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1 Abstract 

uh 

High resolution transmission electron microscopy (HRTEM) imaging and electron energy loss 

spectroscopy (EELS), when conducted in a TEM, are very powerful techniques for studying 

the structure and composition of nanomaterials at the local scale. Their impact and richness can 

even been improved if, in parallel, the response of the nanomaterials to an external stimuli is 

investigated (in situ conditions). During this Final Master Project, these techniques, under in 

situ conditions, have been developed to investigate two different kind of carbon-based 

nanomaterials: endohedral functionalized single-walled carbon nanotubes (SW-CNTs) with 

fullerenes (peapods) and graphene oxide (GO).  

Electron irradiation in-situ TEM experiments have been carried out on these peapods systems. 

The evolution of this carbon hybrid nanostructure under electron irradiation has been studied. 

Experimental results showed that, through the energy applied by electronic irradiation, 

vacancies were formed in the wall of the nanotube resulting in the reaction with the fullerene 

and finally forming a nanobud (combination of a SWNT and spherical fullerene). 

The second system that we have investigated was graphene oxide. We have studied the 

electrical characteristics and the evolution of the structure and composition of graphene oxide 

via in situ electrical TEM measurements. To prepare the sample, a dual beam microscope has 

been employed to deposit the GO flake on a TEM nano-chip. Then, we proceeded with the 

application of in situ electrical measurements to observe the changes in the GO by taking low 

loss and core loss EEL spectra. These spectra allow us to study the composition, thickness and 

sp2 / sp3 of the sample. We have measured the electrical conductivity of GO and the relationship 

with the reduction and graphizitation of a GO flake. 

All these in situ TEM works have provided important inputs for the knowledge of these 

particular carbon nanostructures, their transformation and their properties. Some of these results 

will have a clear impact on the application of these nanomaterials. 
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2 Introduction 

 

The last three decades, special attention has been paid to carbon-based nanomaterials due to 

their unique physical & chemical properties [1,2]. Indeed, a significant interest has been 

devoted to some of the different carbon nanostructures as fullerenes, nanotubes, graphene and 

nanodiamonds [3]. These nanomaterials have very interesting mechanical, electrical, optical 

properties, which have opened the door for some applications in different technological fields: 

electronics, energy, medicine...[2,4,5,6] In these works, we focused on the study of three of 

such carbon nanostructures: fullerenes, nanotubes and graphene (in particular graphene oxide). 

Since the seminal works of S. Iijima on carbon nanotubes (NTs) in 1991 [7], their structure, 

properties and applications carbon nanotubes have been deeply investigated [8]. It is also 

interesting to note that the surface of a nanotube governs its chemical properties, offering the 

possibility of encapsulating or grafting molecules for modifying and improving the opto-

electronic properties of the NTs [9,10]. In this sense, one of the most attracting systems is the 

encapsulation or filling of NTs with fullerenes [11,12,13]. This hybrid system is known as 

“peapods” due to their final morphology. This new resulting hybrid material offers a fascinating 

playground with interesting possibilities of tuning its optoelectronic and mechanical properties 

[14]. In fact, as we will see in this report, it is possible to modify completely the original 

structure of such nanomaterials via, for instance, electron irradiation and then obtaining new 

nanostructures showing new functionalities and applications. 

Graphene is another allotropic form of carbon. Due to its interesting properties and promising 

applications, graphene has been widely investigated this last decade [2,4]. One closely related 

material to graphene is graphene oxide (GO). Indeed, GO is a form of heavily oxygenated 

graphene layers having a significant amount of functional groups on their basal planes (as the 

epoxy and hydroxyl groups) and at the edges of the sheets (as carbonyl and carboxyl groups). 

Thus, this material consists in a mixture of sp2 and sp3 carbons, in presence of a large number 

of defects and physisorbed as well as chemisorbed water in these flakes. This structural and 

chemical complexity is due to the presence of these oxygenated functional groups (OFGs). 

