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Abstract 

This cumulative dissertation focuses on studying the potential of carbon nanomaterials in 

surface-enhanced infrared absorption (SEIRA) spectroscopy, which is based on four 

peer-reviewed journal articles. The introduction of this dissertation outlines the motivation 

and theoretical background. Namely, fundamentals and challenges of SEIRA as well as 

conventional Fourier transform infrared (FTIR) spectroscopy are introduced. As 

promising enhancing materials serving as SEIRA substrates, carbon nanomaterials, and 

particularly graphene, graphene oxide, and carbon-based nanodots are highlighted in 

respect of their extraordinary properties and advantages vs. commonly used noble metals. 

Given the advantage of analyzing aqueous samples with enhanced sensitivity, infrared 

attenuated total reflection (ATR) configurations are beneficial to SEIRA applications with 

the basic principles and merits likewise introduced. Latest progress, applications, and 

challenges in SEIRA spectroscopy utilizing graphene-based nanomaterials as the 

signal-enhancing substrate are reviewed in an associated journal article.  

The research presented in this dissertation provides innovative platforms for SEIRA 

sensing, in particular in-situ and real-time SEIRA monitoring of molecular species in 

aqueous environments. 

Firstly, graphene-decorated ATR prisms serving as a novel and efficient platform for 

simultaneously enhancing multiple characteristic IR bands of molecules in aqueous phase 
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was successfully developed for the first time, and also enabled recording the temporal 

evolution of the entire molecular vibrational fingerprints. Generic applicability of the 

proposed platform was verified via various molecules with aromatic moieties. 

Secondly, readily obtained water-dispersible carbon nanodots (CNDs) that were 

drop-casted onto the ATR waveguide surface have demonstrated the pronounced ability 

to notably enhance the IR signals of a variety of analytes in aqueous solutions. The 

potential of this CNDs-based SEIRA was further confirmed by quantitatively assaying 

adenine solutions at low concentration levels in a label-free fashion. 

Thirdly, graphene oxide (GO) with distinct advantages vs. hydrophobic graphene 

including excellent water dispersibility, ease of preparation, and capability to interact 

with a wider range of molecules based on non-covalent interactions has been proved an 

even more universally applicable material inducing selective chemical enhancement in 

SEIRA scenarios. In addition, GO eliminated potential interferences from dispersing 

agents or processing residues common to procedures involving graphene. 

Consequently, carbon nanomaterials-based SEIRA methods established in this 

dissertation have demonstrated (i) pronounced IR signal enhancement effects, (ii) simple 

experimental procedures, and (iii) convenient operation free from toxic agents, harsh 

experimental conditions, and sophisticated fabrication/sampling routines. Last but not 

least, these studies are of particular importance for facilitating fundamental understanding 

on the chemical enhancement mechanisms in SEIRA spectroscopy.   
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Aim and Overview of the Dissertation 

The present dissertation aims at establishing efficient analytical strategies for enhancing 

infrared (IR) absorption features of molecules using carbon nanomaterials. As 

conventional IR absorption techniques usually suffer from low sensitivities, their practical 

applications are restricted, especially when sensing minute amounts of analytes. 

Surface-enhanced infrared absorption (SEIRA) spectroscopy enables enhancing 

molecular IR signals rendering even low concentrated analytes IR-spectroscopically 

visible. To date, most reported SEIRA methods are based on noble metal nanostructures 

for analyzing solid samples or solids residues from initially liquid samples. Obtaining 

these nanostructures frequently involves sophisticated fabrication schemes, and limits to a 

relatively narrow spectral window for analyte detection. Therefore, it is desired to exploit 

novel broadband SEIRA sensing approaches for analyzing aqueous samples using more 

accessible, cost-efficient, and environmentally friendly non-metallic materials, i.e. herein, 

carbon nanomaterials. Consequently, the research in this cumulative dissertation is 

focused on three main topics: 

I. A graphene-enhanced infrared absorption (GEIRA) platform was developed and 

optimized based on infrared attenuated total reflection spectroscopy (IR-ATR), which 

significantly enhanced the characteristic IR bands of several exemplary aromatic 

molecules in aqueous solution. Using rhodamine 6G (R6G) as a model analyte, the 

potential enhancement mechanisms were revealed and discussed. The detailed results
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of this study are summarized in the published journal article “Versatile Analytical 

Platform Based on Graphene-Enhanced Infrared Attenuated Total Reflection 

Spectroscopy” (Paper II). 

II. Highly water-dispersible carbon nanodots (CNDs) were prepared via a ‘green’ 

electrochemical synthesis method for decorating an ATR waveguide surface, and 

exhibited remarkable SEIRA effects for a variety of analytes in aqueous phase. 

