 

further electrolyte decomposition by insulating the electron transport passing through, while Li+ 

ion is allowed to pass through the SEI film during cycling. SEI film is believed to comprise of 

inorganic and organic products, which are partial or complete reduced from the electrolyte 

components. The onset potential of the electrolyte reduction is not a fixed value. Plenty of 

literatures offer different values, but 0.8∼1.0 V is the most widely adopted range [85]. Li-ion 

intercalation to disordered carbons may begin from 1.5 V and to ordered carbons begins at 0.25 

V [86]. The thickness of the SEI film measured by various methods, vary from few Å to hundreds 

of Å [82]. 

1.2.3.3 Controversies in SEI film 

Significant advances have been made till present as a variety of new methods and tools were 

developed. However, debates still persist on many issues, even the basic component of SEI film. 

Some of the main debates are discussed as follows. 
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Reaction mechanism of organic products−semicarbonates 

According to many experimental methods and calculation results, the semi-carbonates would 

be generated as reduction products of carbonate electrolyte solvents via a single-electron 

reduction pathway. The possible reduction formula could be generally summarized from two 

perspectives: alkyl-oxygen cleavage (eq(4)) and acyl-oxygen cleavage (eq(5)), which may 

influence the gaseous products and semi-carbonates. Eqs (4) and (5) are the possible formulas 

that were re-organized by Xu [85], according to the two original paper [87, 88]. The alkyl-oxygen 

cleavage pathway was firstly proposed by Aurbach and co-workers [89]. As shown in Eq (4), it 

assums that nucleophilic attacks occur between two radical anions generated by initial 

electronation of the carbonate molecules [85, 87]. Along with the reduction process, a gaseous 

product, alkene, was formed as well. While Shkrob et al. claimed that the cyclic radicals were 

never observed according their research [85, 88], instead, a ring-opening reaction was proposed 

as eq (5), the acyl-oxygen cleavage. This alternative pathway involved carbonate radical anion 

and generate the different gaseous products from eq (4). Onuki et al. [90] believed that eq 4) and 

(5) coexisted in the reaction, which could explained the coexistence of alkoxides with 

semicarbonates and oxalates they detected. 

 

eq (4) [91, 92] 

   eq (5) [90, 91] 
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Presence of inorganic products−Li2CO3 

When Aurbach and co-workers estimated the semi-carbonates as the main components of 

SEI film via the single-electron pathway as eq (4), the Li2CO3 was considered as an artificial 

product due to the poor moisture management, which could be understood as the Li2CO3 should 

not exist as a reduction product under the well moisture management. This was supported by 

many researches [93-99]. However, numerous researchers still described Li2CO3 as an SEI film 

component according to their research [100-109]. These researches report that the Li2CO3 could 

be observed on either first cycling graphite, or aged graphite surface, and consider the Li2CO3 

product as one of the main components. The role of Li2CO3 in SEI film was reported in many 

ways, the component to constitute the innermost layer of SEI film [97, 110], the media for the Li+ 

ion transportation [111, 112], and so on. The reaction mechanism of Li2CO3 formation is mostly 

believed to be a two-electron reduction pathway of electrolyte solvent, as shown in eq (6). In 

chapters 3 and 4, the formation and mechanism of the Li2CO3 product will be discussed by using 

SERS and Raman spectroscopy. 

     eq (6) [91, 113] 

 

Interior structure of SEI film 

In the first papers about the SEI film [114], its interior structure was suggested to consists of 

one or two layers. The innermost layer maybe a thin and compact film, and the outer layer maybe 

a porous layer. At present, it is well known that the SEI film on graphitic electrodes may consists 

of many components including LiF, Li2CO3, LiCO2-R, Li2O, lithium alkoxides, semi-carbonates, 

nonconductive polymers and more [82]. Peled et al. [115], Aurbach et al. [116], and Edström et 

al. [97] proposed that the SEI film should be a dense layer of inorganic components (LiF, Li2CO3, 

etc.) close to the carbon (innermost layer), and a porous polymeric organic layer (semi-carbonates 

etc.) close to the electrolyte (outer layer) as shown in Figure 1.19 (a) (b). However, there were 

studies [99, 101] revealed new insights by using combined TEM and multinuclei NMR. It was 

suggested that SEI film may actually rather simple, comprising of semi-carbonates and LiF as 

shown in Figure 1.19 (c). These studies strongly indicated that the layered structure of the SEI 
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film might not exist, at least not under the conditions they employed. The core debate seems to 

be the alignment of inorganic and organic components in SEI film, which will also be discussed 

in chapter 4.  

 

 

Figure 1.19 The schematics proposed by many literatures. Image (a) describes the two layers’ 

structure, including organic layer at the outer layer and inorganic layer at the innermost layer of 

SEI film, reprinted with permission from ref [110]. Copyright 2012 American Chemical Society. 

Image (b) illustrates the multi-layer structure with various inorganic composition inside SEI film 

and organic composition at outer layer, proposed in the reference [115]. Image (c) estimate the 

SEI film with no separate inorganic and organic layer structure, with LiF as main inorganic 

component, reprinted with permission from ref [99]. Copyright 2013 American Chemical Society. 

 

1.2.3.4 Characterization techniques 

Many techniques have been employed to analyze the SEI film, including SEM, FTIR, XPS, 

TOF-SIMS, and so forth, many of which have been reviewed by Balbuena et al. [117] and Verma 

et al. [82]. FTIR could be used to identify electrolyte reduction products. XPS can identify surface 

deterioration as well decomposition compounds. Microscopies approaches allow the visualized 
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morphology of SEI film surface and cross section. TOF-SIMS can support the depth profile 

analysis of internal SEI film.  

As introduced in section 1.1, SERS and Raman spectroscopy are expected to show well 

performance on the interfacial analysis in LIB, because of the merits of in-situ measurement, the 

kinetic monitoring, the depth profiling characterization and observing the molecular vibration. 

Publication items in each year of the studies on SEI film in LIB is displayed in Figure 1.20 (left), 

which illustrate the dramatic increase in the studies on SEI film since 2011, especially the 

publication over 200 these three years. While among the research on SEI film, the study using 

Raman spectroscopy is rather few, despite the publication number is increasing. The SERS 

employed in SEI film would be even more rare, after all the SERS study on LIB is quite few (see 

the report in Figure 1.10). The limit application of SERS in the analysis of SEI film is affected by 

the confined SERS sensor. With effective SERS sensor, SERS could be expected to advance a 

deeper understanding of SEI film from many aspects. 

 

 

Figure 1.20 Published items in each year containing the search topic term “Li ion battery & SEI” 

(left) and “Li ion battery & SEI & Raman”, from Thomson Reuters’ Web of Knowledge, Web of 

Science (as of 5th Nov. 2016)  
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1.3 Strategy of this research 

In this study, Raman spectroscopy and SERS were employed in the interfacial analysis on 

nano-film structures and kinetic variations. The studies were carried out in two parts: a 

demonstration and an application. Demonstration: time-resolved measurement and depth 

profiling measurement were conducted on two samples, APTES SAMs and SLG with well-known 

structure, so that the capability of SERS in analyzing Nano-film can be verified to be effective 

and also improved to a certain extent. Application: time-resolved measurement and depth profile 

were also realized on SEI film in LIB to explore the unknown reaction and mechanism. 

For the demonstration of time-resolved measurement on the organic Nano-film APTES 

SAMs, the anti-stokes and stokes Raman spectroscopy and the real-time temperature calculation 

by using Ag NPs SERS sensor were conducted at temperature range lower than 120 ºC. For the 

kinetic investigation on inorganic Nano-film SLG, the temperature was calculated at the 

temperature range from 200 ºC to 600 ºC. Besides, the depth profile was realized on APTES 

SAMs in atomic level, by using SERS and a piezo field stage controller. The depth resolution was 

already explained and demonstrated to be 0.1 nm in section 1.1.4. It was also applied in the 

internal structure and interfacial junction of APTES SAMs with a step of 0.05 nm.  

The application of SERS in SEI film was carried out with time-resolved measurement and 

depth profile, the same as the analysis in demonstration part. For the time-resolved measurement 

on SEI film, Ag NPs transmission sensor with Al2O3 coating was placed on graphite surface for 

observing SERS spectra. The SERS spectra were kinetically recorded to monitor the kinetic 

reaction at the graphite surface during the SEI film formation in the first charging cycle. For 

investigating the mechanism of Li2CO3 formation, depth profile in micrometer scale was applied 

in the interface of electrolyte solvent and graphite. For the depth profile of SEI film in LIB, Au 

NPs transmission sensor was used on SEI film to observe the SERS spectra.   
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2.1 Introduction 

As introduced in the chapter 1, Raman spectroscopy is a suitable method to be used in 

elucidating the in-situ kinetic reaction and the interfacial structure at the surface and interface of 

nano-film materials. However, it is not sensitive enough to scan all materials and thin films (such 

as monolayers). In the chapter 2, the study is focused on demonstrating that Raman spectroscopy 

and surface-enhanced Raman spectroscopy (SERS) could be an effective technique for 

characterizing the depth profile and kinetic reaction of nano-thin films. 

The demonstration of the capacity of SERS and Raman spectroscopy is carried out via the 

observation on (3-Aminopropyl) triethoxysilane drived self-assembled monolayers (APTES 

SAMs) and single-layer Graphene (SLG). APTES SAMs and SLG are thin-film materials with 

the thickness in nanometer scale. The structure of APTES SAMs and SLG are generally 

understood by many researches, yet some properties have not been precisely studied. In this 

chapter, the observations not only demonstrate the capacity of SERS for the interfacial analysis, 

but also find some new properties of APTES SAMs and SLG. For more detail, APTES SAMs and 

SLG are both used for demonstrating the time-resolved measurement, which can support the 

observation on kinetic reaction of nano-film materials. Besides, APTES SAMs is also used for 

demonstrating the resolution of the depth profile and the interfacial analysis with SERS sensor. 

In the following sections 2.1.1, 2.1.2 and 2.1.3, the backgrounds and motivations of these 

observations are introduced separately. 

 

2.1.1 Depth profile on APTES SAMs 

Although the accuracy of the depth profiling using normal Raman spectroscopy is limited, it 

could be improved by some methods. SERS coupled with SERS sensor could overcome the low 

sensitivity and resolution of the common Raman spectroscopic technique. The SERS sensor is 

essential for obtaining enhanced Raman signals. Ag nanoparticles (Ag NPs) have often been used 

as a conventional sensor among all SERS sensors [1, 2], and also in this study. It has a great 

potential for observing the subtle signals of molecular vibrations even at atomic level. Moreover, 

a piezo electric stage installed on Raman spectroscopy can support accurate displacement 

movement with a step of 0.05nm and realize a depth profile at atomic level combing with SERS. 

Jiang et al. [3] have successfully characterized hydrazine adsorption on Cu surface at the 
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nanometer scale using a plasmonic antenna enhancing Raman scattering. 

In the section 2.3.1, we attempt to carry out the depth profiling of APTES SAMs, in search 

of the accurate and distinct inner molecular information, by using SERS. The target sample 

APTES SAMs has been investigated by many methods, including ellipsometry [4], UV–visible 

absorption [5] and XPS [6], and so on. However, for a sample with such an extremely thin layer 

structure (several nanometers for mono-, bi-, or tri-layers), detailed analysis of the interior 

structural variation is fairly difficult to realize. There is no accurate depth profile on APTES SAMs 

by using any approach yet. Therefore, we attempted to investigate the internal variation in 

ultrathin APTES SAMs by using SERS. Some encouraging results were observed during this 

scanning, which are valuable of understanding APTES SAMs internal structure. The internal 

molecular structure was successfully measured and distinguished with atomic resolution. 

Moreover, these observations also identify the capacity of SERS for the accurate depth profiling. 

 

2.1.2 Kinetic reaction of APTES SAMs 

Time-resolved measurement mode is a significant technique for observing interfacial 

reaction. In this chapter, another function of Raman spectroscopy, kinetic observation together 

with temperature calculation by using anti-stokes and stokes Raman scattering, is demonstrated 

in the section 2.3.2 via the analysis of APTES SAMs and SLG.  

APTES SAMs has been investigated by many methods, but there has been very little research 

on the phase transition process (from ordered to disordered structure) of APTES SAMs. The phase 

transition of its ordered structure is significant for its application because a disordered APTES 

SAMs could weaken the device property and performance. Regarding the phase transition 

temperature, the melting and boiling points of standard bulk APTES are −70 and 217 °C, 

respectively. However, after APTES self-assembled on a substrate, it can maintain the solid state 

even under an environmental temperature above the melting point of bulk APTES. Therefore, 

there must be a higher melting point and a specific phase transition process of APTES SAMs than 

the bulk APTES sample. 

For a sample with such an extremely thin layer structure (several nanometers for mono-, bi-, 

or tri-layers), detailed analysis of the interior structural variation is fairly difficult to realize. In 

section 2.3.2.1, to gain insight into the mechanism of the phase transition process inside APTES 

SAMs and estimate the phase transition temperature, the anti-Stokes and Stokes surface-enhanced 
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Raman spectroscopy is employed. Ag NPs were adsorbed on the top of the APTES SAMs film to 

create localized Raman enhancement (SERS hotspots). Consequently, the anti-Stokes scattering 

could be observed together with enhanced Stokes scattering, so that the phase transition 

temperature for APTES SAMs could be calculated using the equation introduced in section 1.1.3.2, 

“Ias/Is = exp(−hν/kT)”. Generally, anti-Stokes Raman scattering is rather weak, so it is hard to 

observe anti-Stokes Raman signals from materials with low Raman activity. Fortunately, Ag NPs 

deposited on an APTES SAMs can enhance the Raman signals of not only Stokes scattering but 

also anti-Stokes scattering. A time-resolved measurement mode was used to monitor the kinetic 

in-situ variation in the Raman spectra. The laser beam in this research was used not only to excite 

Raman spectra but also to heat the sample for generating phase transition. The phase transition of 

APTES SAMs from ordered to disordered structure under laser heating can be discussed and 

analyzed according to the variation in Raman peaks representing specific bonds. 