However, this complex material offers very interesting possibilities of tuning via its reduction 

(production of reduced GO (rGO)). This rGO, once the reduction and graphitization of GO are 

fully achieved, can be very close to perfect graphene. This reduction can be performed 

following thermal or chemical ways, but in both cases, it is very important to monitor the 

number/density and distribution of the OFGs in the GO structure for controlling this reduction 

process [15,16].  Indeed, this process remains a fundamental and critical open question, which 
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has a significant importance on the physical and chemical properties of this material and its 

reduced derivative.  

In-situ transmission electron microscopy (TEM) is a very appropriate approach for 

investigating, at the local scale (sub-nanometer, even atomic level), the behavior the 

nanomaterials under external stimuli (heating, cooling, electrical biasing, strain…) and in 

parallel getting information about the atomic structure and configuration [17,18]. In addition, 

electron irradiation, when performed in a TEM, allows to modify the matter under mastered 

conditions (i.e. controlling the electron dose) offering the possibility to produce new 

nanostructures [19]. Both in-situ TEM approaches (study the response of the nanomaterials to 

external stimuli and matter’s transformations) allow very interesting studies and open the door 

for new applications of nanomaterials.   

In these works, we have developed in-situ TEM studies on the two different systems described 

above: peapods and GO. In the former of these systems, we have investigated the transformation 

of the peapods via electron irradiation. We have observed the combination of a fullerene and 

the end of a nanotube to form a nanobud (combination of a CNT and a spheroidal fullerene) 

[20]. This is an interesting result as we shed light on the formation of these nanostructures. In 

addition, we have investigated, via in-situ electrical TEM experiments, the electric resistance 

behavior of graphene oxide. We have studied how GO’s reduction and graphitization affect its 

electric properties. These works are important for understanding the GO transformation and its 

properties, which is crucial for its potential applications. 

For carrying on such studies, we have developed these in-situ TEM studies in combination with 

high-resolution TEM imaging and electron energy loss spectroscopy (EELS) measurements. 

These TEM techniques are the most appropriated ones for extracting important structural and 

chemical information relevant for the material behavior during the in-situ transformations. 

3 Techniques 

3.1 Transmission electron microscopy (TEM) 

Transmission electron microscopy (TEM) is one of the most powerful tools for the study of 

nanomaterials as it is possible to get the structural and chemical information of the 

nanostructures at the atomic level [18,19]. In a TEM, a beam of accelerated electrons, with 

common energies between 40-400 keV, is transmitted through a specimen to form an image, a 

diffraction pattern or to obtain a spectrum. The specimen is an ultrathin section less than 100 

nm thick or a suspension deposited on a grid (usually on a carbon membrane).  Figure 1 displays 

a schematic representation of a TEM. This instrument contains four parts: electron source, 
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illumination system, sample holder, and imaging system. The electron beam is formed by 

condensing and accelerating the electrons extracted from a sharp refractory metal tip (tungsten 

filament or a lanthanum hexaboride crystal) which emits electrons when being heated or via 

field emission process. After leaving the electron source, there is the illumination system, which 

is formed by a series of electromagnetic lenses and metal apertures for condensing the electron 

beam. This illumination system only allows electrons within a small energy range to pass 

through, so the electrons in the electron beam will have a well-defined energy. The specimen, 

which is located in the sample holder (placed at the center of the polepiece of the objective lens) 

is illuminated by the electron beam and there is now the role of the image system. In this system, 

this objective lens is the first-stage (and the most important) lens to form an image using 

electrons exiting from the sample. The importance of this objective lens is because the 

performance of this lens determines the quality of the image (resolution, contrast, etc). The 

formed image is then enlarged by the intermediate lenses and finally projected by projector 

lenses on a phosphorescent screen or a CCD camera. Apertures may be inserted along the 

optical axis at the level of the objective focal plane (objective aperture) or image plane (selected 

area aperture), Fig. 1. The first one allows selecting particular spots of the diffraction pattern 

deriving from the illuminated specimen (Bragg diffraction) in order to restrict the contribution 

to image formation to only specific families of crystal planes. The selected area aperture is used 

to choose the area of the specimen whose diffraction pattern is projected on the fluorescent 

screen (diffraction mode of TEM microscope), see Fig. 1(b).  