Moreover, the developed SEIRA strategy enabled the quantitative analysis of adenine 

in solution serving as an exemplary biomolecular analyte. The details of this study 

are presented in the published journal article “Surface-enhanced infrared 

attenuated total reflection spectroscopy via carbon nanodots for small molecules 

in aqueous solution” (Paper III). 

III. Graphene oxide (GO) with its excellent water dispersibility and abundant 

oxygen-containing functional groups was deposited at an ATR prism surface via a 

simple drop-casting method, which enabled real-time and in-situ monitoring of IR 

signatures of various molecules in aqueous environment. Distinct chemical signal 

enhancement was observed across the entire spectral region of interest. This study is 

described in detail in the manuscript “Selective chemical enhancement via 

graphene oxide in infrared attenuated total reflection spectroscopy” (Paper IV), 

which is currently in review in an international peer-reviewed journal. 
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Introduction 

Motivation and Theoretical Background 

Fourier transform infrared (FTIR) spectroscopy serves a label-free, molecularly selective, 

and non-destructive analytical platform in this thesis for identifying molecular species and 

chemical compounds via directly probing their vibrational characteristics (Figure 1).1-3 The 

absorption bands in the mid-infrared (MIR) spectral regime ranging from approximately 

4000 to 400 cm−1 (i.e. 2.5–25 μm) are directly derived from the chemical bonds associated 

with vibrational modes involving dipole moment changes. Thus, a ‘vibrational fingerprint’ 

of the functional groups and molecular bonds comprised within a molecule is generated 

within this spectral region.4-7 From a chemical perspective, the MIR spectrum can be 

segmented into four general regions: the X-H stretching region (e.g. O–H, C–H and N–H 

stretching; 4000–2500 cm−1), the triple bond region (e.g. C≡C and C≡N stretching; 2500–

2000 cm−1), the double bond region (e.g. C=C and C=O stretching; 2000–1500 cm−1), and 

the fingerprint region (mostly bending and skeletal vibrations, 1500−400 cm−1), in which 

the most pronounced vibrational features are located.8-9 Therefore, IR measurements 

provide highly discriminatory and quantitative chemical, structural, and compositional 

information on constituents in samples of any aggregation state.10-11
 Despite their 

advantages and potential, the widespread application of conventional IR techniques in 

real-world trace analysis (e.g. ultrathin films, low-volume samples, ultra-trace 

concentration levels, etc.) is limited due to the inherently low sensitivity associated with the 
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modest molecular absorption cross-sections.1, 12 Given the significant mismatch between 

the incident MIR wavelengths (i.e. micrometers) and the (sub-)nanoscale dimensions of 

most probed molecules of interest (i.e. typically <10 nm), the photon–molecule interaction 

cross-section is extremely small.13 Besides, IR absorption is governed by the 

Beer−Lambert law, which requires either an extended absorption path or a high 

density/concentration of the target analyte within that absorption path length to achieve 

notable IR signals for a specific molecule.14 Resulting, detection of vibrational molecular 

fingerprints using FTIR spectroscopy imposes a rather high threshold on the minimum 

quantity of the investigated species.5 Hence, FTIR studies on minute amounts of analytes 

remain challenging given their prohibitively weak signals.15 To improve the 

signal-to-noise ratio (S/N), advanced highly brilliant light sources may be employed 

instead of the commonly used thermal light source such as quantum cascade lasers (QCL) 

or IR synchrotron radiation. However, synchrotrons are not readily accessible, and most IR 

lasers are expensive and subject to limited bandwidths thus facilitating target analyte 

detection rather than broadband applications.16-17 To overcome these limitations one may 

choose to apply signal-enhancing strategies with the utilization of surface enhanced 

infrared absorption (SEIRA) as the most commonly applied solution.18 
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Figure 1. Characteristic infrared vibrations of exemplary molecular species. The hatched 

part indicates the fingerprint region containing skeletal vibrations. Figure reproduced with 

permission from ref 3. Copyright 2017 American Chemical Society. 

1.1 Surface Enhanced Infrared Absorption (SEIRA)  

Since Hartstein et al.19 first observed noticeably increased IR absorption features of 

molecular monolayers adsorbed at thin noble metal (Au or Ag) films in 1980, and Hatta et 

al.20 further confirmed this phenomenon, SEIRA spectroscopy has been an emerging field 

and extensively studied in analogy to surface-enhanced Raman scattering (SERS) 

spectroscopy. With different excitation mechanisms and selection rules,21 SEIRA and 

SERS are in fact spectroscopic techniques offering complementary vibrational 

information, hence, both are essential and indispensable in molecular analysis.22 More 
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specifically, IR absorption spectroscopy relies on transitions between molecular 

vibrational energy levels arising from the absorption of incident MIR radiation, i.e. the 

direct excitation of vibrational modes.23 In contrast, Raman spectroscopy is based on an 

inelastic scattering process, whereby the incident photons with higher energy transfer part 

of their energy to molecular vibrations and the remaining energy randomly scatters as 

photons with reduced frequencies.24 Generally, SEIRA is most pronounced for 

asymmetric vibrations of polar groups, whereas SERS favors symmetric vibrations of 

nonpolar groups.25 Despite nearly four decades of history, the overall development of 