 

2.1.3 Kinetic reaction of SLG 

SLG is another sample for demonstrating the kinetic observation. The thermal stability of 

graphene has a close relationship with defect generation, thermal oxidation, which in turn have a 

significant bearing on its properties and applications [7, 8]. Graphene is sensitive to the 

environmental temperature [9, 10]. Therefore, it is necessary to study the thermal stability of 

graphene. The chemical properties are known to be different at the edge and basal plane [11]. It 

is possible that these differences could affected the heat-induced defects. Hence, the thermal 

stability of both the basal plane and the edge [12, 13] were studied. Raman spectroscopy is an 

effective tool for characterizing defects, disorder structures, and doping in single-layer graphene 

(SLG) [14-19]. It was reported that the nature of defects can be probed with the intensity of the 

D peak, since the breathing modes of sp2 atoms originate from defects. Many studies have 

quantified the number of point defects in SLG using the intensity ratios of the D and G peaks, 

I(D)/I(G) [20-22]. In addition, a decrease in the I(2D)/I(G) ratio can be an indicator of the increase 

in doping levels in graphene [7, 18, 19, 23, 24]. The anti-Stokes and Stokes Raman signals are 

effective for calculating dynamic temperature changes during the heating process. The 

relationship between temperature and ratio of anti-Stokes and Stokes Raman intensity (Ias/Is) is 

given by Ias/Is = exp(-hν/kT), as introduce in section 1.1.4. This relation may be used to analyze 

the variation of the kinetic anti-Stokes and Stokes Raman spectra of SLG with the temperature at 

each moment.  
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In previous literatures, the thermal stability of SLG edge has been demonstrated to be lower 

than that of basal plane [12] caused by thermal annealing, electron beam irradiation and proton 

irradiation, but none of research on laser beam irradiation. Besides, oxygen hole-doping was also 

found to increase with elevation in temperature [7]. Therefore, in section 2.3.2.2, the thermal 

stability was monitored at the SLG basal plane and edge using anti-Stokes and Stokes Raman 

spectroscopy, instead of other ex-situ methods. The confocal excitation laser was the thermal 

source used to heat the sample and excite Raman scattering simultaneously. More precise 

temperature variation could be calculated along with thermal treatment. In addition, how the point 

defects and accompanying oxygen bonded at SLG basal plane and edge can be also discussed 

from analysis of the kinetic Raman spectra. 

The time-resolved measurement on APTES SAMs and SLG could demonstrate the ability of 

SERS and Raman spectroscopy for observing kinetic reaction. 
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2.2 Experimental section 

2.2.1 Samples and materials 

Making process of APTES SAMs mainly followed the previous literature [25]: APTES (99%, 

Sigma-Aldrich), toluene (99.5%, Kanto Kagaku), and ethanol (99.5%, Kanto Kagaku) were used. 

The substrate was TEMPAX® glass (20 × 20 × 1.0t mm3, Musashino Fine Glass). The APTES 

SAMs sample used in this study was prepared as follows. First, a glass substrate was cleaned 

using a solution of sulfuric acid and hydrogen peroxide (H2SO4:H2O2 = 2:1) for 10 min. Next, the 

cleaned substrate was immersed in 10 mL of toluene solution containing 0.043 mmol of APTES 

at 60 °C for 10 min, during which the APTES SAMs film formed. The SAM was rinsed with 

ethanol under ultrasonication for 2 min to remove physisorbed APTES molecules. A film of nm-

sized Ag NP was adsorbed on the amine-modified glass via evaporation (Figure 2.1) to enhance 

the Raman scattering. Finally, island-like Ag film was formed as a SERS plasmonic sensor due to 

aggregation process, with the average thickness of over 10 nm (Figure 2.4).  

 

Figure 2.1 Schematic diagram of deposition process and estimated structure of APTES SAMs 

with Ag NPs. 
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Graphene: Single-layer graphene on SiO2 substrate was purchased from Graphene Platform 

Corp. The SLG was transferred on quartz substrate via chemical vapor deposition (CVD) method. 

2.2.2 Raman Spectroscopy and SERS 

Microscopic confocal Raman spectroscopy (Tokyo Instrument Co.) was installed with 

excitation wavelengths of 785 nm and 532 nm, with the minimum resolution of 0.7 cm-1. The 

SERS sensor for observing APTES SAMs is Ag NPs. Ag NPs were adsorbed on the APTES SAMs 

to enhance the Raman signal and obtain subtler structural information. There is no SERS sensor 

for the observation on graphene. 

2.2.3 Atomic Force Microscopy (AFM) 

AFM images of APTES SAMs were collected in tapping mode using a multimode scanning 

probe microscope produced by Veeco Instruments, Inc. The images in this thesis covered an area 

of 0.25 μm2, which are the same size as the original images. The AFM images was processed 

using a third-order X–Y plane fit image. 

2.2.4 Depth profile measurement on APTES SAMs using Raman 

spectroscopy and piezo electric stage 

For the depth profile on APTES SAMs, Raman spectroscopy was employed with excitation 

wavelength of 785 nm (laser power of 1.38 mw to avoid the thermal damage) and resolution of 

3.3 cm-1. At first, the laser beam was irradiated to APTES SAM surface. And then the focus 

position was moved from surface to substrate by using the piezo electric stage, which was 

installed to support the accurate displacement movement with a step of 0.05 nm. The narrow focus 

range can achieve an accurate depth profile, which is due to the enhanced electric field. The 

schematic of using this tool in combination with SERS is displayed in Figure 2.2. Combined with 

this device, an accurate depth profiling, even of monolayers, could be realized by SERS. 
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Figure 2.2 Schematic diagram of the depth-profiling measurement on APTES SAMs with SERS 

 

2.2.5 Heating method and kinetic measurement on APTES SAMs and SLG 

using Raman machine 

For kinetic measurement on APTES SAMs, Raman spectroscopy was employed to obtain 

anti-Stokes and Stokes Raman signals, with excitation wavelengths of 785 nm (the laser power 

was 13.8 mW) and a notch filter for recording anti-Stokes signals. The focused laser beam was 

used not only to excite Raman spectra but also to heat the sample. A time-resolved kinetic 

measurement mode was used, with an exposure time of 1 s and kinetic cycle time of 1.1 s. Ag 

NPs were adsorbed on the APTES SAMs samples to enhance the Raman signal and obtain subtler 

structural information. 

To observe the thermal dynamics of SLG, Raman spectroscopy was employed to obtain anti-

Stokes and Stokes Raman signals. Microscopic confocal Raman spectroscopy (Tokyo Instrument 

Co.) was used with excitation wavelengths of 532 nm (the laser power was 29.9 mW) and a notch 

filter for recording anti-Stokes signals. The confocal laser was not only used to excite Raman 

signals, but also to heat the SLG surface. With the laser beam heating, Raman spectra were 

recorded in kinetic cycle series using exposure time of 1s, grating of 200 G/mm and pinholes of 

50 μm.  
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2.2.6 DFT calculation on the theoretical Raman frequencies of APTES 

A density functional theory (DFT) calculation was performed to simulate the Raman 

frequencies of APTES SAMs. It was conducted using the Gaussian 09 package [26] to assign the 

experimental Raman peaks to appropriate vibrational modes. We optimized the geometry of the 

adsorption system containing the Ag particle and APTES molecule. The Ag particle was modeled 

as a tetrahedral cluster with 20 atoms because this cluster is applicable for full geometrical 

optimization. The APTES molecule was assumed to interact with the tip of the Ag cluster via –

NH2. 

B3LYP was used as the exchange-correlation functional [27, 28]. As basis sets, 6-31G** was 

applied to H, C, and Si atoms, and 6-31+G** was applied to N and O atoms [29]. A different basis 

set was used for N and O because N and O are relatively electronegative and exhibit a strong 

tendency to accept electrons, so they require a larger basis set. For Ag, the effective core potential 

of Hay and Wadt [30] was selected as the substitute for the Ar core. Because the solvent 

environment was assumed to surround the adsorption system, a polarizable continuum model 

(IEFPCM) [31] having a dielectric constant of 78.35 was applied in the calculation. 
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2.3 Results and discussion 

2.3.1 Depth profile and interfacial analysis on APTES SAMs by using SERS 

2.3.1.1 Characterization of APTES SAMs by AFM 

The sandwich-like sample Ag-APTES SAMs-SiO2 was prepared according to the method in 

section 2.2.1. To characterize this sample, AFM was used to determine the morphology and 

roughness of each specimen on the APTES film. The AFM image was recorded in tapping mode 

and the representative morphology and sectional views with detailed height data are presented in 

Figure 2.3 (without Ag deposited) and Figure 2.4 (with Ag deposited). According to Figure 2.3, 

the roughness of APTES SAMs should be ~1.5 nm. This indicates that inhomogeneous 

multilayers (bi-layer or tri-layer) are partially formed in this APTES film (Figure 2.3 a). It might 

be induced by the silanization method using hot toluene, which was also described by Zhu et al. 

(Figure 1.16 in the chapter 1) [32]. From Figure 2.4, it can be found that the island-like Ag layer 

was formed due to the evaporation process, with the thickness of over 20 nm.  

 

Figure 2.3 a: schematic of hypothetical APTES SAMs structure with multi-layer without Ag NPs; 

b, c, d: AFM image of the morphology of APTES SAMs without Ag NPs 
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Figure 2.4 2D (above) and 3D (below) morphology of Ag NPs deposited APTES SAMs sample 

observed by AFM. An island-like Ag NPs film with a thickness of several tens nm was observed. 

 

 

Figure 2.5 Calculated electric field image by Finite Difference Time Domain (FDTD). The 

evaporated Ag NPs film would be a semi-spherical island film. A High electric field could be 

generated around the center of semi-sphere. 

Semi-spherical 
Ag nano-particle Laser

SAM layer

High electric field
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Based on the observed AFM images of APTES SAMs and Ag layer, the estimated electric 

field generated by semi-sphere Ag NPs was calculated by Finite-difference time-domain (FDTD) 

and presented in Figure 2.5. The calculation result in Figure 2.5 illustrate that the high electric 

field that support SERS enhancement could be generated around the center of semi-sphere Ag 

NPs. According to the morphology and FDTD calculation, the speculated schematic of the APTES 

SAMs and the Ag NPs deposited at the interface was draw in Figure 2.6 a to describe the 

inhomogeneous APTES SAMs structure, the deposited Ag NPs film and the electric field 

distribution. Since this schematic shows the structure in the sub-nanometer scale, Ag NPs at the 

very interface were considered to be single particles one by one, but not the island-like Ag layer 

with the thickness of 20 nm. 

2.3.1.2 Surface-Enhanced Raman Spectra of APTES SAMs 

To analyze the internal structural inside APTES SAMs, the primary task is obtaining Raman 

signals and making all the necessary assignments to certain bands. However, for such an ultrathin 

sample, investigation of the internal structure using ordinary Raman measurement mode is very 

difficult. Figure 2.6 b (black) depicts the normal Raman spectrum of APTES SAMs without Ag 

NP deposits; almost no peaks appeared. Consequently, SERS is necessary to obtain Raman signals 

for investigating internal structure (further analysis will be explained in section 2.3.1.3 and 

2.3.1.4). 

 

Figure 2.6 a: schematic of hypothetical APTES SAMs deposit with Ag NPs; b: SERS spectra of 

APTES SAMs 
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Figure 2.6 b (red) shows the entire enhanced Raman peaks at wavenumbers smaller than 

1800 cm−1. As mentioned in the experimental section, a thin nano-metal film consisting of Ag 

NPs with a thickness of 20 nm was evaporated on the surface of the APTES SAMs and acted as 

SERS sensor. An electric field created by SERS sensor at the interface between island-like AgNP 

and sample’s surface was simulated by the FDTD calculation in Figure 2.5. We can speculate that 

a high electric field could be generated around the center point of semi-sphere. As expected, in 

the experimental results of SERS spectra (Figure 2.6 b), it could indeed enhance weak Raman 

signals so that we can record the Raman scattering due to bond vibration in APTES SAMs.  

Table 1 lists the assignments of these vibrations and the sources to refer. These assignments 

were made using the theoretically calculated results and information from the literatures [33, 34]. 

The Raman bands at 383 and 1129 cm-1 are due to the bond-bending vibration of O–Si–O and Si–

O–Si, respectively. The band at 854 cm-1 can probably be assigned to carbon chain vibration 

modes. The band at 1069 cm-1 comes from the stretching vibration of C–C, which is near the Si 

atom in the carbon chain. The band at 1402 cm-1 could be assigned to the bending vibration of 

CH2, which is bonded to the Si atom. The band at 1604 cm-1 could be attributed to the bending 

vibration mode of NH2. 

 

 

Table 2.1 Frequencies and band assignments for APTES SAMs 

Frequency Assignments References 

278 cm-1 Ag-N DFT Calculation 

385 cm-1 O-Si-O & Si-O-Si DFT Calculation 

859 cm-1 Carbon chain DFT calculation 

960 cm-1 CH2 & NH2 DFT Calculation 

1015 cm-1 Skeletal stretch DFT Calculation 

1308 cm-1 CH2 DFT Calculation & References [33, 34] 

1424 cm-1 Si-CH2 DFT Calculation & References [33, 34] 

1605 cm-1 NH2 DFT Calculation & References [33, 34] 
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2.3.1.3 Vertical structure of internal APTES SAMs 

APTES SAMs assembled on silica surface contain various atomic bands in the vertical 

direction. Figure 2.7 displays depth profiling at five specific vibrations on intensity and full-width 

at half-maximum (FWHM) at partial frequencies in Table 1, 278, 385, 1605, 960, and 1424 cm−1. 

The grey area signifies the speculated area of the APTES SAMs. X-axis shows each vertical 

position, from the initial displacement toward substrate for the depth scanning. “0” stands for the 

Ag NPs side, and “10” stands for the glass substrate side. The laser scans from “0” to “10”. To 

clearly describe every band in the molecule discussed in Figure 2.7, schematic of each vibration 

is displayed in Figure 2.8. 

 

 

Figure 2.7 Depth profile (Raman intensity and FWHM) of APTES SAMs at 278, 385, 960, 1424, 

and 1605 cm−1 
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There are five Raman assignments shown in Figure 2.8, attributed to Ag–N, O–Si–O, –NH2, 

–CH2 and Si–CH2 band vibrations. Obviously, at the grey area in depth profiling graph, the 

intensity of the Ag–N vibration decreases rapidly, the Si–O vibration appears and increases 

abruptly, and the –NH2 group vibration decreases gradually. The intensity variation on –CH2 

group and Si–CH2 band, being similar to Ag–N and Si–O, rapidly decrease and suddenly appear, 

respectively. Comparing with the internal molecular structure and vibration assignments in Figure 

2.8, one can easily infer that the intensity variations of these peaks could correspond to the 

chemical structure (Figure 1.16) sequence of APTES SAMs, to a certain extent. The wide range 

of amino group is caused by the bend structure and accumulation of APTES moieties, which allow 

amino group exist at the whole depth displacement. The sharp depth profile of Si-O vibration 

relies on the high orientation of Si-O at the surface of silica substrate, which show much higher 

Raman signals than the vibration in the disorder structure. Moreover, regarding the FWHM 

variation, vibrations at 278 and 1605 cm−1 show the narrowest FWHM when strongest intensities 

were observed. For vibrations at 385, 960, and 1424 cm−1, FWHM distribution was scattered at 

the vertical positions where only weak Raman signals could be found and was concentrated when 

the Raman signals were strongest.  

 

 

Figure 2.8 Vibration modes at 278, 385, 960, 1424, and 1605 cm−1 
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The depth profile shows the vertical structure of monolayer APTES, which does not 

correspond with the formation of multilayers we discussed in the section 1.2.1 of chapter 1. At 

this moment, the multilayer structure cannot be distinguished. On one hand, as mentioned in 

Figure 1.16 in chapter 1, Zhu et al. [32] discussed the irregular structure of APTES-derived layer. 

Upon the lowest layer, there might be almost no APTES molecules orientated vertically and 

regularly which lead to the difficulty in depth profiling the upper layers. On the other hand, the 

signals of the peaks at each depth displacement were collected from average vibration. The 

vibrations from the highly orientated molecules would dominate the detectable signals, comparing 

with that from the irregular molecules.  