 
 

Figure 1. (a) Schematic representation of an aberration corrected TEM microscope. (b) Two 

operative modes (imaging on the left) and diffraction (on the right) of a TEM.  (c) 

Photography of the aberration corrected TEM microscope used in this study (FEI Titan Cube 

60-300 kV at the LMA-INA-U. Zaragoza facility). 



~ 5 ~ 
 

The spatial resolution is defined as the shortest distance between two features in the specimen 

that appears distinct in the image and this spatial resolution is based in the Rayleigh criterion:  

  𝑟 = 0.61𝜆/𝑛 sin 𝜇                                          (1) 

where λ is the probe wavelength and 𝑛 sin 𝜇 the numerical aperture of the objective lens, with 

𝜇 its semi-angle of collection. Typically, with an electron wavelength of 0.0037 nm (at 100 kV) 

and 10 mrad numeric aperture, the resolution is 0.22 nm.  

 

These works have been conducted using the FEI Titan Cube 60-300kV, which is equipped with 

a Cs image corrector and a Gatan Tridiem spectrometer, see Fig. 1. We worked at low 

acceleration voltage (80 kV). Particular attention has been paid to avoid contamination during 

the acquisitions. Two different TEM techniques have been developed for performing these 

works:  high resolution TEM (HRTEM) imaging and electron energy loss spectroscopy (EELS), 

see below. 

3.1.1 High resolution TEM (HRTEM) imaging 

 

HRTEM imaging mode provides access to the crystallographic structure, at the atomic scale, 

of a specimen. For this reason, this is an invaluable technique in materials science. It is worth 

to mention that carbon nanotubes were identified using this technique. Indeed, HRTEM remains 

the most widely employed technique for investigating both their morphology and structure 

[19,21].  

TEM image contrast is due to the scattering of the incident beam by the specimen. In this sense, 

the electron wave can modify both its amplitude and its phase once is going through the sample 

and both kind of modifications provide image contrast [21]. Thus, in TEM we should 

distinguish between amplitude contrast and phase contrast. HRTEM is based in phase contrast. 

Indeed, a high resolution image depends on phase changes of the electron waves due to the 

specimen (scattering) and the electromagnetic lenses, especially the objective lens. It is worth 

mentioning that carbon nanotubes (which will be our system of study for HRTEM 

investigations, see below) can be considered as a weak phase object. Under this context, great 

simplifications can be made in the electron imaging theory (nonlinear imaging process and 

dynamical diffraction effects can be neglected to some extent), which makes easier the imaging 

interpretation [21]. 

In our case, we have combined in-situ TEM electron irradiation experiments within HRTEM 

imaging for investigating, at the atomic level, the peapods transformation.   
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3.1.2 Electron energy loss spectroscopy (EELS) 

 

EELS is a spectroscopic technique that provides valuable information on materials and 

biological specimens complementary to the usual TEM techniques where the structure and 

morphology are investigated. EEL spectra contain information about valence/conduction 

electron density, electronic band structure, optical properties (studies on the low-losses energy 

region), chemical bonding and oxidation state (electron energy loss near-edge spectroscopy 

(ELNES)), elemental composition including quantification.  

EELS measures the energy loss suffered by the incident electrons due to their interaction with 

the sample. The majority of primary fast electrons pass through the sample without undergoing 

any scattering event. These electrons reach the spectrometer conserving their initial energy and 

form the zero-loss peak (ZLP or elastic peak), at zero energy loss, which is the most intense 

feature of the spectrum, see Fig. 2. Two different regions can be distinguished: (1) low-losses 

(0-50 eV) and (2) core-losses (> 50 eV). The study of the low-losses provides direct access to 

the dielectric properties of a material because this region corresponds to the excitation of 

electronic states close to the Fermi level. The core-loss region corresponds to the analysis of 

absorption edges - the excitation in the material of an electronic transition from a core shell. 

These edges contain near edge fine structures (ELNES) with chemical information. Thus, EELS 

in the core loss region mainly provides chemical information of the specimen [17,22]. 