SEIRA has received considerably less attention than SERS, which may in part be ascribed 

to the fact that SEIRA usually implies significantly smaller enhancement factors (EF; 

ranging up to 103, yet, mostly around 10–100) vs. SERS (with EFs up to 1012).18, 26-27 

Nevertheless, SEIRA provides some noticeable merits vs. SERS: (i) albeit being small, 

the IR absorption cross-section is several orders of magnitude higher than that the Raman 

scattering cross-section (IR σabs ≈ 10−20 cm2 per molecule; Raman σsca ≈ 10−30 cm2 per 

molecule),28 and (ii) a potentially fluorescence background frequently accompanying 

SERS is not interfering with SEIRA signal.29-30 Hence, at ideal conditions the 

sensitivity/signal enhancement factor of SEIRA may in fact reach the levels of some 

SERS applications.21, 23 Furthermore, SERS cannot provide the entire molecular chemical 

fingerprint, as it probes the change of polarizability during vibrations of molecules 

primarily at visible frequencies.31 Another advantage of SEIRA may be the reduced 

measurement times when compared to SERS, and even to conventional infrared 
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reflection-absorption spectroscopies (e.g. IRRAS).32 Therefore, the potential of SEIRA is 

undisputed, while not fully exploited to date. 

Although not conclusively clarified to date, it is widely accepted that at least two different 

mechanisms contribute to the overall SEIRA enhancement: (i) chemical mechanisms 

(CM), and (ii) electromagnetic mechanisms (EM), i.e. similar to SERS.33 An IR 

absorption (AIR) signal may be expressed as follows: 

��� ∝ |�� �� ∙ �⁄ |� = |�� ��⁄ |�|�|� cos� �                   (1) 

where ∂µ/∂Q represents the dipole moment derivative with respect to the normal 

coordinate (Q), i.e. derivative of the dipole moment µ along the normal direction; E stands 

for the local electric field that excites the analytes, of which the intensity (|E|2) at the 

substrate surface is different from that of the incident photon field; and θ denotes the angle 

between ∂µ/∂Q and E.18, 34 The CM enhancement is related to an increase of |∂µ/∂Q|2 (i.e. 

the absorption coefficient), which typically indicates that the IR signal is enhanced as a 

result of specific chemical interactions between analyte molecules and the 

signal-enhancing substrate or substrate surface; however, the fundamentals of CM remain 

poorly understood.35-36 CM therefore depends on the type of interaction between 

chemisorbed molecules and the substrate surface, and is generally short-ranged, since the 

probed species should reside within close distance from the substrate surface enabling 

chemical interactions.33 In contrast, EM enhancement originates from amplified local 

electric fields at the substrate surface, which is proportional to the square of the local 
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electromagnetic field in SEIRA (EF∝|E|2). In contrast, the overall EM enhancement 

factor of SERS displays a fourth-power dependency.24, 37 EM enhancement primarily 

results from the interaction of incident light with the free conduction electrons of the 

enhancing substrate material leading to the excitation of surface plasmon resonances (i.e. 

collective oscillations of free conduction electrons/charge carriers in conducting materials 

in resonance with an incident electromagnetic field). In the case of the IR spectral range, 

they may arise at the surface of plasmonic nanostructures,28 which generates a local 

electromagnetic field stronger than the incident photon field experienced by molecules 

adjacent to the surface.26, 36 In other words, the strongly enhanced electromagnetic field in 

the plasmonic substrate is localized (a.k.a. a ‘hotspot’) and results from the coupling of 

the incident photon field with the substrate surface. Thus, vibrational dipoles of molecules 

located inside these hotspots are subject to enhanced IR absorption signals.1, 38 

Additionally, the enhanced field decays sharply with distance from the substrate surface, 

i.e. EM enhancement is restricted to the immediate vicinity of the surface.18, 26, 33 In 

general, the electromagnetic enhancement effect in SEIRA decreases as the detuning 

between the plasmon frequency and the vibrational frequency increases.13, 39 Accordingly, 

to achieve strong EM enhancement the excited surface plasmon should be resonant with 

the frequency of the target molecular vibrational mode.5 EM coexists with CM in many 

cases, however it is difficult to clearly separate their individual contributions in a single 

experiment, as EM is usually anticipated to contribute much more to the overall SEIRA 

enhancement, thereby obscuring the CM contribution. It should be noted that molecular 
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vibrational modes that have associated dipole moment derivative components (i.e. dipole 

changes) perpendicular to the substrate surface are preferentially amplified, a.k.a. the 