Besides, the speculated APTES SAMs shows a thickness of 5 nm, which is larger than 

APTES monolayer (0.7 nm [35]). This is the unavoidable error, due to the molecular vibration 

and the scattering resolution. Moreover, not every vibration was distinguished by depth profile, 

because of the unsure complicated orientation of the APTES moieties in the APTES SAMs. But 

at least, these results demonstrate that SERS could be employed to distinguish some significant 

vibrations of the internal molecular structure of the APTES SAMs in nanometer scale. 

2.3.1.4 Frequency shift at interfaces 

Beyond the identification of inner molecular bands and groups, more information can be 

obtained, analyzed, and deduced from this depth profiling. According to a general theory of 

frequency (or wavenumber) shift (Figure 2.9), when a molecule “A-B-C” is adsorbed on a 

substrate as “substrate-A-B-C”, the Raman frequency of the bonded band “A-B” is shifted to 

lower frequency than the free band “A-B”. Based on this theory, similar adsorption phenomenon 

at the Ag NPs–APTES SAMs and APTES SAMs–substrate interfaces could be further analyzed 

and discussed to elucidate the adsorption behavior. 

 

 

Figure 2.9 The theory of wavenumber shift when a molecule is adsorbed on a substrate 
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According to the previous studies, the bond between an APTES SAMs and silica substrate 

should be Si–O. In Figure 2.10, the left-hand-side graph shows the depth profile of the Raman 

intensity of Si–O vibration at slash shadow area (depth position from 5.0 to 6.2 nm). Same as 

Figure 2.7, the depth value “0” stands for the Ag NPs side, and “10” stands for the glass substrate 

side. The right-hand-side graph shows the variation in Raman frequencies at each depth position 

within this slash area. Figure 2.10 (right) shows that the wavenumber gradually shifted from 396 

toward 385 cm−1, with the laser moving from surface side to substrate side.  
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Figure 2.10 Frequency at Si–O band shifted dependent on vertical position (Left: Depth profiling 

of band Si–O; Right: Frequency shift at vertical direction of band Si–O) 

 

According to the general theory of frequency shift, the decrease in Raman frequency in the 

right-hand-side graph may represent different kinds of Si–O vibrations. The higher frequencies 

(396–392 cm−1) at upper depth position arise from free Si–O band and the lower frequencies (389–

385 cm−1) at the substrate side could be attributed to the substrate-bonded Si–O band. To describe 

these bands clearly, the schematic of the frequency shift at Si–O band is shown in Figure 2.11. 

The higher frequency at upper position stands for the free Si–O vibration, which may be induced 

by some unbounded APTES moieties. The lower frequency stands for the bonded Si–O vibration, 

caused by the adsorption of APTES moieties on the glass substrate. For this APTES SAMs sample, 

it could be speculated that not all APTES moieties are bonded with each other, and that free and 

bonded Si–O band existed at the same time. This conclusion also corresponds to the proposed 

structure in Figure 1.16 (Chapter 1). 
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Figure 2.11 Schematic of the shift occurred in the frequency at Si–O band 

 

Apart from the substrate-bonded Si–O band, there is another interface, the Ag–APTES 

SAMs interface. With the adsorbed group –NH2 group. The depth profile of the –NH2 group is 

shown in Figure 2.12 (left). Same as earlier, the depth value “0” stands for the Ag NPs side, and 

“10” stands for the glass substrate side. The right-hand-side graph in Figure 2.12 shows the 

variation in the Raman frequencies at each depth displacement from 0 to 10. The wavenumber 

shifted from 1611 to 1605 cm−1 as the laser moves from the surface side to the substrate side. 
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Figure 2.12 Frequency at –NH2 group shifted depending on vertical position (Left: depth profiling 

of amino group; Right: frequency shift in vertical direction of amino group) 

 

To discuss the bonded band and free band at the Ag-APTES SAMs interface, a schematic is 

shown in Figure 2.13 (a). The higher frequencies stand for the free –NH2 vibration, which may 

be induced by non-bonded APTES moieties, and the lower frequencies stand for the bonded –
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NH2 vibration, caused by the adsorption of APTES moieties on Ag layer. This schematic shows 

that the frequency before the depth position 4 nm comprises both high and low frequencies, 

indicating that both free amino and adsorbed amino groups existed at the Ag-side interface. The 

frequencies after 4 nm were shifted to higher wavenumbers, which means that a lot of free amino 

groups in the region of inside APTES SAMs and substrate-side interface (Figure 2.13 (b)). This 

conclusion agrees with some previous studies, which state that some hydrogen bonds maybe 

formed on amines at the substrate surface. It is possible that some of the molecules aligned 

towards the substrate surface with the head and tail groups because of the bent molecules. [36] 

 

 

Figure 2.13 Schematic diagram of the (a) shift occurred in the frequency at amino group and (b) 

various orientation of APTES molecule. 

 

From all the analyses discussed above, the vertical structure of thin layer APTES was 

distinguished, by using SERS combining with piezo electric stage. SERS is demonstrated to show 

high sensitivity and resolution to the depth profiling of nano structure and interface. 
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2.3.2 Kinetic reaction of APTES SAMs and SLG observed by using SERS 

and Raman spectroscopy  

The in-situ kinetic observation on the real-time reaction is another significant aspect for the 

interfacial analysis. In the section 2.3.2, the capacity of SERS and Raman spectroscopy in the 

time-resolved measurement is demonstrated using the nano-film samples APTES SAMs (section 

2.3.2.1) and SLG (section 2.3.2.2). 

2.3.2.1 In-situ kinetic anti-Stokes and Stokes Raman spectra observed on APTES SAMs 

Using the method described in the experimental section, the temperature variation of the 

APTES SAMs was monitored under laser heating to estimate the phase transition temperature. 

The same as the section 2.3.1, the APTES SAMs was prepared on a silica surface, and Ag NPs 

were deposited on it using an evaporation method to enhance the Raman signals. Under laser 

beam heating, Raman spectra were recorded in a kinetic cycle series (exposure time, 1 s; kinetic 

cycle time, 1.1 s). Figure 2.14 shows the in-situ anti-Stokes and Stokes Raman spectra of APTES 

SAMs for durations of 1.1 to 77 s (a–j). 
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Figure 2.14 In-situ anti-Stokes and Stokes Raman spectra of APTES SAMs for kinetic heating 

times of 1.1 s to 77 s. 



 

Chapter 2: Analysis on Nano-film samples: depth profile and kinetic reaction 

 

 55 

The curves in Figure 2.14 clearly show that the Raman signals varied with the laser heating 

(temperature changing). The intensities of these sharp Raman peaks became weaker with 

increasing duration and temperature (curves a to g). Most of the Raman signals then suddenly 

became extremely weak and were difficult to observe and distinguish. Furthermore, regarding the 

full width at half-maximum (FWHM) of these peaks, Figure 2.17 (blue curve) show a broadening 

trend, especially the FWHM of these peaks after 50.6 s. This broadening peaks could indicate a 

phase transition toward disorder. Accordingly, the moment, at which the APTES peaks quenched 

between curves g and h, should be defined as the phase transition moments from ordered 

monolayer structure to disordered structure.  

Meanwhile, in Figure 2.14, two anti-Stokes peaks were recorded together with Stokes peaks, 

at minus wavenumber 383 cm-1 (O-Si-O) and 854 cm-1 (Carbon chain). Considering that the 

behavior of carbon chain could represent for the phase transition behavior of APTES moieties, 

the intensity of carbon chain peak (854 cm-1) could be used to estimate the phase transition 

temperature. Therefore, using the equation “Ias/Is = exp(−hν/kT)” in the section 1.1.3.2, the 

temperature for each curve (a–g) were calculated from peak 854 cm-1 as shown in Figure 2.15. 

According to the temperature calculation curve (red), the temperature dropped briefly owing to 

an endothermic reaction caused by the beginning of molecular disorder and gradually rose back 

toward 118 °C while the phase transition process clearly occurred. These calculated temperatures 

provide an estimated phase transition temperature 118 °C for APTES SAMs, and give an 

information that the actual application of crystalline APTES SAMs should be controlled under 

phase transition temperature to maintain the stable oriented structure. A schematic diagram of the 

phase change process is shown in the right panel of Figure 2.15 [33, 37]. (The details on the 

variation in the structure will be discussed in Figure 2.17) 

 

Figure 2.15 Calculated temperature variation during heating (left) and schematic diagram of 

phase change process (right) of APTES SAMs. 
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Each temperature was also calculated from the peak at 383 cm-1 in Figure 2.16 and the 

calculated temperature (solid black line in Figure 2.16 left) was lower than temperature calculated 

from peak 854 cm-1 (dash black line in Figure 2.15 left). The explanation is described as follows. 

In Figure 2.16, the right hand side is a model of the temperature distribution when the phase 

transition process occurred. Owing to the different thermal conductivity (k) of Ag, APTES and 

SiO2 (Glass with a thickness of 1 mm), there should be a temperature gradient inside APTES 

SAMs during such short heating time (shorter than 1 min). In this model, the Ag could store the 

thermal energy from laser beam and transfer energy to APTES SAMs as a role of heating source. 

However, comparing with the thermal conductivity of Ag, the SiO2 have the nature of extremely 

low thermal conductive which would lead to the uneven temperature distribution until the thermal 

energy in Ag is saturated. It is the reason why the temperature calculated from 383 cm-1 (O-Si-O 

band) was lower than that calculated by using 854 cm-1 (Carbon chain). 

 

 

Figure 2.16 Left: The calculated temperature variation along with laser beam heating from peaks 

at 383 cm-1 and 854 cm-1. Right: The estimated temperature distribution inside APTES SAMs 

when the duration is 51.6 s (phase transition temperature) caused by different the thermal 

conductivity at two interfaces. 
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In addition to providing an estimate of the phase transition temperature, the results also 

support the assumption regarding the structural change from ordered to disordered. The intensities 

and FWHM variations for each vibration are shown in Figure 2.17. In combination with the 

assignments (Table 2.1 in the section 2.3.1.2), these variations could be analyzed and summarized 

as follows: (1) Most of the Raman peaks’ intensities were reduced to several tens of arbitrary units 

after the phase transition temperature, especially the O–Si–O (383 cm-1), carbon chain (854 cm-

1), and C–C (1069 cm-1) vibrations, which could imply that thermal damage to the ordered 

structure occurred via the transition and variations in the vibration and direction of the O–Si–O 

and Si–C–C bands. It could be speculated that this transition from disordered structure could 

affect the SERS sensitivity of Ag NP–APTES SAMs system. Moreover, it could also be possible 

that some vibrations were hidden by disordered and overlapping molecules. (2) For curves a to g, 

the Raman peaks at 383 and 1069 cm-1 show variation trends unlike those of the other Raman 

peaks. The intensities at 383 cm-1 (O–Si–O) and 1069 cm-1 (Si–C–C) show nearly no change 

before the phase change point, whereas the intensity of the other peaks obviously decreased. It 

could be speculated that the stretching vibration of C–C near Si and O–Si–O were nearly 

unaffected before the phase change, and the strong SERS signal of this highly Raman-sensitive 

stretching vibration could be easily found and recorded during heating. (3) The intensities at 1129 

cm-1 (Si–O–Si), 1402 cm-1 (Si–CH2), and 1604 cm-1 (NH2) decreased after the phase change point, 

but the peaks did not disappear. These three peaks still appeared in curves h and i, and remained 

stable after 77 s (curve j). The reason why these peaks did not disappear may be that part of the 

asymmetric vibration of Si–O–Si and the bending vibration at Si–CH2 and the NH2 group were 

not affected by heat, and these vibrations were too strong to be totally hidden by disordered 

molecules. Further, considering the high intensity at 1604 cm-1 after the phase transition, some 

amino groups might have remained adsorbed on Ag NPs after the structure changed from ordered 

to disordered. (4) According to the FWHM in Figure 2.17 (blue curve), the broadened peaks at 

383, 854, 1069, 1129, and 1402 cm-1 imply increased intermolecular vibration and disorder inside 

the monolayer structure. Meanwhile, the FWHM of the 1604 cm-1 (NH2) peak shows no obvious 

broadening, from which it suggests that the phase transition process did not dramatically affect 

the majority of amino groups. 
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Figure 2.17 Intensity (black) and FWHM (blue) variation at 383, 854, 1069, 1129, 1402, and 

1604 cm-1 under laser heating. Red curves represent the temperatures’ variation along with laser 

heating, which were calculated by anti-Stokes and Stokes peaks at 854 cm-1 in Figure 2.15. 
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2.3.2.2 In-situ kinetic anti-Stokes and Stokes Raman scattering observation on SLG 

The kinetic reactions on SLG basal plane and edge under laser heating are investigated, 

respectively. Figure 2.18 (a) and (b) depict the Raman spectrum of the SLG basal plane before 

and after heating respectively. To gain insight into the dynamic temperature and structure variation 

along with heating, the anti-Stokes and Stokes Raman spectra of SLG basal plane and the edge 

were recorded in situ during the heating process. The Raman spectrum shown in curve (a) was 

measured on a pristine SLG basal plane. Clear G and 2D peaks can be seen at 1595 cm-1 at 2700 

cm-1 respectively. In comparison with curve (a), the curve (b) shows some decrease in the I(2D) 

peak, most of which may be attributed to heat-induced hole-doping, caused by O2 molecules with 

a minor contribution from lattice compression. [38]. Another obvious difference between the 

curves is the increased background between 1100 cm-1 and 1600 cm-1. The spectrum in this range 

can be divided into a G peak and a broad D peak (1380 cm-1). The appearance of a broad D peak 

is due to the breathing modes of sp2 atoms originated from defects, and an increased I(D)/I(G) 

ratio reflects an increase in the defect degree. In Figure 2.18 (c), the black curve represents the 

ratio, I(D)/I(G), which is a measure of defect generation in SLG. Thus, one may deduce from 

Figures 2.18 (a) and (b) that defects on the SLG basal plane were generated by laser heating.  
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Figure 2.18 (a): Raman spectrum of pristine SLG basal plane; (b) Raman spectrum of SLG basal 

plane after heating;(c) variation on calculated temperature (red) along with intensity of D peak 

(black). Gs: Stokes scattering of G peak; Gas: anti-Stokes scattering of G peak. 