   

Figure 2. Global EELS spectrum acquired on a GO flake. Two regions can be distinguished: (1) 

low-losses (0-50 eV) and (2) core-losses (> 50 eV). 

 

The EELS experiments have been performed in the FEI Titan Cube microscope, working at 80 

kV in the TEM diffraction acquisition mode. The size of the analyzed area was around 200 nm. 

Convergence and collection angles were 6.3 and 19.7 mrad, respectively. Typical energy 

resolutions (full-width at half-maximum of the ZLP) of the measurements were better than 0.8 

eV. We have used an energy dispersion of 0.2 eV/channel. The typical acquisition times for 
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core-loss and low-loss spectra were 0.5*50 s and 10-6*50, respectively. After collecting the 

data, each EEL spectrum has been calibrated. In the case of the core-loss spectra, the 

background has been subtracted by modeling the inverse power law function and for the low-

loss spectra; the tail of ZLP has also been removed using a power law subtraction method. After 

performing these treatments, the spectra can be analyzed, see below.  

 

In these works, different parameters regarding the GO materials have been obtained from the 

analysis of the EEL spectra in both, low-loss and core-loss, regions. These parameters are: the 

atomic content of oxygen/carbon, the presence (and behavior during the treatments) of the 

different OFGs (by ELNES analyses), the thickness and the sp2/sp3 ratio. 

The electrical in-situ treatments have been performed employing a DENSsolutions Lightning 

TEM holder. This holder allows to perform electrical biasing and temperature-dependent in situ 

TEM measurements. The samples have been measured using specific chips for this holder, see 

Section 4. These chips are formed by SixNy membranes. 

3.2 Dual beam – focused ion beam (FIB) 

 

A typical dual beam is formed by a scanning electron microscope (SEM) and a focus ion beam (FIB). 

This kind of instrument consists of a column of charged atoms (commonly Ga+ ) used for imaging or 

for milling the sample, and a column of electrons (a scanning electron microscope (SEM)) for the 

observation and analysis of the specimen. The FIB can also be employed for ion welding of metal 

contacts on micro- and nano-scale devices [23,24].  

For these studies, we have employed the FIB FEI Helios 650 working at 30 kV and a current of 7,7 

pA. SEM images were acquired at different magnifications and currents. 

 

Figure 3. Photography of the FIB FEI Helios 650 used for developing these works. 
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4 Materials 

4.1 Carbon Nanotubes Filling with Fullerene - Peapods. 

Carbon nanotubes (C-NTs) are one of the most representative structures in nanoscience and 

nanotechnology. Employing a heuristic model, the structure of a single-walled nanotube 

(SWNT) can be conceptually considered equivalent to a sheet of graphene rolled-up forming a 

tube [25]. The last 3 decades, the research activity on these nanostructures has been (and still 

is) very high. This interest is due to the fact that CNTs possess unique electrical, mechanical, 

optical, thermal properties [25]. For instance, CNTs show a very interesting combination of 

stiffness, strength, and tenacity as compared to other fiber materials, which usually lack one or 

more of these properties [25,26]. In addition, the electrical and thermal conductivities of CNTs 

are also very high and comparable to other conductive nanomaterials [25]. All these exceptional 

properties make C-NTs very good candidates for a broad range of applications, from electronic 

to energetic, medical and biological uses [26]. A carbon nanotube has nanometer scale in 

diameter but a length from um to cm. This great aspect ratio makes it a quasi-one-dimensional 

material. CNTs can be divided into two types based on the number of walls as single-walled 

(SWNTs) and multi-walled (MWNTs). MWCNTs generally have larger outer diameters (2.0 – 

100 nm) than SWCNTs (0.4 – 8.5 nm) and consist of a varying number of concentric SWCNT 

layers, with an interlayer spacing of about 0.34 nm . There exist infinitely many geometrical 

ways to form a nanotube resulting in different diameters and microscopic structure of the tubes. 

For example, there are different ways of wrapping a graphene sheet into a cylindrical nanotube. 