‘surface selection rule’ of SEIRA.27, 40 Hence, straightforward information on the 

molecular orientation of the adsorbed species may be obtained by making full use of this 

surface selection rule.41 In fact, both physisorbed and chemisorbed molecules exhibit 

SEIRA enhancement, however, the latter generally imply more pronounced enhancement 

contributions attributed to CMs.6, 41-42 

To date, the majority of SEIRA studies are based on metallic signal-enhancing materials 

and structures, especially noble metals such as gold or silver.36 However, metal 

plasmonics suffer from high losses, especially in IR spectral regime. Hence, to realize 

strong plasmonic enhancement in the MIR, well-defined metallic nanostructures are 

engineered such as metamaterials with nanoscale dimensions, nanoparticles, nanoislands, 

nanoantennas, nanorods, nanoshells, etc.3-4, 28, 43 Ideally, specific plasmonic 

nanostructures are expected to present well-defined resonances offering strong nearfield 

enhancements and light confinement in a sub-wavelength volume with minimal energy 

loss in a more reproducible fashion.44 The intensity of substrate-based plasmon resonances 

that match the target vibrational frequencies to enhance light-matter interactions, i.e. the 

electromagnetic enhancement effects are strongly dependent on the properties of the 

plasmonic material in terms of surface morphology and composition, and of the dielectric 

properties of the surrounding environment.45 Usually, molecules reveal multiple 

vibrational bands in the MIR fingerprint region. However, plasmonic resonance supported 
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by a given metallic nanostructure only provides a limited bandwidth usually covering only 

one or few absorption lines/bands.46 As a consequence, usually only a few absorption 

features, i.e. those mostly located at the ‘red’ (i.e. long wavelength) side of the plasmonic 

resonance can be observed.47 Although the plasmonic resonance can be tuned to approach 

a selected vibrational frequency by optimized design of tailored substrate structures in 

advance, this may be insufficient and inconvenient for unambiguously identifying and 

characterizing various molecular species on a broadband scale. Moreover, plasmon 

frequencies of the commonly used metallic substrate are fixed after fabrication, i.e. lacks in 

external tunability. Thereby, the SEIRA-based detection of multiple vibrational modes in a 

broad spectral window using a single device is impossible. While post-fabrication tuning 

of plasmonic resonances may be possible by modifying the geometry/charge carrier density 

of the plasmonic metallic material, and/or changing the refractive index of the surrounding 

environment,3 this is difficult to control and requires sophisticated manipulations. 

Furthermore, the fabrication processes of specific noble metal nanostructures are 

frequently complex, expensive, and poor in reproducibility, thereby limiting the 

application of metal-based SEIRA sensing in practical scenarios. It is thus desirable 

developing adequate alternatives ideally based on non-metallic materials that are more 

accessible, reproducible, and cost-efficient, and facilitate large-scale and environmentally 

friendly synthesis for broadband enhancement of molecular IR fingerprints. Recent 

reports have demonstrated that carbon nanomaterials such as graphene could be favorable 

candidates for SEIRA sensing in this respect.1, 48  
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1.2 Carbon Nanomaterials  

Carbon is among the most abundant natural elements on earth. Among the carbon-based 

materials, carbon nanomaterials including fullerenes, carbon nanotubes (CNT), graphene, 

carbon-based dots or pure carbon dots, nanodiamonds, etc. have attracted extensive 

attention owing to their extraordinary mechanical, electric, thermal, optical, chemical and 

biological properties (Figure 2).49-50 Most carbon nanomaterials with sizes typically 

ranging from 1 nm to 1 μm in one or more dimensions have been widely applied in areas 

including but not limited to energy conversion and storage, treatment of environmental 

pollutants, (photo)catalysis, clinical/biomedical applications, analytical applications, 

(electrochemical/photoluminescent) biosensors, bioimaging, etc.51-53 Clearly, these 

materials have their own limitations. For example, the preparation and separation of 

nanodiamonds is usually expensive and time-consuming, while fullerene and carbon 

nanotubes (CNTs) are insoluble in water, which again may limit their applicability.54 

Graphene-based materials and carbon-based dots with potentially high surface areas, 

robustness, chemical inertness, and biocompatibility are therefore of substantial interest 

for a variety of analytical scenarios.55-58 More importantly, they have recently emerged as 

feasible substrates in surface-enhanced spectroscopies including SERS and SEIRA.47, 59-60  
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Figure 2. Schematics of the structures of typical carbon nanomaterials including 

fullerenes, carbon nanotubes, graphene, carbon dots, and nanodiamonds. Figure adapted 

with permission from ref 52. Copyright 2015 American Chemical Society. 