 

Furthermore, the same as the section 2.3.2.1, the intensity ratio of anti-Stokes and Stokes 

Raman scattering is related to the temperature, as described by the equation, “Ias/Is = 

exp(−hν/kT)”. The temperature reached during each heating duration was calculated using this 
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equation, and the intensity of Gas and Gs peak. The dependence of temperature on the duration 

of heating was plotted in Figure 2.18 (c), together with the associated variation in I(D)/I(G). It 

can be seen that as the heating continued, the temperature rose to 580°C, with a simultaneous 

increase in I(D)/I(G), which suggests that the defects might have appeared as a result of this 

heating. 
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Figure 2.19 (a): Raman spectrum of pristine SLG edge plane; (b) Raman spectrum of SLG edge 

plane after heating;(c) variation on calculated temperature (red) along with intensity of D peak 

(black) 

 

The thermal stability of SLG edge plane similarly analyzed based on the results presented in 

Figure 2.19. The defects already present in the unheated pristine SLG edge are indicated by the 

obvious D peak (Figure 2.19 (a)). After laser heating, the increase in I(D) and broadening of the 

peak demonstrate that further defect generation and oxidation had occurred at the SLG edge. The 

precise D and G peaks were fitted in Figure 2.19 (b). In the same way as described above for the 

SLG basal planes, the temperatures were calculated according to the ratio of anti-Stokes and 

Stokes Raman intensity near the G peak. The variation of temperature and the ratio I(D)/I(G) with 

the time of heating is shown in Figure 2.19 (c). Based on the variation of I(D)/I(G) and the 

temperature on the heating duration dependence, it suggests that further oxidation and defect 

generation occurred around 220 C. (The dropping I(D)/I(G) at a lower temperature will be 

discussed later.) This temperature is much lower than that in the case of the basal plane because 

of the thermal instability of the SLG edge defects. The difference in the thermal stability of the 

SLG basal edge and edge has been discussed in previous literature. Nan et al. [9] reported that 

single-layer graphene showed defects on heating above 500°C in air, indicated by the appearance 

of a disorder-induced Raman D peak. In addition, Shen et al. [12] showed that graphene edges 
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are unstable even at temperatures as low as 200°C under annealing in vacuum. Although their 

results focused on the thermal stability under annealing treatment, while the heating in this study 

was induced by laser, the thermal effects are similar to each other. It concludes that, in the case 

of laser induced heating, defects on the SLG basal plane could appear at a temperature over 500C, 

but edge plane would show defects at temperatures as low as 200C.  

The detailed variation in the G peak and D peak at SLG basal is further discussed in Figure 

2.20. As shown in Figure 2.20, the elevation in the intensity of G peak (I(G)) and the upshifting 

of the frequency of G peak (Fre(G)) were observed due to the increase in the amount of sp2-rich 

amorphous carbon [39] caused by the heating. The broadening of the FWHM(G) and the 

simultaneous increase in the I(D) are signals of structural disorder, which was caused by the 

thermal induced defects [24, 40]. In addition, it was reported that oxygen can bond to SLG point 

defects even at ambient temperatures in air and would be much easier on heating [41-43]. The 

oxygen source maybe the polymeric residue of poly(methyl methacrylate) from CVD process and 

the O2 from the ambient air. The blue-shifted Fre(G) may be expected to behave identically for 

the oxygen bond. It implies that the structural disorder was induced by not only the thermal 

induced defects but also by bonded oxygen.  

 

 

Figure 2.20 Heating duration dependence on the peaks variation at SLG basal plane. (a) G peak 

(b) D peak  

 

Moreover, the oxygen density could be monitored by considering the inverse relation of 

I(2D)/I(G) [24]. In accordance with these two hypotheses, the results in Figure 2.21 (a) indicate 

that the ratio I(2D)/I(G) reduced from 1.9 to 1.0 as a result of more oxygen and an increase in 

defects. Consequently, when the SLG basal plane was heated by excitation laser, it caused 

generation of more and more defects along with oxygen bonded (Figure 2.21 (b)). 
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Figure 2.21 Heating duration dependence on the peaks variation at SLG basal plane. (a) ratio of 

I(D)/I(G) and I(2D)/I(G) (b) Schematic illustration of the defect generation 

 

The dynamic variation of the edge structure was analyzed in the same way. The pristine edge 

of SLG was identified by the obvious D peak in Figure 2.19. The edge of SLG mainly consisted 

of the Raman active Armchair-edge (A-edge) and the Raman inactive Zigzag-edge (Z-edge). [44-

46] The thermal stability of these edges has been demonstrated that the Z-edge is able to endure 

temperatures of at least 200 C, and A-edge is more thermally stable than that.  

Along with laser heating, the kinetic variation of G peak and D peak was displayed in Figures 

2.22 and 2.23. At the beginning of the laser heating, the reduced FWHM(G) in Figure 2.22 

(indicating the decreased structural disorder degree) and the reduced I(D)/I(G) in Figure 2.23 

(indicating the decreased defect degree) suggested that the defect density became lower before 

the temperature reached 220 C. Since both of A-edge and Z-edge are stable to the temperature 

of at least 200 C, the reduced defect density would not be caused by the damage of them. Except 

for A-edge and Z-edge, there could be many point defects at the pristine edge, since the edge of 

SLG is chemical active to bond with some oxygen moieties during CVD process. Therefore, the 

initial point defects, which existed at pristine edge, maybe partially damaged at the low 

temperature, which resulted in the decreased defect density. Moreover, in Figure 2.23, the slight 

increase in I(2D)/I(G) at the beginning of laser heating also demonstrated the removal of bonded 

oxygen together with the disappearance of point defects. As the heating duration became longer, 

all the peaks’ profile presented a trend similar to that of the basal plane, that of more defects and 

oxygen at higher temperatures. 
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Figure 2.22 Heating duration dependence on the peaks variation at SLG edge plane. (a) G peak 

(b) D peak  

 

 

Figure 2.23 Heating duration dependence on peaks variation at SLG edge plane. (a) ratio of 

I(D)/I(G) and I(2D)/I(G) (b) Schematic illustration of the defect generation 

 

The thermal stability of SLG edge can be summarized as follows: The point defect at edge is 

more thermally unstable than other defects at the temperatures lower than 220 °C. As the 

temperature keep increasing, more defects would be formed again due to the thermal instability 

of edge at high temperatures. According to these results, the thermal damage of edge plane caused 

by laser irradiation display the similar behavior as the thermal damage by other methods. 

This study examined the thermal stability of SLG basal and edge plane under laser irradiation. 

The thermal dynamics of defect is significant to understand and control the defect density, which 

is important to the industrial application. Simultaneously, it demonstrates the ability of the time-

resolved observation on nano-film by using anti-Stokes and Stokes Raman spectroscopy.  
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2.4 Summary and conclusion 

This chapter successfully demonstrate the ability of SERS for realizing the accurate depth 

profile at atomic level with a piezo field gradient device, and analyzing the kinetical observation 

on nano-film materials APTES SAMs and SLG. 

Firstly, the precise depth profile on APTES SAMs was realized. The AFM images 

demonstrate the nano-film structure of APTES SAMs layers with thickness around 20 nm (with 

Ag NPs deposited) and 1.5 nm (without Ag NPs deposited). Raman measurement results show 

that the normal Raman peaks could not be observed in such a thin layer structure. Fortunately, 

combining with the Ag NPs SERS sensor, the enhanced Raman signals could be recorded clearly, 

which illustrated that SERS would be significant technique for further analyzing the internal 

structure of nano-film materials. Moreover, SERS was employed to vertically distinguish some 

significant vibrations of the internal molecular structure of APTES SAMs, such as Ag–N, CH2, 

Si–O, and so on. The depth profiling results demonstrate that the prepared APTES SAMs sample 

comprised multilayers and that this APTES SAMs was inhomogeneous. Furthermore, some 

frequency shifts occurred during depth profiling and could be analyzed to discuss bonded 

behaviors at the interfaces. The observed results suggest that not every APTES moiety was 

bonded with each other, free and bonded Si–O band existed at the same time. Some hydrogen 

bonds maybe formed on amines at the substrate surface and/or some of the molecules aligned 

towards the substrate surface with the head and tail groups because of the bent moieties. In 

conclusion, SERS was used for obtaining accurate depth profile and elucidating the distinction of 

molecular structure inside APTES SAMs, to the atomic level. 

Besides, the kinetic phase transition under laser heating was studied by using surface-

enhanced anti-Stokes and Stokes Raman scattering. The phase transition process of APTES SAMs 

was monitored kinetically. From the relationship between Ias/Is and temperature, the dynamic 

temperature as a result of laser heating was calculated. It suggests that the structure of APTES 

SAMs changed from ordered crystalline to disordered at around 118 °C. Furthermore, the results 

reveal the phase transition process in detail. The thermal damage may be primarily responsible 

for the variation in the O–Si–O, Si–C–C and carbon chain, and the Si–O–Si bands, the bending 

vibration at Si–CH2. The NH2 group still showed high SERS sensitivity after the phase transition.  

Finally, the kinetic surface reaction was investigated on SLG basal plane and edge plane 

under excitation laser heating. By using anti-Stokes and Stokes Raman spectroscopy, the kinetic 
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Raman spectra were obtained along with laser heating. It demonstrates that point defects and 

oxygen bond on SLG basal plane would appear above 500 ºC, but that the edge plane shows 

thermal instability at temperatures as low as 220 ºC. This phenomenon is similar to the defect 

generated by annealing treatment. In addition, defect evolution and oxygen bond at SLG basal 

and edge plane was considered and compared as well. At SLG basal plane, the oxygen bond 

increased in pace with defect increasing. However, at SLG edge plane, point defects were 

eliminated at low temperature. 

In conclusion, these result indicate the high sensitivity of SERS and Raman spectroscopy for 

analyzing the thin-film materials. Using an appropriate SERS sensor, the depth profile on internal 

layer structure can be measured at atomic level, and the kinetic reaction of ultra-thin layer can be 

precisely monitored. It suggests that SERS has high potential to be used in the interfacial analysis, 

with a well-designed SERS sensor. For application, the interfacial analysis on SEI formation in 

Li-ion battery is carried out using SERS and explained in following chapters 3 and 4. 
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3.1 Introduction 

Chapters 3 and 4 describe the interfacial analysis of LIB by using SERS. The target is to 

observe the crucial but unclear structure in LIB, the solid-electrolyte interface (SEI). To the 

present, many approaches have been employed to investigate the chemical, electrochemical and 

structural properties of the SEI film, including scanning electron microscopy (SEM), X-ray 

photoelectron spectroscopy (XPS), Fourier transform infrared spectroscopy (FTIR), time-of-

flight secondary ion mass spectroscopy (TOF-SIMS) and electrochemical impendence 

spectroscopy (EIS), many of which have been reviewed by Balbuena et al. [1] and Verma et al. 

[2]. However, SEI film is still not deeply understood and plenty of controversies exist among the 

diverse researches. SERS has been demonstrated to be a powerful technique for the interfacial 

analysis. It can provide the information of molecular vibration, which is different from other 

approaches. Therefore, in this chapter, to supply more comprehensive view of the SEI film, the 

in-situ kinetic formation of SEI film is investigated by using SERS. 

From many experimental investigations and theoretical calculations, the possible reduction 

pathway of electrolyte could be generally summarized as the decomposition of cyclic carbonate 

solvent, including alkyl-oxygen cleavage [3] and acyl-oxygen cleavage [4]. No matter in which 

hypothesis, electrolyte solvent was always considered to play an important role in the interfacial 

reaction. 

Cyclic carbonates (such as Propylene carbonate (PC), Ethylene carbonate (EC)) and acyclic 

carbonates (such as Ethyl methyl carbonate (EMC), Dimethyl carbonate (DMC)) are fundamental 

components of electrolyte solvent. Cyclic carbonates were usually used to dissolve the lithium 

salt (such as LiPF6, LiClO4) because of their polarity. Acyclic carbonates cannot be omitted to be 

a co-solvent owing to their low viscosity for diluting the high-viscous cyclic carbonates and 

elevating the Li+ ion conductivity. During the electrochemical reduction process (SEI formation 

process), there might be an unequal opportunity for these two types of solvents to react on the 

anode surface. Tasaki et al. [5] studied DFT calculations of solvent decomposition in solution and 

Molecular dynamics (MD) simulations of the decomposition compounds, and listed the ease of 

one-electron reduction as follows: EC > PC > VC > DMC > EMC > DEC, with EC and PC being 

the more likely reduced than acyclic carbonates. The preferential reduction was also reported by 

some experimental studies. Zhuang et al. [6], Xu et al [7] and Vatanamu et al. [8] investigated the 

preferential reduction of cyclic carbonates and acyclic carbonates by using FTIR, Nuclear 

magnetic resonance (NMR) and (MD) simulations. It was demonstrated that the SEI film formed 
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on Graphite anode surface was dominated by the reduction of cyclic carbonates even when the 

cyclic carbonates proportion was at low level. Consequently, the cyclic carbonates are the 

significant component during the formation of the SEI film. 

In this chapter, to investigate the kinetic formation of SEI film, the studies are focused on 

the comparison of EC and PC, because PC was demonstrated to form the SEI film with bad 

performance. The investigation of the difference between EC and PC may lead to a new insight 

into understanding the interfacial reaction for SEI formation. 

Raman spectroscopy and Surface-enhanced Raman spectroscopy (SERS) are appropriate to 

observe the interfacial reaction, owing to the merits of in-situ measurement and observing the 

molecular vibration. Moreover, SERS can provide the molecular vibration at the range of 

wavenumber from 100 ~ 4000cm-1 that hardly observed by other methods. However, there are 

very few SERS studies on SEI film till present. In order to observe the trace products in the SEI 

film, the SERS sensors were specially designed for the measurement on liquid-solid interface. To 

realize the in-situ kinetic measurement, an electrochemical cell was set up. For the kinetic area 

monitoring, a Raman spectroscopy installed with multi-laser spots was employed. Taking 

advantage of these techniques, the kinetic monitoring of SEI formation was investigated. 
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3.2 Experimental section 

3.2.1 Samples and materials 

Graphite anode: Mesocarbon microbeads (MCMB) graphite powder was coated on a Copper 

foil, purchased from MTI Corporation; Cathode: LiCoO2 thin film was deposited on the flat 

surface of a silver foil, purchased from MTI Corporation.  

For analyzing the formation of SEI film, 1M LiPF6 was dissolved in PC-EMC (1:1 v/v) 

mixed solvent and EC-EMC (1:1 v/v) mixed solvent, respectively, to prepare the electrolyte 

solution. In following expression, the electrolyte solution with 1M LiPF6 dissolved will be 

designated as Li-PC-EMC and Li-EC-EMC.  

For distinguishing the kinetic reaction on the basal and edge of graphite, HOPG (Highly 

oriented pyrolytic graphite) was chosen to be anode, which was purchased from ALLIANCE 

Biosystems, Inc. The distinguishable structure of the basal and edge plane allows comparing the 

different reaction on these two structures, during the formation of SEI film. 

 

Figure 3.1 Optical image of the morphology of graphite and HOPG 

 

3.2.2 Raman spectroscopy 

Single laser spot 

In order to determine the composition of SEI film during the formation process, SERS 

studies were conducted. A confocal Raman spectroscopy with a laser of 532 nm was used for the 

in-situ measurement and SERS. The Raman spectra of standard samples, SERS spectra of SEI 

film thermal stability of SEI film and kinetic observation during SEI film formation were 
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measured using single-laser spot. 

Multi laser spots 

The real-time area monitoring was also investigated during SEI film formation by the 

Raman spectroscopy that installed with multi-laser spot. As shown in Figure 3.2, the multi-laser 

spots support the simultaneous monitoring on a square area of sample surface and recording 121 

Raman spectra in single measurement, by 11 x 11 laser spots matrix. The diameter of each laser 

spot was aound 1 - 2 μm. The laser power of each spot was about 3 mW to avoid the affection on 

the interfacial reaction by the heat energy. 