The three basic ways are producing zig-zag, armchair or chiral configurations [25]. It is 

important to mention that the electronic properties of carbon nanotubes depend strongly on their 

microscopic structure. A small change in the may lead to two different types of conductivity 

(metallic and semiconducting) [26]. Under this context, in the introduction, it has been 

mentioned that a way to control their electronic properties can be via doping and a possible way 

will be the endohedral functionalization. In these works, we have developed such kind of 

functionalization via the filling of SWNTs with fullerenes.  

Fullerenes are other kind of interesting carbon nanomaterials discovered in 1985 [28]. These 

molecules are formed by carbon atoms connected by single and double bonds. The most 

common fullerene is this one formed by 60 atoms (C60), known as bucky-ball, because its 

structure is similar to this one of the standard soccer ball. Since the first fullerenes’ synthesis, 

via laser vaporization methods, there has been a great interest in these molecules due to their 

physical and chemical properties and potential applications in electronic devices, imaging 

materials, magnetic recording and environmental processes. [28,29] 
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Nowadays, the interest in the functionalization of fullerenes is increasing since they are more 

soluble in certain solvents and could be interesting to make new materials. In 1993 it was 

synthetized C60H2 and from that moment other functionalized fullerenes have been produced. 

In our case, we have worked on fullerenes containing a chain with S atoms, C59N-DT.  

The bucky-ball (C60) was the first molecule to be introduced in a carbon nanotube. This new 

hybrid structure was confirmed by HRTEM and was called peapod [28,29]. We have then 

worked on this kind of heterostructures based on peapods, but using C59N-DT molecules for 

filling the SW-CNTs.  

It is important to mention that SW-CNTs tend to form bundles. In order to carry out the 

debundling of CNT samples, which is needed for studying them and for their applications, a 

surfactant is commonly used to create a micelle in an aqueous medium, isolating the nanotubes 

previously separated by ultrasounds [30,31]. 

 

 

 

 

 

Figure 4. Schematic synthesis process of peapods formed by SW-CNTs and C59N-DT 

fullerenes. 

 

The peapods production has been developed using open ends carbon nanotubes and the C59N-

DT fullerenes from our collaborators from the team of Prof. Tagmatarchis (NHRF, Athens – 

Greece). The procedure for getting the peapods is the following one: First, SW-CNTs and 
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fullerenes were diluted in a toluene solution. For filling the NTs with the fullerenes, this solution 

was placed at 110 °C in an inert atmosphere for 24 hours. Then, the solution was filtered and 

cleaned to remove the fullerenes and other materials that were not inside the CNTs. The 

resulting powder was added to a solution of propanol which was centrifuged and re-dried to 

obtain the peapods. The last step was the TEM sample preparation. For getting a good TEM 

specimen, it is important to have a sample well dispersed and in a low concentration for 

avoiding NTs’ agglomeration. Thus, a solution of ultrapure water with sodium cholate, which 

acts as a surfactant, was prepared, and this solution containing the peapods was ultrasonicated. 

Finally, we deposited a drop of this solution on holly carbon TEM grids. 

4.2 Graphene oxide 

The last decade, particular attention has been paid to graphene oxide (GO). This is due to its 

unique properties and its possible reduction to obtain reduced graphene oxide (RGO) having 

properties similar to those of the graphene. 

 

Figure 5. Schematic description of obtaining of GO and RGO from graphite [17] 

 

GO is commonly obtained using the Hummers method. Graphite is treated with an oxidizing 

agent to oxidize the material, and then, by exfoliation of graphite layers obtain GO, as shown 

Figure 5.  Next step, reduced GO (RGO) can be derived from GO using a reducing agent to 

remove the oxygen functional groups (OFGs) [17]. 

In 1859, B.C. Brodie was the first to investigate the structure of GO [27]. However, atom 

models were not realized until several years later. Nowadays, the model of Lerf and Klinowski 

is the most known (Figure 6). In this model, two types of OFGs are distinguished, those that 

are located at the edges of the sheet and those that are randomly distributed in the basal plane. 

The OFGs found on the edge correspond to carboxyl and carbonyl groups. However, those 

located in the basal plane correspond to the hydroxyl and epoxy groups [32]. 
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It is also important to note that oxygenized areas, having a high amount of OFGs, contain high 

amounts of carbon domains showing sp3 hybridization and then, this material has a significant 

insulating character. In fact, depending on the oxygen content, (reduced) GO-based materials 

undergo insulator-semiconductor-semimetal transitions with reduction [32]. 