1.2.1 Graphene 

Graphene (2010 Nobel Prize for Physics) comprises two-dimensional (2D) planar sheets 

of sp2-hybridized carbon atoms packed in a honeycomb crystal lattice with a single-layer 

or few-layer thickness (no more than ten layers).61-62 Graphene was for the first time 

successfully prepared by a simple micromechanical cleavage method in 2004 by 

Novoselov et al, in which a commercially available highly oriented pyrolytic graphite 

(HOPG) was pealed using scotch-tape and then deposited on to a silicon substrate.63 This 

approach allowed easy production of high quality single- and double-layered graphene 

flakes, but with irregular shapes.64 Conversely, graphite comprises stacked layers of 
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adjacent graphene sheets, which are connected via weak van der Waals forces. Pristine 

graphene can thus be obtained from high purity bulk graphite by exfoliation and cleavage 

using mechanical or chemical energy to break the rather weak bonds and then extract 

individual graphene sheets, which implies a repeated peeling process.65 However, since 

the above-mentioned top-down micromechanical cleavage process is difficult to control 

and the throughput/yield is extremely low, this procedure is less suitable for mass 

production of graphene fulfilling the requirements of real-world devices.66 Alternative 

strategies for the efficient synthesis of graphene can be primarily categorized as (i) 

exfoliation of bulk graphite or its derivatives (e.g. chemically derived graphene from 

graphite oxide) in liquid phase, (ii) chemical vapor deposition (CVD) from C-containing 

gases on catalytic metal surfaces such as Ni and Cu, (iii) epitaxial growth at electrically 

insulating surfaces such as silicon carbide (SiC), (iv) total organic synthesis based on 

polycyclic aromatic hydrocarbons (PAHs), and (v) other processing routes (e.g. unzipping 

of CNTs) not further detailed herein.62, 67-68 Each of these approaches has its advantages 

along with some drawbacks. For example, liquid-phase exfoliation, epitaxial growth, and 

CVD all enable large-scale production, however, the exfoliated products in solvents have 

extensive structural defects generated from the oxidation and reduction processes, leading 

to very poor electrical properties of the resultant graphene. By contrast, graphene sheets 

synthesized via the bottom-up epitaxial and CVD techniques exhibit uniformity, large 

area, and nearly no defects, but challenges remain in fine controlling the graphene film 

thickness (i.e. the number of layers).61, 66  



INTRODUCTION 

 

19 
 

Since the discovery of graphene, this material has extensively been studied as a ‘hot topic’ 

in multiple fields, and has been intensively investigated for taking advantage of its unique 

characteristics such as high aspect ratio (i.e. the ratio of lateral size to thickness), atomic 

uniformity, flexibility, special electron and photon structures, ultrahigh carrier mobility, 

etc. These merits result from the distinctive structure of graphene, as shown in Figure 3. A 

hexagonal unit cell of graphene consists of two equivalent triangular sub-lattices of 

carbon atoms joined together by strong in-plane σ bonds with a carbon-carbon bond 

length of ~0.142 nm, which constitutes the rigid backbone of the honeycomb net. All 

carbon atoms in the lattice have π orbitals perpendicular to the plane, which substantiates 

a large delocalized network of π electrons controlling interactions between graphene 

layers and other materials/molecules.69 Consequently, graphene is exceptionally stable 

compared to other nanosystems.70  

 

Figure 3. Schematic of the chemical structure of graphene. 
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Unlike metals with an abundance of free charges, graphene is a semimetal with a small 

density of states, and therefore has unique plasmonic properties.71 It features plasmons at 

MIR and THz frequencies that originate from the collective motion of massless Dirac 

fermions (i.e. charge carriers of zero effective mass).72-73 The two-dimensional and 

semimetal nature of graphene allows readily injecting free carriers, and more importantly, 

outstanding post-fabrication wide range dynamic tunability of graphene plasmonic 

resonances by modulating its carrier density (i.e. Fermi level) via either chemical doping 

or electrostatic gating. This is impossible using conventional noble metals.71 In addition, 

MIR graphene plasmons have long lifetimes, and give rise to high spatial field 

confinement with low damping/losses (i.e. confine the light in a subwavelength volume 

with minimal energy loss) in a broadband spectral window. Hence, plasmon wavelengths 

two orders of magnitude smaller than the free space light wavelength are obtainable via 

adequate doping.1, 74-75 These advantages, together with the previously mentioned 

intrinsic superior chemical and physical properties render graphene a promising 

signal-enhancing material in infrared sensing applications.12, 39, 76-77 Despite the distinct 

merits, graphene plasmonics in SEIRA applications also come with their own limitations. 