 

Figure 3.2 Schematic illustration of area monitoring with multi-laser spots 

 

3.2.3 SERS sensor 

As introduced in section 1.1.2.2 and Figure 1.4, Ag NPs was considered to be SERS sensor 

in this chapter, since the excitation laser was 532 nm. SERS sensors with various structures were 

fabricated to be the candidates for observing SEI film. The schematics of these sensors are shown 

in Figure 3.3, (a) Ag NPs deposited on micro lens array structure with pyramid-like substrate, 

designated as MLA sensor; (b) Ag NPs deposited on flat substrate, designated as Flat sensor; (c) 

Ag NPs deposited on convex substrate with Al2O3 coating film, designated as Convex sensor. The 

MLA sensor was fabricated and supplied by Master Nakamura, with the substrate of 

Polydimethylsiloxane (PDMS) and pyramid-pattern of 30 μm. The Flat sensor was provided by 

Kyodo International Inc., with Ag film thickness of 5 nm. The structure and fabrication of sensor 

(c) was the same as that reported by Yanagisawa et al. [9]. The substrate is convex lens (quartz) 

with the diameter of 2 mm and the thickness of 0.8 mm. The Ag NPs Nanoparticles were sputtered 

on the convex surface with the diameter of 50 nm and then an Al2O3 film with the thickness of 

1nm was deposited on the surface of Ag NPs, to protect the corrosion of Ag NPs from electrolyte 

solution. These three sensors were tested on HOPG surface to identify the best SERS 

enhancement. 
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Figure 3.3 The structure of three SERS sensors. (a) Ag NPs deposited on micro lens array 

structure with pyramid-like substrate, designated as MLA sensor; (b) Ag NPs deposited on flat 

substrate, designated as Flat sensor; (c) Ag NPs deposited on convex substrate with Al2O3 coating 

film, designated as Convex sensor. 

 

3.2.4 Cell set up for the in-situ SERS measurement and electrochemical 

reaction 

An electrochemical cell was designed for the in-situ observations. The cell was assembled 

and sealed in Ar-filled glove box with graphite as the working electrode (W.E.) and LiCoO2 as 

the counter electrode (C.E.) and reference electrode (R.E.). See the Figure 3.4 for the schematic 

of the cell structure. Two electrodes were located on the two Cu current collectors which were 

connected with electricity. Electrolyte solution was flowed into LIB model cell through electrolyte 

inlet and outlet. After filling the space inside cell, the cell was well sealed by a glass cap, PMP 

cover window and two screwcaps on electrolyte inlet and outlet. There was a short space between 

electrode and PMP cover window. The flexible PMP film can press the SERS sensor to contact 

electrode surface, which would be crucial for generating SERS hotspot. This PMP window was 

tested and demonstrated that it would not influence the Raman signals from inside electrolyte and 

electrode via the depth profiling in Figure 3.5. This cell would be useful to simulating and 

observing the kinetic reaction that is difficulty to be measured from industrial LIB. 
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Figure 3.4 Schematic of LIB model cell (above); the photographs of LIB model cell and the SERS 

sensor placed on graphite anode (below) 

 

Figure 3.5 Examine the influence of PMP film on detecting internal electrolyte. a. Raman spectra 

at four vertical positions; b. Depth profile on the interface of PMP film and internal ethanol at 

883 and 957 cm-1 
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3.2.5 Formation of SEI film 

Cyclic voltammetry (CV) was conducted for SEI film formation, with the voltage range from 

-3.0 V to 3.0 V and the scan rate of 0.5 mV/s. Two electrode system was chosen, graphite as 

working electrode (W.E.) and LiCoO2 as counter electrode (C.E.) and reference electrode (R.E.). 

There was no special reference electrode because the traditional Li metal reference electrode has 

difficulty to be used in our electrochemical cell, and the accurate monitoring of the 

electrochemical reaction is not necessary in this study.  
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3.3 Results and discussion 

3.3.1 Raman spectra of standard samples and frequency assignment  

First of all, the Raman spectra of standard electrolyte solvents were detected and the various 

assignments were figured out according to the reference studies [10] and DFT calculation. The 

spectra are displayed in Figure 3.6 and Figure 3.7. The assignments are listed in Table 3.1. The 

assignments will support the peak analysis in chapters 3 and 4.  
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Figure 3.6 Raman spectra of pure PC, EC, EMC and DMC 

 

 

Figure 3.7 Raman spectra of pristine Li-PC-EMC and Li-EC-EMC 
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Table 3.1 Frequencies and assignments of pure EC, PC, EMC and DMC 

Frequencies (cm-1) Assignments  
(DFT calculation) 

EC PC EMC 

 316  CH3 

  382 CH2-CH3 

  403 CH2-CH3 

 452  C-C-C 

  515 O-C-O scissoring 

 638  C-C 

   Skeleton deformation 

718 715  C-O scissoring 

898 853  Ring breathing 

  883 C-O stretching, C-H wagging 

 916 939 O-C-O, CH3, CH2, C-C 

982 963  CH3-CH3 stretching 

   O-CH3 stretching 

  1018 O-C-C asymmetry stretching  

1065   Ring in-plane stretching 

  1122 C-H wagging 

   O-CH3 stretching, O-C-O scissoring 

1136 1127  Ring in-plane deformation 

 1155  C-H wagging 

1236 1232 1207 C-H twisting 

 1346  C-H wagging 

1377 1360  C-H wagging 

 1460 1461 C-H scissoring 

1485 1490  C-H scissoring 

1771  1757 C=O stretching 

1796 1790  C=O stretching 
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3.3.2 Formation of SEI film 

3.3.2.1 Cyclic voltammetry 

The voltammetric behaviors of graphite anode vs LiCoO2 cathode in Li-PC-EMC and Li-

EC-EMC over voltage window -3.0 to 3.0 V are shown in Figure 3.8. SEI film could be formed 

mostly during the first charging cycle. After the second cycle, the SEI film is tending toward 

stability. The voltammetric behavior of graphite electrodes in Li-PC-EMC and Li-EC-EMC 

containing lithium salts has already been studied and discussed extensively in half-cell models [6, 

7, 11]. In general, the onset potential of electrolyte reduction on graphite electrodes (vs Li metal 

electrode) is most widely adopted at 0.8~1.0 V, which is also shown in the cyclic voltammetry of 

this study in Figure 3.8. The electrochemical measurement was conducted in full-cell model, 

using the two electrode system, because the in-situ cell is not sufficient to allow using the Li metal 

reference electrode in air atmosphere. Therefore, the potential was not precisely controlled due to 

the polarity of counter electrode LiCoO2. Although PC has been used as traditional polar solvent 

in LIB years ago, it is agreed to be not as good as EC does on forming stable SEI film with some 

controversial reasons expressed in Chapter 1. A kinetic observation on the formation of SEI film 

is meaningful to find the difference between EC-based electrolyte and PC-based electrolyte. 

 

 

Figure 3.8 First and second consecutive cyclic voltammograms for graphite electrodes vs LiCoO2 

cathode in 1 M LiPF6 solutions with EC-EMC and PC-EMC. The voltammograms were recorded 

at room temperature 24°C with a scan rate of 0.5 mV/s. 

 

-3 -2 -1 0 1 2 3

-2.0

-1.5

-1.0

-0.5

0.0

0.5

1.0

1.5

2.0

2.5

C
u

rr
e

n
t 

(m
A

)

Potential (V)

PC-based electrolyte

2nd cycle

1st cycle

-3 -2 -1 0 1 2 3

-2.0

-1.5

-1.0

-0.5

0.0

0.5

1.0

1.5

2.0

2.5

2nd cycle

C
u
rr

e
n
t 
(m

A
)

Potential (V)

1st cycle

EC-based electrolyte       LiPF
6
-EC-EMC           LiPF

6
-PC-EMC    

cycling

cycling

cycling

cycling

Voltage (V) Voltage (V)



 

Chapter 3: Kinetic observation on SEI formation in Li-ion battery 

 

 80 

3.3.2.2 Stability of SEI under laser heating 

Thermal stability can also indicate the performance of SEI film. Theoretically, a compact 

SEI film should show higher stability than a loose SEI film. In this study, SEI films were measured 

in Li-PC-EMC and Li-EC-EMC after four charging cycles. With laser (laser power of 30 mW) 

continuously irradiated on the SEI films, the in-situ kinetic Raman spectra were measured on 

these SEI film, respectively. The measurement was carried out without using SERS sensor to 

avoid the thermal damage to the nanoparticle structure on the surface of sensor, which may further 

influence the detected Raman peaks. The series of Raman spectra are shown in Figure 3.9, with 

the dash lines marking the peaks from graphite and the grey areas highlighting the peaks from 

SEI film. In graph (a), the peaks of the SEI film formed from Li-PC-EMC are eliminated no 

longer than 5s, due to the thermal damage by laser irradiation. Simultaneously, peaks of graphite 

are rather weak at the initial stage of SEI film, which may be caused by a certain exfoliation from 

PC. Relatively. in graph (b), the SEI film formed from Li-EC-EMC can endure the laser heating 

at least 2000s. It also supports that EC-based electrolyte can form better SEI film than PC-based 

electrolyte, which corresponds to the previous research. 
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Figure 3.9 Thermal stability of SEI layer formed in (a) Li-PC-EMC and (b) Li-EC-EMC 
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3.3.3 Kinetic observation on SEI formation by single laser spot 

3.3.3.1 Appropriate SERS sensor for graphite material 

Normal Raman spectroscopy cannot observe much difference of SEI film formed in EC-

based electrolyte and PC-based electrolyte. The components of organics and inorganics are also 

difficulty to distinguished, since many inorganics peaks are overlapped by the Raman scattering 

of organics. As explained in the experimental section, SERS sensors were fabricated to solve this 

issue via the sensitive SERS enhancement. There are three SERS sensors were tested in this 

chapter, the MLA, Flat sensor and convex sensor. HOPG was used as probe to test the sensitivity 

of these three SERS sensors. Figure 3.10 is the SERS spectra of HOPG, measured with three 

SERS sensors. The MLA sensor and Flat sensor show week G peaks of HOPG, while relative 

strong G peak can be detected using Convex sensor.  

 

 

Figure 3.10 SERS spectra measured at the surface of HOPG with three types of SERS sensors. 

Laser wavelength: 532 nm; Exposure time: 1s. 

 

To generate SERS hotspot, the narrow gap between metal NPs and sample play a key role, 

which means the contact point of SERS sensor on sample is crucial. The substrate of MLA is 

PDMS, a flexible material, which makes the sensor hardly to contact HOPG surface. The substrate 

of Flat sensor is SiO2 wafer. The hard and flat substrate could contact to somewhere of HOPG 

surface, but the contact point is difficulty to find out. The Convex sensor may contact with HOPG 
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surface at the center of convex SiO2 substrate. The contact point can be easily found from the 

newton ring pattern (the optical image in Figure 3.10). Therefore, in this study, Convex sensor 

was chosen to observe the SERS spectra of SEI film. 

3.3.3.2 Kinetic SEI formation on graphite anode in Li-EC-EMC 

SERS sensor was used on the surface of graphite for the kinetic measurement on SEI 

formation. The SERS sensor was pressed to contact the graphite surface, so that the gap between 

SERS sensor and graphite is limit for forming SERS film. However, the rough particle structure 

allows the possibility of SEI film formed at the gap between the SERS sensor and graphite. To 

avoid the thermal damage by laser irradiation, the laser power was reduced to around 3 mW and 

the exposure time for single measurement was expanded to 10 s. 
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Figure 3.11 Kinetic SERS spectra during the formation of SEI film in Li-EC-EMC from the 

voltage of -0.27 V to -2.2 V 

 

Figure 3.11 is the kinetic SERS spectra at the interface of electrolyte and graphite surface 

during the first charging cycle. A Raman spectrum of pristine Li-EC-EMC is also displayed for 
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comparison. The nature potential measured on the working electrode of graphite (vs LiCoO2) is 

around -0.2 V. Along with the negative voltage changing, a series of in-situ Raman spectra was 

continuously recorded from the voltage of -0.27 V to -2.2 V, which involves the main electrolyte 

decomposition. Comparing to the Raman peaks of pristine electrolyte, there are some variations 

of peaks’ intensity caused by interfacial reaction, such as the peak of O-C-O of organics around 

510 cm-1, C-H peaks around 3000 cm-1 and so on, but no obvious new peak is observed. Another 

apparent phenomenon is the fluorescent background of electrolyte, which due to the Li-EC 

solvation (coordination complex) [12], start to decrease from 0.8 V. The Raman spectra were 

detected at the solid-liquid interface, so that the fluorescence from liquid electrolyte is 

unavoidable. The decrease in fluorescent background may result from the decomposition of Li-

EC solvation and the low fluorescent products (constitute SEI film) by the interfacial reaction. 

The more products generated from electrolyte reduction, the lower fluorescence could be detected. 

3.3.3.3 Kinetic SEI formation on graphite anode in Li-PC-EMC 

The kinetic SEI formation in Li-PC-EMC was observed in the same way (Figure 3.12). 

Different from the result of Li-EC-EMC, the fluorescent background remains all the time. PC-

based electrolyte was believed to generate loose SEI film. The low density ratio of SEI products 

at the interface maybe one of the reason why the fluorescence from electrolyte still influence the 

observed spectra. Moreover, there is another difference comparing to EC-based electrolyte. Other 

than the Raman peaks from regular organic component, a new peak appear at the lower 

wavenumber than 300 cm-1 starting from the negative voltage lower than -0.9 V. Since the signals 

were cut off around 250 cm-1 by the notch filter, the entire peak cannot be displayed. This peak is 

most possible to be attributed to inorganic compounds Li2CO3, according to the Raman frequency 

observed on pure Li2CO3 crystal and other references [1, 13]. As a comparison, the Raman 

spectrum of pure Li2CO3 reported by other reference is shown in Figure 2.12 (a), the SERS and 

Raman spectra of pure Li2CO3 crystal using convex sensor observed in this study is shown in 

Figure 2.13 (b). Using convex sensor, only the peaks at low wavenumber could be detected. 

Besides, since the peaks of Li2CO3 at the range from 300 to 1200 cm-1 are overlapped by organics 

peaks in SEI film, the peak at lower wavenumber than 300 cm-1 is chosen to identify Li2CO3 

products. The presence of Li2CO3 in Li-PC-EMC is a crucial difference from the absence of 

Li2CO3 in Li-EC-EMC, which may influence the performance of SEI film. In chapter 4, a further 

analysis on this peak will be explain by using 785 nm laser and Au NPs SERS sensor. 
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Figure 3.12 (a) Raman spectrum of pure Li2CO3 refer to the book of Balbuena et al. [1] (b) SERS 

and Raman spectra of pure Li2CO3 with and without Ag NPs convex sensor, measured in this study. 

(c) Kinetic SERS spectra during SEI formation in Li-PC-EMC from the voltage of -0.9 to -2.0 V 

 

3.3.4 Kinetic observation on SEI formation in PC-based electrolyte using 

multi laser spots 

The kinetic observation in section 3.3.3 was conducted on graphite surface, using single laser 
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particles, so that the Raman peaks would include the signals from both of the basal and edge of 

graphite. In order to investigate precise reaction on graphite in Li-PC-EMC, HOPG was used as 

graphite model with clear basal and edge plane. Moreover, the real-time 2D mapping of the SEI 

formation was monitored by using the Raman spectroscopy installed with 11 x 11 multi laser 

spots. When CV scan started, a series of 2D Raman mappings were recorded continuously. Figure 

3.13 is one of the Raman spectrum measured at a 20 x 20 μm2 area of the HOPG surface, when 

the voltage was around -2.0 V. Since the measurement was carried out at the interface of HOPG 

and electrolyte, many peaks of SEI film are overlapped by the peaks from electrolyte. However, 

comparing with the pristine electrolyte, some new peaks can be distinguished. They are the peak 

of inorganic product Li2CO3 at the lower wavenumber than 300 cm-1, the peak of organic product 

LiOR at 1020 cm-1 and the peak of organic product ROCO2Li at 1170 cm-1. Besides, the G peak 

and the D peak from HOPG were also detected.  

 

 

Figure 3.13 Raman spectrum of the SEI film at HOPG surface formed in Li-PC-EMC at the 

voltage of -1.2 V (HOPG vs LiCoO2) 

 

Before analyzing the kinetic variation in the peaks of the inorganic and organic products, the 

2-D Raman intensity mapping of D peak was investigated. D peak is the breathing modes of sp2 

atoms originate from defects, so that it can be used for estimating the edge area of graphite. Figure 

3.14 shows the optical image of the focusing area at HOPG surface and the Raman intensity 

mapping of D peak observed from the same area. The optical image displays the clear basal and 

edge plane of graphite. Accordingly, in the Raman mapping of the intensity of D peak, the red 
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area standing for the high intensity of D peak presents the approximate area of the edge plane of 

graphite, corresponding to the structure shown in the optical image. This result identify the 

resolution of 2-D Raman mapping is sufficient to distinguish the different vibration at the basal 

plane and the edge plane. Based on this demonstration, the kinetic formation of inorganic product 

and organic products at the basal and the edge of graphite will be investigated at the focusing area. 

 

 

Figure 3.14 Schematic of area monitoring on HOPG basal and edge plane 

 

The kinetic Raman intensity mappings of the Li2CO3 peak along with CV scan are shown in 

Figure 3.15. The Figure 3.15 (a) display the X-Y Raman intensity mapping of D peak for 

comparison. The Figures 3.15 (b) and (c) are the variation in the 1-D Raman intensity mapping 

of Li2CO3 peak along with voltage changing from -0.1 to -1.5 V. These two graphs were plotted 

with the method introduced in section 3.2.2. For each single measurement, 121 Raman spectra 

were detected with the 11 x 11 multi laser spots, and the X-Y Raman intensity mapping of Li2CO3 

peak could be plotted. Meanwhile, the software for Raman spectra measurement can accumulate 

the data spot from the same axis value into single data spot, so that the 2-D X-Y Raman mapping 

can be transferred into 1-D X (or Y) Raman intensity mapping. Along with CV scanning, the real-

time Raman spectra at the focusing area was continuously monitored, simultaneously, the kinetic 

variation in the transferred 1-D X and Y Raman intensity mapping was recorded as shown in 

Figures 3.15 (b) and (c). 
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Figure 3.15 (a) X-Y Raman intensity mapping of D peak; (b)(c) Kinetic Raman intensity mapping 

of Li2CO3 peak along with charging cycling; (d) Cyclic voltammetry of HOPG anode versus 

LiCoO2 cathode, from 0 to -2.5 V with the scan rate of 1mV/s. Graph (b) are plotted from hundreds 

of X-Y Raman intensity mapping of Li2CO3 peak. The 2-D Raman mapping was transferred to 1-

D line data consisted to the accumulated data from each X displacement. Graph (c) was plotted 

in the same way, but accumulated data from each Y displacement. Along with CV scan and voltage 

changing, the transferred 1-D line results were kinetically observed as graphs (b) and (c). 

 

The scale bar in Figure 3.15 show the relation of peak intensity and color. The red color 

stands for the higher peak intensity. The peak variation in Figure 3.15 (b) suggests that the 

appearance area of Li2CO3 peak was only observed at the edge area of HOPG anode, comparing 

to the Raman intensity mapping of D peak in Figure 3.15 (a). Besides, the obvious increase in the 

Raman intensity of Li2CO3 in Figures 3.15 (a) (b) demonstrate the decomposition of PC-based 

electrolyte around -0.9 V that lead to the inorganic product of Li2CO3. 

Moreover, the variations in the peak intensities of organic products were also analyzed. 

According to former discussion, the peaks at 1020 cm-1 and 1170 cm-1 are attributed to organic 

product LiOR and ROCO2Li. Figure 3.16 is the kinetic variation in the 1-D X Raman intensity 

mapping of the peaks at 1020 cm-1 (a) and 1170 cm-1(b). Comparing to the structure of the 
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focusing area, the product LiOR may be generated at both of the basal and edge plane of graphite, 

and the product ROCO2Li may be formed mainly at the edge plane of graphite. Besides, the 

formation of these two organic products were observed to occur start from -1.2 V that is posterior 

to the formation of Li2CO3. 

 

 

Figure 3.16 Kinetic Raman intensity mapping of the peaks at 1020 cm-1 and 1170 cm-1, along with 

charging cycling. 

 

The observation using multi laser spot demonstrates the decomposition of electrolyte at 

HOPG anode maybe -0.9 V, which is corresponding to the previous literature about the reaction 

potential [14-17]. Furthermore, the formation area of Li2CO3, LiOR and ROCO2Li were also 

investigated, which was nearly not discussed in previous literatures.  
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3.4 Conclusion 

In this chapter, SERS technique was successfully applied in the observation on SEI film at 

the surface of graphite anode in LIB. According to the previous reports and the thermal stability 

of SEI film observed in this chapter, the unstable SEI film formed in PC-based electrolyte was 

confirmed. To discover the difference of PC-based electrolyte and EC-based electrolyte, the 

kinetic SEI film formation was focused by using SERS sensor. The convex lens transmission 

SERS sensor was demonstrated to show good performance and was used for detecting the kinetic 

reaction during SEI film formation. The results suggest that, an apparent new peak appear when 

using Li-PC-EMC, comparing to the peaks observed in Li-EC-EMC. This peak maybe attributed 

to the inorganic compounds Li2CO3. Furthermore, in Li-PC-EMC, the multi-laser spot was 

employed for area monitoring on HOPG basal and edge plane. The formation Li2CO3 and 

ROCO2Li was demonstrated to occur at the edge of graphite and ROLi product was detected on 

both edge and basal plane.  

This chapter found the Li2CO3 product maybe one of the difference between EC-based 

electrolyte and PC-based electrolyte. The formation of Li2CO3 will be further analyzed by Au NPs 

in chapter 4. 
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4.1 Introduction 

In chapter 3, the Li2CO3 product was considered to be the product in PC-based electrolyte 

according to the kinetic SERS spectra during SEI formation. However, the observed Raman 

frequencies of Li2CO3 were at the low wavenumber (<300 cm-1), which were partially cut off by 

the notch filter installed on the 532 nm laser of our Raman machine. Since the notch filter installed 

on the 785 nm laser of our Raman machine only cut off the signals lower than 200 cm-1, it allows 

measuring the Raman frequencies at the range of 200-300 cm-1, which cannot be precisely 

analyzed in chapter 3. Thus, in this chapter, the laser of 785 nm will be used for further exploring 

the generation of Li2CO3 and its mechanism. To observe the SERS spectra, Au NPs SERS sensor 

was used because the laser of 785 nm is suitable to irradiate the plasma resonance at the Au NPs 

surface (introduced in section 1.1.2.2). 

There are controversies among the researches about the decomposition products of PC-based 

electrolyte and EC-based electrolyte. one of the controversies is the presence of Li2CO3 products 

in the SEI film. Li2CO3 is mostly believed to originate from a two-electron reduction pathway (eq 

1, take PC as example) of cyclic carbonates [1-3].  

                      (eq 1) 

Aurbach and co-workers estimated the semi-carbonates as the main components of SEI via the 

single-electron pathway as eq 2, and the Li2CO3 was considered as an artificial product due to 

poor humidity management, which could be understood as the Li2CO3 should not exist as a 

reduction product under well humidity management. This was supported by numbers of 

researches [4-11].  

          (eq 2) 

However, many of them still described Li2CO3 as an SEI component according to their research 

[12-21]. These researches reported that the Li2CO3 could be observed on either first cycling 
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graphite, or aged graphite surface, and consider Li2CO3 as one of the main components. The role 

of Li2CO3 in SEI film was reported from many aspects, the innermost layer of SEI [9, 22], the Li+ 

ion transportation media [23, 24], and so on.  

At the present, the Li2CO3 generation and the reaction mechanism during SEI formation is 

not clearly understood yet. Other than many reported controversial factors [1, 9, 25], the 

interfacial behavior of PC and EC at graphite surface may also affect the reaction, but not 

sufficiently studied so far. Therefore, the solvent interaction and interfacial adsorption without 

Li+ ion were mainly concerned in this research. The solvent interaction is a basic factor for the 

interfacial property of a solution. The interfacial behavior may concern to the reduction pathway, 

products, and further affect the SEI and batteries properties.  

In summary, to have a closer understanding of the Li2CO3 product in SEI film, SEI films are 

further discussed in this chapter. The observation on Li2CO3 generation is precisely demonstrated 

by Au NPs SERS sensor, the mechanism of Li2CO3 generation is figured out, and the depth profile 

of SEI film is analyzed. This chapter further apply SERS and Raman spectroscopy to the 

composition, reaction mechanism and depth profiling of the interfacial reaction in LIB. 
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4.2 Experimental section 

4.2.1 Samples and materials 

Graphite anode: Mesocarbon microbeads (MCMB) graphite powder was coated on Cu foil, 

purchased from MTI Corporation; Cathode: a LiCoO2 thin film was deposited on the flat surface 

of a silver foil, purchased from MTI Corporation. When exploring the interfacial behavior of PC 

at the basal and edge graphite, HOPG (Highly oriented pyrolytic graphite) purchased from 

ALLIANCE Biosystems, Inc. was used as graphite model, purchased from ALLIANCE 

Biosystems, Inc. 

For observing preferential adsorption of carbonate solvent, the mixed solvent of PC:EMC 

(1:1) and EC:EMC (1:1) were prepared. In following expression, the two mixed solvent will be 

short for PC-EMC and EC-EMC. PC-EMC and EC-EMC were used to analyze the interfacial 

molar fraction of PC (𝑥𝑃𝐶) and EC (𝑥𝐸𝐶). The interfacial molar fraction (𝑥𝑖) in standard samples 

was calculated by the equation 𝑥𝑖 =
𝑛𝑖

𝑛𝑡𝑜𝑡𝑎𝑙
 . The 𝑥𝑖  on graphite surface was estimated by the 

linear relationship obtained by standard samples. 

For analyzing SEI formation, 1M LiPF6 was dissolved in these solvents respectively, to 

prepare the electrolyte solution. The electrolyte solution with 1M LiPF6 dissolved will be short 

for Li-PC-EMC and Li-EC-EMC.  

4.2.2 Raman measurement 

In order to determine the Li2CO3 product in SEI film at low frequency, a confocal Raman 

spectroscopy with a laser of 785 nm was used for the in-situ measurement. The notch filter 

installed on 785 nm laser can cut off the signal low than 200 cm-1, which allow the measurement 

of Li2CO3 at the range of 200-300 cm-1.  

To figure out the interfacial behavior of PC and EC at the interface, Raman mapping were 

carried out at the graphite surface in contact with different electrolyte solvent, with the laser of 

532 nm, because 532 nm laser is suitable to excite the Raman scattering of organic compounds in 

electrolyte solvents. x 

Depth profile measurement mode was conducted with the laser of 785 nm for qualitatively 
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analyzing the depth profiling of the Li2CO3 product in SEI film.  

4.2.3 SERS sensor 

Au NPs SERS sensor was designed for measuring the Li2CO3 product in SEI film by using 

785 nm laser. Similar to the SERS sensor used in chapter 3, the substrate is also convex lens 

(quartz) with the diameter of 2 mm and the thickness of 0.8 mm. The Au Nanoparticles were 

sputtered on the convex surface with the diameter around 50 nm. The schematic and SEM image 

of the SERS sensor are explained in Figure 4.1.  

 

Figure 4.1 The structure of the Au NPs convex SERS sensor  

 

4.2.4 Cell set up for the in-situ SERS measurement and electrochemical 

reaction 

The electrochemical cell and cyclic voltammetry are the same as the explanation in Chapter 

3. The difference from chapter 3 is that the measurement in this chapter was conducted after the 

SEI film formation, but not during the cyclic voltammetry scanning. 
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4.3 Results and discussion 

4.3.1 Li2CO3 generation and mechanism 

4.3.1.1 Detection of Li2CO3 products by using Au NPs SERS sensor 

Li2CO3 has been reported to be one of the products of the SEI, but there are also a number of 

report claimed that Li2CO3 was not present or not the main compound. The presence of Li2CO3 

appears to be considered as the by-products depend on the moisture content of the electrolyte. To 

test the influence of moisture, the moisture situation in this study was roughly divided into “lower 

humidity” and “higher humidity”. The lower humidity group is the LIB model cell managed by 

vacuum pumping. All electrode, electrolyte, electrochemical cell and SERS sensor were vacuum 

treated in glove-box over 10 h to eliminate trace water. The higher humidity group is the 

electrochemical cell without any special treatment.  

 

 

Figure 4.2 SERS spectra on SEI film in EC-based electrolyte and PC-based electrolyte under the 

condition without special humidity control. Strong peaks from Li2CO3 were enhanced by Au NPs 

SERS sensor comparing to other weak peaks from organic compounds. 

 

To demonstrate the Li2CO3 generation under high humidity as previous literature mentioned, 

the SERS spectra were measured on the SEI film that was formed under no special humidity 

control. The SERS spectra of SEI film formed in PC-based electrolyte and EC-based electrolyte 
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was measured using the Au NPs SERS sensor under the laser irradiation with the wavelength of 

785 nm. Figure 4.2 shows the SERS spectra in the higher humidity. The drastic strong Li2CO3 

peaks at low frequencies [26] was enhanced by SERS sensor. It describes that, in both of Li-PC-

EMC and Li-EC-EMC, Li2CO3 would be generated in large amounts under higher moisture, which 

is corresponding to many literatures [25]. Meanwhile, it also demonstrates that Au NPs SERS 

sensor maybe has higher sensitivity to enhance the Raman scattering of Li2CO3, comparing to the 

enhancement of other peaks (G peak and other peaks of organic compounds in SEI film).  
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Figure 4.3 SERS and Raman spectra on SEI film in EC-based electrolyte with and without Au 

SERS sensor. No peak from Li2CO3 is detected when using sensor or not. 