Firstly, to tune graphene plasmon resonances to the MIR region and ensure overlap with 

the vibrational modes of interest, sophisticated external voltage loading for electrostatic 

gating and/or rigid, low-throughput and costly fabrication techniques of patterned periodic 

graphene nanostructures (or hybridized graphene with other materials) are usually 

required.48, 78-80 Secondly, the inherent MIR plasmonic resonances of monolayer graphene 
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are weak, which may be ascribed to the low oscillator strengths caused by the large 

momentum mismatch between external IR radiation and graphene plasmons, as well as 

the diminished carrier mobility arising from the deteriorated quality (i.e. defects, 

impurities, grain boundaries, etc.) of graphene nanostructures during the fabrication, 

patterning, and/or transfer process.44, 81-82 Thirdly, stable and controllable chemical 

doping may increase the carrier density, yet remains challenging.72 Consequently, 

utilizing graphene plasmonics for SEIRA enhancement appears far from practice, and has 

therefore been a major subject of the present thesis, as it has been shown that the SEIRA 

potential of graphene and its derivatives may be exploited taking particular advantage of 

chemical enhancement mechanisms resulting from its extraordinary chemical/physical 

properties, which has long been ignored in SEIRA, yet recently confirmed.59, 83 

1.2.2 Graphene Oxide 

Graphene oxide (GO) is an important graphene derivative and provides a similar 

atomically thin structural lattice while bearing oxygen-containing functional groups.84 

The lateral size of GO may range from tens of nanometers to several hundreds of 

micrometers, which renders it exceptionally suitable for practical use as a substrate 

material. Large quantities of GO can be readily produced by chemical oxidation of bulk 

graphite and subsequent exfoliation.68, 85 Such invasive chemical treatment inevitably 

generates amorphous structural defects in GO, which disrupt its electronic structure and 

change it into an insulating and disordered material, which is conceptually different from 
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highly conducting crystalline graphene.86 Graphene is endowed with an intrinsically 

hydrophobic nature showing a strong tendency to agglomerate in solvents, which severely 

restrict its applications in some areas. Preventing aggregation of graphene flakes in 

solution is thus essential to retain the unique properties of individual graphene sheets, for 

example by using dispersing agents. However, the presence of dispersing agents may also 

lead to a reduced performance in some applications.62 GO contains graphitic sp2 carbon 

domains along with randomly distributed sp3 hybridized carbons,87 due to the 

non-uniform coverage of its basal plane by oxygen functionalities, i.e. hydroxyl (–OH), 

and epoxy (>O) groups on either side of the basal plane of the carbon skeleton, while 

carbonyl (C=O) and carboxyl (–COOH) groups are mainly present at the edge sites,70 as 

shown in Figure 4. These abundant active oxygen sites are strongly hydrophilic, thus 

rendering GO well dispersed and stable in aqueous environments,88 which is in sharp 

contrast to graphene. Moreover, the oxygenated functional groups may act as 

reactive/anchoring sites for ionic and non-ionic interactions binding organic, polymeric, 

and biological molecules via non-covalent forces such as electrostatic forces, π−π 

stacking, hydrogen bonding, van der Waals forces, and hydrophobic interactions.89 

Controlling the oxidation (i.e. the specific oxygen groups and their density) of GO 

provides a way to tailor its chemical, electronic, and/or optical properties, etc.85 Hence, 

GO displays advantageous characteristics to be used in a wide range of applications such 

as biosensing, bioengineering, drug delivery, imaging of cells, environmental pollutant 

scavengers, field effect transistors (FET), electrochemical sensors and energy storage.84, 
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90-91 Consequently, GO has been demonstrated as a feasible material in SERS benefitting 

chemical enhancement mechanism.87, 92-93 However, in SEIRA only few reports discuss 

the utility of GO up to now. A detailed review on the governing principles, comparisons, 

developments, and applications of SERS/SEIRA based on graphene and graphene 

derivatives including GO via EM and CM enhancement has been published in Paper I, a 

review article entitled ‘Graphene-based surface enhanced vibrational spectroscopy: 

recent developments, challenges, and applications’. 

 

Figure 4. Schematic of a representative structure of graphene oxide (GO). 
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1.2.3 Carbon-based Dots 

Relevant carbon allotropes with graphitic structures apart from graphene and GO are  

zero-dimensional (0D) carbon-based dots, a.k.a. nanometer-sized particles such as 

graphene quantum dots (GQDs), carbon quantum dots (CQDs), and carbon nanodots 

(CNDs), which have been intensively investigated in the recent decade and widely 

employed, e.g. in biosensors.94 These carbon-based dots are extremely small in size 