 

Other than demonstrating the Li2CO3 product in higher humidity, SERS spectra were also 

measured on the SEI film formed in low humidity, to discover that if Li2CO3 could be also detected 

with well moisture control. The low humidity was controlled by vacuum treating all the samples, 

electrochemical cell and SERS sensor more than 10 h in glove-box, and then assembled and sealed 

the electrochemical cell well. Afterward, the CV scanning was also carried out in glove box with 

the voltage range of -3.0 to 3.0 V, and the scan rate of 0.5 mV/s. After 5 cycles, the electrochemical 

cell was taken out of the glove box and measured by using Raman spectroscopy. Figure 4.3 is the 

Raman spectra of SEI film when using EC-based electrolyte in low humidity, measured with 

SERS sensor and without sensor respectively. As a result, there is no obvious Li2CO3 peak 

observed in the products of EC-based electrolyte regardless of using sensor or not. Only peaks of 

organic compounds and graphite are observed by Au NPs SERS sensor. 

However, it is different in Figure 4.4, which was measured on the SEI film form in PC-based 
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electrolyte. Other than the organic peaks and graphite peaks observed on SEI film without SERS 

sensor in Figure 4.4, notable Li2CO3 peaks (210 cm-1 and 290 cm-1 [26]) still can be detected 

when using the SERS sensor. Comparing to the peaks in Figure 4.2, The weaker peaks of Li2CO3 

indicate that the amount of Li2CO3 is reduced, because the partial Li2CO3 produced by the reaction 

with water was avoided in low humidity. These results support the presence of Li2CO3, but only 

support the presence of Li2CO3 when using PC-based electrolyte. Rarely no or undetectable 

amount of Li2CO3 was generated in the products of EC-based electrolyte. In addition, it also 

suggests that the Li2CO3 generation could be affected but not only affected by moisture. Li2CO3 

generation also depends on the different solvent species (PC and EC in this study). But the reason 

why PC and EC would lead to different products is not understood clearly.  
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Figure 4.4 SERS and Raman spectra on SEI film in PC-based electrolyte with and without Au 

SERS sensor. Clear peaks of Li2CO3 can be detected when using SERS sensor. 

 

4.3.1.2 Mechanism of Li2CO3 formation and its relation with interfacial behavior of PC 

and EC at the graphite surface 

There are a plenty of works on the main component of SEI film, which have been ascribed 

to be organic compounds. This study concentrates on the controversial inorganic compounds 

Li2CO3 for a closer look at their reaction mechanism. The reaction generating Li2CO3 is believed 

to occur at the edge of graphite along with other interfacial reaction for SEI film formation. 

Li2CO3 would be produced from cyclic carbonate at the interface, but to the present, the spatial 
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confirmation of the interfacial behavior of PC and EC at graphite surface is not reported in the 

literatures on LIB work. In this chapter, the only electrolyte solvent EC-EMC and PC-EMC 

without Li salt are investigated by using Raman spectroscopy to identify the interfacial behavior 

of PC and EC. The acyclic carbonate DMC was also used as the mixed solvent of EC-DMC when 

demonstrating and comparing the different interfacial molar fraction of PC (𝑥𝑝𝑐)and EC (𝑥𝐸𝐶). 
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Figure 4.5 Raman spectra of bulk EC/EMC (1:1), EC/DMC (1:1) and PC/EMC (1:1) 

 

 

Figure 4.6 C═O stretching vibrations of PC, EC, EMC and DMC, simulated by DFT 
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Measuring Raman mapping at the interface of graphite and solvent is useful to find the 

interfacial molar fraction of each solvent species. At first, as the fundamental information of each 

electrolyte solvent for further analysis, Figure 4.5 shows the Raman spectra of three mixed 

solvents and the peaks’ assignment correspond to EC-EMC, PC-EMC and EC-DMC based on the 

reference studies [27] and DFT calculation. The specific peaks around 1800 cm-1 are attributed to 

the stretching vibration of C═O as shown in Figure 4.6. To quantify the molar fraction of each 

solvent species in their respective mixed solvent, a series of mixed solvent of PC-EMC, EC-EMC 

and EC-DMC are prepared to calculate the linear relationship of 𝑥𝑖 dependence on the ratio of 

peak intensity. Figure 4.7 presents the zoom area of the peaks of C═O stretching vibration. The 

linear relation formulations are y=3.084-4.15x for PC-EMC, y=3.77+9.11x for EC-EMC and 

y=2.37-2.76x for EC-DMC, respectively. The 𝑥𝑃𝐶  and 𝑥𝐸𝐶  at the graphite surface could be 

estimated by these linear relation formulations and the observed Raman peaks’ intensity. 

 

 

Figure 4.7 Raman spectra of C═O vibration from the mixture solvent of PC-EMC, EC-EMC, and 

EC-DMC with a series of ratio, and the molar fraction (𝒙𝑷𝑪 and 𝒙𝑬𝑪) dependence on the ratio 

of I(cyclic) and I(acyclic) in the above graphs 

 

SERS sensor is not used for studying the solvent distributing at the graphite surface, because 

𝑥𝑃𝐶 𝑥𝐸𝐶 𝑥𝐸𝐶
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of the close contact between SERS sensor and graphite electrode leave no space to sufficient 

solvent molecules. Besides, since the graphite electrode composes from many particles and pores 

inside, the Raman scattering measurement is carried out in micrometer scale but not nanometer 

scale, to find out the 𝑥𝑃𝐶 from a macroscopic view. It results in the Raman mapping profiles 

display a rough and broad tendency but not visible sharp interfaces. In the present work, the 

variation tendencies of 𝑥𝑃𝐶 and 𝑥𝐸𝐶 at the interface was discovered. Figure 4.8 shows the X-Z 

Raman mapping at the interface of graphite and PC-EMC. the 𝑥𝑃𝐶 is calculated according to the 

intensity ratio of the C═O peak and the linear relation formulation in Figure 4.7. The surface of 

graphite is roughly estimated from the Raman intensity mapping of G peak of graphite in Figure 

4.8 (a). Correspondingly, in Figure 4.8 (b), the 𝑥𝑃𝐶  appear to show the lower value toward 

graphite surface and interior. The interior porous graphite structure allows the low PC 

concentration among the internal graphite particles is detectable. It suggests that at the surface of 

graphite particles, the molar fraction of PC molecules is lower than bulk sample.  

 

 

Figure 4.8 X-Z Raman mapping on I(G) (a) and PC molar fraction (𝒙𝑷𝑪) (b) at the interface of 

graphite and PC-EMC 

 

However, in the case of EC-based electrolyte, the X-Z Raman mapping at the interface of 

graphite and EC-EMC is shown in Figure 4.9. Different from PC-EMC, there is no decrease 

tendency of EC molar fraction toward graphite surface. The 𝑥𝐸𝐶  molecules at the interface 

maintains the same level as bulk sample. To the present, there is no research on the adsorption 

behavior of PC or EC at the graphite surface, which also cannot be demonstrated in this study. 

What we can understand here is that, in some way, PC is not preferentially adsorbed (or 
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accumulated) at graphite surface in PC-EMC, but EC didn’t show the same phenomenon in EC-

EMC. 

 

 

Figure 4.9 X-Z Raman mapping on I(G) (a) and EC molar fraction (𝒙𝑬𝑪) (b) at the interface of 

graphite and EC-EMC  

 

This conclusion is further reinforced by the X Raman mapping of 𝑥𝑃𝐶 and 𝑥𝐸𝐶 at graphite 

surface, under voltage of 0 V and 0.5 V. Figure 4.10 (a) is the x Raman mapping of 𝑥𝑃𝐶 in PC-

EMC, 𝑥𝐸𝐶 in EC-EMC and 𝑥𝐸𝐶 in EC-DMC with no applied voltage. Apparently, the 𝑥𝑃𝐶 is 

always lower than 𝑥𝐸𝐶 in their respective mixed solvents. In the bulk samples of PC-EMC, EC-

EMC and EC-DMC, the 𝑥𝑃𝐶 and 𝑥𝐸𝐶 are 0.55, 0.61 and 0.56, respectively. However, at the 

graphite surface, the 𝑥𝑃𝐶 and 𝑥𝐸𝐶 in PC-EMC, EC-EMC and EC-DMC are 0.51, 0.59 and 0.62, 

respectively. It indicates that the molar fraction we observed does not depend on their bulk 

samples, but lie on the interfacial behavior of different solvent species, PC and EC in this study. 

Moreover, it was demonstrated in previous research that Li+ ion intercalation starts around 0.2 to 

0.5 V and the reduction of cyclic carbonate starts around 1.0 V in the actual batteries. Therefore, 

in this study, the molar fraction of PC and EC was also observed under the voltage of 0.5 V in 

Figure 4.10 (b) to figure out the interfacial molar fraction of solvent species when Li salt was 

absent. As a result, when each voltage is applied, the 𝑥𝑃𝐶  is still lower than 𝑥𝐸𝐶  in their 

respective mixed solvents. 
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Figure 4.10 Raman mapping of the molar fraction of PC and EC (𝒙𝑷𝑪 and 𝒙𝑬𝑪) at the graphite 

surface under a voltage of (a) 0 V, (b) -0.5 V in their respective mixed solvents (C.E.&R.E.: 

LiCoO2) 
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Figure 4.11 Depth profile on PC molar fraction at HOPG basal and edge plane. The optical 

images of HOPG surface indicate the measurement position at basal and edge plane of HOPG. 

The depth profiling of the Raman intensity of G peak and calculated PC molar fraction are plotted 

with X-Y-Y style in their respective measurement position 

 

To have a closer look at the interfacial behavior of PC at the graphite surface, the depth profile 

on PC molar fraction at HOPG surface is carried out. HOPG is the highly oriented graphite layers, 

which allow distinguishing the basal and edge plane of graphite. The depth profile on the interface 

of PC-EMC and HOPG would be useful to compare the PC molar fraction at the basal and edge 

plane of graphite as seen in Figure 4.11. The depth profile on Raman intensity of G peak is for 

distinguishing graphite surface, according to the vertex. The PC molar fraction are calculated by 

the linear relation formulation in Figure 4.7 and the intensity ratio of the C═O peak. At the basal 

plane, the PC molar fraction at the graphite surface maintain the same level as bulk sample. 

However, at the edge plane, the PC molar fraction gradually reduced toward the graphite surface, 

down to the same molar fraction as the X-Z Raman mapping shown in Figure 4.8. It indicates that 
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the lower molar fraction of PC is dominated by the edge of graphite, which is also the position 

for the reaction of cyclic carbonate and SEI film formation. According to the reaction formulation 

eq 1 and eq. 2, the organic compounds could be formed through the reaction of electrolyte species 

and electrons, which is mostly believed to be single-electron reduction pathway, while the Li2CO3 

may be generated in the side reaction, 2-electron reduction pathway, when electrolyte molecules 

access more electron [28]. Based on the CV in Figure 3.8, the reduction current in Li-PC-EMC 

and Li-EC-EMC is at similar level. And then further considering the results of lower PC molar 

fraction at the edge plane of graphite, comparing with EC, some PC molecules may access more 

electron than EC molecule does. It may lead to more 2-electron reduction in PC-based electrolyte 

than EC-based electrolyte and further generate more Li2CO3 products. The schematic is explained 

in Figure 4.12. In conclusion, the interfacial molar fraction of cyclic carbonate at the edge of 

graphite would be related to the Li2CO3 generation. Lower interfacial molar fraction of cyclic 

carbonate leads to more products of Li2CO3. 

 

 

Figure 4.12 Schematic of proposed mechanism of Li2CO3 generation in PC-based electrolyte and 

its relation with interfacial molar fraction of cyclic carbonate. 

 

4.3.1.3 Correlation of interfacial behavior and solvent molecules interaction 

Although the lower interfacial molar fraction of PC was demonstrated, the mechanism of the 
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fewer PC at the interface is still not clear. In this section, some phenomena were observed about 

the solvent molecule interaction in their mixed solvents, which maybe meaningful to the 

interfacial behavior of PC and EC to a certain extent. 

There is a theory about the primary solvation sheath of Li+ which is generally occupied by 

cyclic carbonate molecules. Cyclic carbonate molecules (such as EC and PC) are preferred by Li+ 

due to their higher permittivity and dipole moment (PC: dielectric constant of 65 under 25 °C; 

EC: dielectric constant of 69 under 25 °C and 90 under 40 °C [29, 30]). It was also identified in 

other papers that, a central Li+ could be surrounded by a number of carbonyl groups from 

carbonate molecules, whose lone-pair electrons should be most effective in neutralizing the 

Coulombic attraction of the small cation [31, 32]. This structure was discussed with Li+ ion 

dissolved. Before or after Li+ ion intercalation, there should be free electrolyte solvent at the 

interface. Thus, in following part, the state of the only solvent without Li+ ion will be discussed. 

Many researches have reported the molecular aggregates in solution, such as the dye solute in 

water solvent [33-35], nonionic surfactant in nonaqueous solvent [36-38] and so on. According 

to that, without Li+ ion in the solvents, the inhomogeneous distribution of cyclic and acyclic 

carbonate may also exist as cyclic aggregates, due to their difference of polarity. 

Figure 4.13 shows the Raman spectra of pure PC, pure EMC and mixed PC-EMC with a peak 

resolution of 2 cm-1. In the Raman spectrum of PC-EMC, the Raman peaks’ frequencies are mostly 

the same as the peaks of pure PC and EMC, except for the peak at 1800 cm-1 that blue shifted 10 

cm-1 from the peak at 1790 cm-1 of pure PC. The blue shift come from the interaction between PC 

molecules but not from PC-EMC interaction, because there is no frequency shift of EMC in mixed 

solvent. A similar phenomenon of C=O frequency shift was also discussed in the Li+ solvation 

sheath structure that the asymmetric stretching vibration of carbonyl (νC=O) at ~1800 cm−1 was 

observed to be strongly perturbed by the dissolution of lithium salts [39-41]. It indicates that the 

C=O vibration is the main interaction bind site of Li+ and PC. In the mixed solvent, it can be 

identified that PC-PC interaction also exist before Li+ dissolved and the C=O vibration is also the 

bind site.  
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Figure 4.13 Peak shift of the PC in PC-EMC mixed solvent comparing to the peaks of pure PC 

and pure EMC 

 

The interaction of PC-PC in PC-EMC mixed solvent could be considered as a molecular 

aggregation that is similar to other solution mentioned before. There are several molecule 

aggregation modes, J-aggregates, H-aggregates, S-aggregates, R-aggregates and so forth [42]. It 

was identified that the absorbance peak would be red-shift (J type) or blue-shift (H, S and R type) 

in different aggregation type. In Figure 4.13, only one blue-shift peak could be observed at C=O 

bond. The aggregate type of PC maybe H, S or R type dominated with a bind site of C=O. The 

accurate structure needs to be simulated by extra computational calculation, but not demonstrated 

in this study.  
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Figure 4.14 Peak shift of the EC in EC-EMC mixed solvent comparing to the peaks of pure EC 

and pure EMC 

 

In the same way, Raman spectra of pure EC, pure EMC, pure DMC, mixed solvent EC-EMC 

and PC-EMC mixed solvent were measured and displayed in Figures 4.14 and 4.15. Similar to 

PC-EMC, the peaks of EMC in EC-EMC and the peaks of DMC in EC-DMC were not shifted 

comparing with pure EC. However, in the 10 peaks of EC in EC-EMC, 5 peaks were shifted 

obviously (marked with asterisks in Figure 4.14). There are three blue-shift peaks, 1075 cm-1 

(shifted from 1065 cm-1 in pure EC), 1781 cm-1 (from 1771 cm-1) and 1806 cm-1 (from 1796 cm-

1), and one red-shift peak, 975 cm-1 (from 982 cm-1). Besides, the peak at 1136 cm-1 disappeared 

in the EC-EMC mixed solvent. The blue-shift C=O peak (1781 cm-1 and 1806 cm-1) and the blue-

shift in-plane ring stretching (1075 cm-1) suggest the binding site of EC-EC is not only C=O 

vibration, but also the ring plane vibration. In the case of S or R aggregates unit, a stronger in-

plane ring interaction would lead to more aggregation number. Although there have been some 

controversies on the solvation number of the Li+ ion in PC and EC electrolytes, many research 

suggested that EC show stronger aggregation and more aggregation number than PC [43]. 

According to the PC-PC interaction and EC-EC interaction observed in this study, EC also show 

stronger aggregation than PC, and may further lead to more aggregate number. 
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Figure 4.15 Peak shift of the EC in EC-DMC mixed solvent comparing to the peaks of pure EC 

and pure EMC 

 

In the 10 peaks of EC from EC-DMC, 6 peaks were shifted obviously (marked with asterisks 

in Figure 4.15). There are 5 blue-shift peaks, 722 cm-1 (shifted from 718 cm-1), 1077 cm-1 (from 

1065 cm-1) and 1491 cm-1 (from 1485 cm-1), 1782 cm-1 (from 1771 cm-1) and 1808 cm-1 (from 

1796 cm-1). Besides, the peak at 1136 cm-1 also disappeared in the EC-DMC mixed solvent. The 

blue-shift C=O peak (1790 cm-1 and 1806 cm-1) and the blue-shift in-plane ring stretching (1075 

cm-1) suggest the binding site of EC-EC is not only C=O vibration, but also the ring plane 

vibration. The more shift peaks of EC indicate that EC in EC-DMC show even more aggregation 

than it in EC-EMC. The aggregation number of EC in EC-DMC maybe more than EC is in EC-

EMC.  

In conclusion, the aggregation force and number may follow the order: EC (in EC-DMC) > 

EC (in EC-EMC) > PC (in PC-EMC). This order follows the same order of the interfacial molar 

fraction in Figure 4.10. It suggests that the aggregation of solvent molecules may be related to 

the interfacial molar fraction of PC and EC at the graphite surface in some ways.  
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4.3.2 Depth profile on SEI formed on graphite anode, using Raman 

spectroscopy and SERS 

In order to obtain more information about Li2CO3 in SEI film, depth profile measurement 

was further conducted to estimate the Li2CO3 location. To avoid the thermal damage, laser power 

was reduced to 3 mW. Figure 4.16 illustrates the depth profile on each peak in SERS spectra of 

SEI film formed from PC-based electrolyte. The depth profiling was conducted in micrometer 

scale due to the objective lens we used is 50x long-focus with low numerical aperture (NA) value, 

so that the depth resolution is not high enough for accurate depth profile. The estimated SEI film 

from 0 to 5 μm is not indicating the thickness of actual SEI film, but only represent the relative 

depth displacement in micrometer level. The vertex of the depth profile on G peak can be 

considered to figure out the surface of graphite anode. The increase and subsequent vertex 

(marked as (1)) in the Raman intensity of the G peak likely correspond to the laser beam moved 

from interior SEI film toward the graphite surface. Significant increase in I(1380 cm-1) toward 

vertex (1) likely corresponds to the laser beam moving toward graphite surface as well, since peak 

1380 cm-1 mainly come from the C−C vibration from graphite edge. Besides, the peak at 1380 

cm-1 is also partially from the organic vibration C-H. Thus, the slight bump around location (3) 

maybe from the organic component in SEI film. The depth profile on I(910 cm-1), which 

corresponds to the CH3 and CH2 vibration of organic product ROCO2Li [44], gradually decreases 

but maintains higher intensity (from (2) to (4)) until near graphite surface. It is roughly equal to 

the profile of various bond of interior SEI film. Moreover, the depth of I(290 cm-1) is believed to 

be related to the distribution of Li2CO3, which here appears to be embedded in the outer layer 

(around location (2)) of organic SEI film. It reveals that the Li2CO3 produced from PC-based 

electrolyte does not consist the innermost layer of SEI, but being embedded in the organic 

compounds around interior layer. The depth profile in Figure 4.16 only preliminarily distinguishes 

the relative position of Li2CO3 in SEI film.  
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Figure 4.16 Depth profile of the SEI film formed from Li-PC-EMC. Right: Dependence of Raman 

intensity of the 4 peaks in the left graph on depth displacement; Left: SERS spectra of the SEI film 

formed by Li-PC-EMC. Location (1) suggests the surface of graphite; positions from (2) to (4) 

reflect the organic compounds in the entire SEI film; location (3) indicates the C-H chain of the 

SEI film; the Li2CO3 peak appears at a higher intensity around location (2) and (3). 
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4.4 Conclusion 

The study in this chapter describes the interfacial analysis in Li-ion batteries by using a 

special designed Au NPs SERS sensor.  

Firstly, the SERS spectra of the SEI film revealed the presence of Li2CO3 in PC-based 

electrolyte and the absence of Li2CO3 when using EC-based electrolyte.  

Besides, Raman mapping studies were performed to elucidate the interfacial behavior of the 

PC and EC and its correlation with the Li2CO3 generation. The interfacial behavior of PC and EC 

at the graphite surface was found to be different. Molar fraction of PC at the interface was lower 

than bulk sample, especially at the edge of graphite. Contrarily, the molar fraction of EC at the 

graphite surface is similar to bulk sample and higher than PC. It indicates that the interfacial molar 

fraction of cyclic carbonate may affect the reduction pathway (1-electron reduction or 2-electron 

reduction) and further influence the formation of Li2CO3 product.  

Finally, the rough depth profile on the Li2CO3 was conducted by using SERS sensor and 

reveal that Li2CO3 products may be embedded in organic layers of SEI film.  

The SERS measurement, Raman mapping and depth profile on SEI film could give a closer 

look at the SEI composition, reaction mechanism and internal SEI structure from the viewpoint 

of bond vibration. It is possible to gain new insight into understanding interfacial reaction and 

expect the application of well-designed SERS sensor in SEI observation.  
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5.1 Conclusion 

Interface reaction occurs in a wide variety of fields and plays a key role in understanding the 

various phenomena. The investigation in interfacial reaction requires experimental methods, 

which discriminate interfacial structure with high resolution. Raman spectroscopy can support the 

information of molecular vibration in situ and kinetically, which are the advantages for observing 

interfacial phenomenon. Moreover, a suitable SERS sensor can enhance the sensitivity of Raman 

scattering from the small amount component. Therefore, in this study, the investigation was 

carried out in the interfacial reaction that takes place in three samples, APTES SAMs, SLG and 

SEI film, by using Raman spectroscopy and SERS.  

The studies were completed in two parts: demonstration and application. For demonstration, 

chapter 2 describes the depth profile on internal structure of APTES SAMs in atomic level and 

the time-resolved investigation in the kinetic reaction of APTES SAMs and SLG, by using Raman 

spectroscopy and SERS. The originalities of chapter 2 are firstly realizing depth profile on ultra-

thin sample in nanometer scale using SERS, firstly finding the phase transition point of APTES 

SAMs and the thermal stability of SLG under laser heating. For application, chapter 3 presents 

the kinetic observation on the SEI film formation in LIB by using SERS. The originalities are 

firstly applying transmission type SERS sensor to the observation of SEI film in LIB and 

monitoring SEI formation. Chapter 4 further observes the depth profile on SEI film and analyzes 

the reaction mechanism of Li2CO3 formation. The originalities are firstly detecting Li2CO3 using 

SERS sensor, figuring out the correlation of Li2CO3 formation with interfacial molar fraction of 

cyclic carbonate, and depth profiling on the SEI film using SERS sensor.  

The depth profile using SERS is realized in high resolution in chapter 2. The internal 

structure of APTES SAMs is discussed. An ideal APTES SAMs on silica surface supposed to be 

the one single molecule layer, while the alignment of APTES molecule has been demonstrated to 

be not orderly in actual preparation. The depth profile on APTES SAMs was measured using Ag 

NPs as SERS sensor. To control the accurate depth position when measuring depth profile, a piezo 

field gradient stage was installed. As a result, the internal structure was vertically distinguished 

from some specific variation, Ag-N, NH2, CH2, Si-O, and so on. Moreover, some frequency shifts 

occurred during depth profiling and could be analyzed to discuss the bonding behaviors at the 

interfaces. The depth profile and frequency shift of NH2 suggest a lot of free amino groups, 

because some hydrogen bonds maybe formed on amines at the substrate surface. It is also possible 

that some of the molecules aligned towards the substrate surface with the head and tail groups. 
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From the frequency shift of Si-O bond, it could speculate that not every APTES molecule was 

bonded with each other, free and bonded Si–O band existed at the same time.  

Besides, the kinetic observations under laser heating are discussed in chapter 2. Using the 

surface-enhanced anti-Stokes and Stokes Raman scattering, the kinetic variation of the peaks of 

APTES SAMs is recorded. The phase transition point is calculated to be around 118 °C. 

Furthermore, phase change process can be analyzed in detail. Thermal damage could be primarily 

responsible for the variation in the O–Si–O, Si–C–C and carbon chain, and the Si–O–Si bands, 

the bending vibration at Si–CH2 and the NH2 group still show high SERS sensitivity after the 

phase change. Other than APTES SAMs, the kinetic surface reactions of SLG basal plane and 

edge under excitation laser heating are also investigated. The thermal instability is calculated to 

occur around 220 ºC at the edge, but more than 500 ºC at the basal. Moreover, the peaks ratio 

suggest that the oxygen bond increased in pace with defect increasing at the basal. However, at 

SLG edge plane, point defects were partially eliminated fist at low temperature and generated 

again above 220 ºC. The results in chapter 2 demonstrate the capability of Raman spectroscopy 

and SERS in interfacial analysis. 

The application of SERS in Li-ion battery is discussed in chapters 3 and 4. The studies are 

focused on the comparison of EC and PC, because PC was demonstrated to be bad at forming 

effective SEI. The difference between EC and PC may lead to a new insight into understanding 

the influence of interfacial reaction on the formation of SEI film. The kinetic observation on SEI 

film and thermal stability at the graphite electrode are monitored using Ag NPs transmission 

SERS sensor. The results suggest that, an apparent new peak appear when using Li-PC-EMC, 

comparing to the peaks observed from Li-EC-EMC. This peak maybe attributed to the organic 

compounds Li2CO3. Moreover, the kinetic reaction is also monitored using 11 x 11 multi laser 

spots. The real-time area monitoring at the HOPG anode demonstrates that Li2CO3 and ROCO2Li 

should be generated at the edge of graphite and the formation of ROLi product occur at both of 

edge and basal plane of graphite. 

The formation of Li2CO3 is reinforced in chapter 4 from the observation on SEI film using 

Au NPs sensor. The SERS spectra further demonstrate the presence of Li2CO3 product in PC-

based electrolyte and the absence of Li2CO3 when using EC-based electrolyte. To understand the 

mechanism of Li2CO3 formation, the interfacial behavior of PC and EC at the graphite surface 

was analyzed. Molar fraction of PC at the interface was found to be lower than its bulk sample. 

On the contrary, the molar fraction of EC at the graphite surface is also similar to bulk sample and 

higher than PC. The lower molar fraction of PC maybe related to lower aggregate number of PC-
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PC comparing to EC-EC aggregate. Besides, using HOPG as graphite model, the lower molar 

fraction of PC was further demonstrated to occur at the edge of graphite only. The edge of graphite 

is exact the main reaction position for SEI formation. Based on the reaction formula of Li2CO3, 

Li2CO3 could be formed at the edge of graphite via two-electron reduction. The lower interfacial 

molar fraction of PC at the graphite surface makes PC access more electrons, which may affect 

the reduction pathway to more two-electron reduction and further generate more Li2CO3 products. 

Finally, the depth profiling of SEI film formed in PC-based electrolyte was preliminarily 

distinguished in micrometer scale. The relative position of Li2CO3 in SEI film was observed to 

be far away from the graphite surface and embedded in the organic compounds. It reveals that the 

Li2CO3 produced from PC-based electrolyte does not consist the innermost layer of SEI, but 

embedded in the interior layer together with other organic components. 

The results in this thesis demonstrate the capacity of SERS and Raman spectroscopy when 

analyzing interfacial reaction. The measurements on APTES SAMs and SLG with well-known 

structure, not only support the demonstration, but also help to find new phenomena. The 

application of SERS was also successfully realized in detecting SEI film in Li-ion battery. The in-

situ observation on thin-film materials was completed with atomistic resolution, high quality, and 

kinetically by using SERS. These studies shown high potential of SERS to be applied in various 

interfacial reaction processes. 

  



 

Chapter 5: General conclusion 

 

 121 

5.2 Perspectives 

This thesis demonstrates the potential of SERS to interfacial analysis of thin-film materials. 

The depth profiling of APTES SAMs show a spectroscopic method for distinguishing interior 

structure of ultra-thin layer sample. The observation on the thermal stability of APTES SAMs and 

SLG suggest an effective approach for studying kinetic reaction. It has high potential to be used 

in investigating vertical structure of organic and inorganic thin-film structure, in monitoring 

temperature variation of a number of materials no matter at ultra-high temperature or low 

temperature, and in analyzing kinetic reaction of various physical and chemical processes.  

The original observation in this these could also be useful to many fields. The phase 

transition point of APTES SAMs and thermal stability of SLG demonstrated in this thesis could 

support the further research and industrial application. The detection of Li2CO3 supplies more 

evidence for the controversies about SEI film and helps to further understand the reaction 

mechanism of SEI film formation from all aspects. 

However, there are many issues could be improved step by step in the application of SERS 

in SEI film. The in-situ cell did not support the three electrodes measurement, so that it cannot 

monitor the accurate potential of working electrode. Improving the design or setting up a glove 

box on the Raman machine are possible solution to this issue. In addition, there are also some 

possible issues about SERS sensors could be improved, such as damage of SEI outer layer from 

SERS sensor, improvement on SERS sensor for the objective lens with higher numerical aperture, 

optimization of Au NPs diameter to elevate the SERS sensitivity for SEI detection, and so on. Not 

only the application in the observation on SEI film, when using SERS on any other materials, the 

SERS sensor would be always one of the key point.  

Designing suitable sensor to each material, making flexible use of the advantage of Raman 

spectroscopy and SERS, and combing with other supporting device, the analysis on many tough 

materials is expected to realize more and more in future. 
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