(typical diameter of CNDs/CQDs < 10 nm; lateral dimension of GQDs < 100 nm), and 

mainly composed of sp2/sp3 carbon. They have abundant hydrophilic oxygen-containing 

groups at the surface, and/or other doped heteroatoms, thus intrinsically providing 

excellent water dispersibility, low toxicity, biocompatibility, ease of modification, and 

superior chemical stability.95 Here, CNDs are generally amorphous to nanocrystalline 

discrete quasi-spherical nanodots, which lack quantum confinement (Figure 5a; also 

named carbon dots or C-dots in literature), whereas spherical CQDs present quantum 

confinement and an evident crystal lattice (Figure 5b).96 GQDs basically refer to 

nanosheets of π-conjugated sp2 carbons with lateral dimensions larger than the height (i.e. 

small fragments of one or a few layers of graphene with functional groups on the edges; 

Figure 5c), which show well-defined graphene lattice structures and are prepared from 

precursors consisting of graphene-based materials (e.g. GO), whereas CQDs can be 

synthesized from other carbon nanomaterials with crystalline structure (e.g. CNTs), or by 

high temperature pyrolysis of some organic molecules.97 Generally, CNDs are most likely 

comprised of a graphitic sp2 carbon core and the outer part featuring sp3 hybridized 
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carbon atoms.96, 98 Their synthesis can be classified into two main routes: (i) top-down 

nanocutting methods entailing cleavage of bulk carbonaceous starting materials such as 

GO, CNTs, carbon fiber, carbon black, and graphite electrodes through arc-discharge, 

laser ablation, and electrochemical treatment, and (ii) bottom-up organic approaches 

based on the carbonization of precursors utilizing small molecules treated by external 

energy such as ultrasonication, microwave pyrolysis, hydrothermal, and heating.54, 99 

Accordingly, the associated low cost, abundant sources, high-yield fabrication, and 

density of accessible binding sites further promotes the application of carbon-based dots, 

which are particularly adaptable in chem/bio sensing scenarios.95 Yet, studies on 

carbon-based dots for SERS/SEIRA sensing are still at the prototype stage, and 

predominantly focus on their utility in SERS and CM enhancement taking advantage of 

their adsorption/enriching capability for analytes at the surface.60, 100-102 However, SEIRA 

applications have been scarcely reported, and are therefore another focus of the present 

thesis. 
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Figure 5. Schematic of representative chemical structures of (a) carbon nanodots (CNDs), 

(b) carbon quantum dots (CQDs), and (c) graphene quantum dots (GQDs). 

1.3 Infrared Attenuated Total Reflection Spectroscopy 

To date, the majority of the developed SEIRA strategies based on graphene and graphene 

analogues are limited to the analysis of solid and occasionally gaseous samples, since 

they were mostly conducted in IR transmission mode. Since the IR absorption spectrum 

of liquid water is pronounced, it may obscure absorption features of the target analyte in 

aqueous environments.103 In principle, combining SEIRA with the Kretschmann 

attenuated total reflection (ATR) configuration could be an efficient way to solve this 

problem, which may further improve the sensitivity/enhancement effect via multiple 

reflections in the ATR prism (a.k.a. internal reflection elements, IREs) while suppressing 

background absorption signals from the aqueous matrix.1, 104  
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IR-ATR spectroscopy (a.k.a. evanescent field absorption spectroscopy) in the MIR regime 

is a useful tool for analyzing thin films, solids, and liquids.105 Figure 6 depicts the 

fundamental principle of a representative ATR configuration, which is based on the 

generic concept of total internal reflection (TIR). Specifically, IR light is totally reflected at 

the interface between the ATR waveguide (i.e. optically denser medium, with refractive 

index n1) and the adjacent medium/sample (i.e. optically rarer medium, with refractive 

index n2) if the incident angle (θ) exceeds the critical angle (θc), which can be calculated 

as106: 

�� = sin�� ��

��
                             (2) 

where n1 > n2. In TIR, part of the IR radiation propagating inside the MIR-transparent 

ATR waveguide leaks into the adjacent sample medium generating an evanescent field 

with the field intensity decaying exponentially away from the waveguide–sample interface. 

The penetration depth (dp) of the evanescent field given a certain incident light 

wavelength λ can be approximated as: 

�� =  
 �

�����
� ���� ����

�
                        (3) 

Only IR active molecules located within the penetration depth (typically up to several 

micrometers) may absorb energy from the evanescent field, thereby attenuating the field 

intensity at the frequencies in resonance with the corresponding molecular vibrations, and 

producing an IR-ATR absorption spectrum (a.k.a. evanescent field absorption spectrum). 
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The absorbance of analyte generally increases with more internal reflections resulting in 

enhanced absorbance signals due to the extended nominal absorption path length.11 There 

is a wide variety of commercially available ATR crystals that support or single- or 

multi-reflections, which are made from zinc selenide (ZnSe), zinc sulfide (ZnS), 

germanium (Ge), thallium bromo-iodide (KRS-5), diamond, silicon (Si), etc.107-108 As a 

consequence, employing ATR elements in SEIRA applications appears advantageous, as 

the ATR prism surface may be coated with the signal-enhancing nanomaterials and/or 

other chemical modifications for enhanced extraction, enrichment, and recognition of 

molecular constituents. Hence, experimental manipulation is simplified while a higher 

surface sensitivity is maintained with virtually unrestricted mass transport.11, 109 
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Figure 6. Schematic representation of attenuated total reflection (ATR) comprising a 

waveguide (n1), an adjacent sample medium (n2, e.g. liquid or solid sample containing 

analytes), and a bottom/substrate medium (n3). The refractive index: n1 > n2, n3.
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Results and discussion 

The potential of carbon nanomaterials for enhancing infrared absorption signals of 

molecules in aqueous phase has been exploited in the present dissertation by combination 

of these materials with infrared attenuated total reflection (IR-ATR) spectroscopy. The 

obtained results have confirmed that carbon nanomaterials – and in particular graphene, 

graphene oxide (GO), and carbon nanodots (CNDs) – provide excellent chemical/physical 

characteristics for noncovalently binding a variety of chemically and biologically relevant 

molecules. The achieved signal enhancements furthermore confirm the utility of these 

materials as promising alternatives to conventional metallic substrates in SEIRA sensing. 

In addition to their general performance, these materials provide eco-friendly synthesis, 

low cost, abundant sources, simple manipulation, broadband enhancement, and suitability 

for a wide range of analytes with superior reproducibility. The most relevant results 

accomplished within this dissertation have been published in corresponding 

peer-reviewed journal articles, and are briefly summarized in the following paragraphs. 

The first manuscript ‘Graphene-based Surface Enhanced Vibrational Spectroscopy: 

Recent Developments, Challenges, and Applications’ is a review article, presents the 

fundamentals of SEIRA and SERS, and highlights the state-of-the-art in 

graphene-enhanced vibrational sensing based on carbon materials. Recent advances in 

SEIRA and SERS utilizing graphene-based nanomaterials are summarized along with the 
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different roles, challenges, and possible enhancement mechanisms of graphene-based 

nanostructures in enhancing molecular vibrations. 

The article ‘Versatile Analytical Platform Based on Graphene-Enhanced Infrared 

Attenuated Total Reflection Spectroscopy’ for the first time established a simple and 

efficient method based on graphene-enhanced infrared absorption (GEIRA) for directly 

analyzing a variety of aromatic molecules in aqueous phase over a broad MIR spectral 

range by taking advantages of IR-ATR spectroscopy. After optimization of experimental 

conditions, remarkable enhancement effect of multiple IR bands with excellent 

reproducibility was achieved utilizing commercially available aqueous graphene 

dispersion. The GEIRA effect demonstrated dependence on the sample solution pH and 

concentration, and enabled investigation of the time evolution of GEIRA signals. The 

applicability of the method for quantitative analysis was evaluated with rhodamine 6G as 

model analyte. Chemical enhancement mechanisms (CM) predominantly based on the 

enrichment effect of graphene were confirmed as the dominating contribution to the 

observed GEIRA effect. 

The article ‘Surface-enhanced infrared attenuated total reflection spectroscopy via 

carbon nanodots for small molecules in aqueous solution’ for the first time 

demonstrated that carbon nanodots (CNDs) could be promising candidates for 

signal-enhancing SEIRA substrates. Water-dispersible CNDs with uniform size were 

prepared via a green synthesis route, i.e. by direct electrolysis of graphite in deionized 
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water. As-prepared CNDs dramatically enhanced IR signal of various aromatic dyes and 

purines in aqueous solution. The established CNDs-based SEIRA strategy was further 

confirmed by the successful quantitative determination of adenine solution, with the limit 

of detection (LOD) of 0.003 mg/mL. The influences of the amount and aggregation of 

CNDs as well as solution pH on the SEIRA responses of adenine were investigated. The 

observed CND-SEIRA enhancement can be attributed to the enrichment of molecules at 

the CND surface via noncovalent interactions giving rise to pronounced chemical 

enhancement effects. 

The manuscript ‘Selective chemical enhancement via graphene oxide in infrared 

attenuated total reflection spectroscopy’ for the first time confirmed the effectiveness 

of graphene oxide (GO) as a universal enhancing material in ATR-SEIRA spectroscopy. 

GO could selectively adsorb various tested molecules via electrostatic interaction and/or 

π–π stacking owing to its rich negatively charged sites and sp2 domains enabling 

pronounced chemical enhancement of multiple molecular IR signals across the entire 

spectral region, as well as real-time and in-situ monitoring of evolving IR signatures in 

aqueous solutions. Compared to hydrophobic graphene, GO is endowed with excellent 

water dispersibility and more chemical moieties to interact with a wider range of 

molecules. In conclusion, GO may serve as an even more efficient substrate vs. graphene 

for inducing chemical enhancement in SEIRA sensing applications.  
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