Although GO comes from graphite (hydrophobic material), it is hydrophilic due to the presence 

of the OFGs that allow interaction with water by hydrogen bonds. However, this presence of 

functional groups does not break the 2D structure of the material. Indeed, in hydrated 

conditions, when assembled into a stacked layer structure, water remains trapped between the 

assembled GO layers. The amount of intercalated water defines the interlayer distance between 

the GO sheets, up to about 12 Å [33]. Low temperature thermal treatments (usually up to 100 

ºC) can be used to reversibly control the hydration state but higher temperatures are required to 

remove the OFGs and restore the pathways with sp2 character to convert the electrically non-

conducting GO papers into conductive electrode materials. However, thermal treatments also 

lead to exothermic water-induced reactions (at Tres. < 120 ºC) that are responsible for 

irreversible damage in the GO. The water present in the GO layers can be physisorbed water 

(water in close contact to the surface of GO; this molecules can be easily and reversibly 

removed by low-temperature treatments) and chemisorbed water (water molecules linked to 

the OFGs by hydrogen bonds) [33,34]. 

 

  

Figure 6. Schematic of the GO structure [32]. 

In this work, GO was produced using a modified Hummers method [35]. The oxidation of 

graphite was realized using H2SO4+NaNO3, and KMnO4 at 5ºC. The solution was stirred 

overnight at 35ºC and then washed with HCl and water to neutralize the GO solution. Sonication 

process was apply during 2 hours to achieve exfoliation. The material has been provided by 
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Ana M. Benito and Wolfgang K. Maser, from the Department of Chemical Processes and 

Nanotechnology at Instituto de Carboquímica ICB-CSIC in Zaragoza.  

The GO experiments were realized using supplied GO flakes in solution. We deposited a drop 

of this solution on a grid. After we observed the grid in the TEM microscope to determinate the 

position and the quality of flakes, we used the FIB FEI Helios 650, a dual-beam in the clean 

room of INA for sample preparation. In this equipment, we selected the best flake to do the 

measurements and we transferred it to the chip used for the in situ electrical TEM experiments. 

The transfer is realized in two processes. Firstly, we cut the GO flake with the ion beam and 

weld it onto the micro-needle with Pt to transport it to the chip and place it in the correct 

position. Secondly, we contacted the flake to the metal contact pads of the chip and in one case 

Pt was used to connect the flake to the chip and in the other case, a polymer glue (curable by 

the electron beam) was used, see Fig. 7.  

 

 

Figure 7. (a) Cutting of a GO flake, (b) Pt used to contact the flake with the nano-chip, (c) 

impregnation of the polymer glue on the nano-chip, (d) cured polymer glue used to contact 

the GO flake with nano-chip. 

The holder with the nano-chip was introduced in the TEM microscope for developing the  in 

situ electrical measurements. Depending the experiment that we carried out, we applied a 

voltage (flake with platinum) or a current,(flake with polymer) as we realized that we had a 

better control of the processes taking place by applying a current instead of a voltage. 

(a) (b) 

(c) (d) 
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Simultaneously, EEL spectra (in the low loss and core loss regions) were acquired for 

monitorizing the structural, chemical and property modifications during the measurements. 

For the analysis and treatment of the EEL spectra, the integration quantification methods in 

core loss spectra were used to obtain the relative amount of each element contained in the 

sample. The elements contained in the GO were carbon, oxygen, nitrogen and calcium, of which 

the last two elements were considered as impurities. This quantification method permits us to 

estimate the relative amount of carbon atoms in the sample, as well as estimating the reduction 

rate of the GO. 

In the case of carbon, the relative amount of carbon is taken and divided with respect to the sum 

of all elements, without taking into account the impurities. In the same way, it is possible to 

calculate the oxygen ratio in the sample. 

%𝐶 =  
[𝐶]

[𝐶]+[𝑂]
                                            (2) 

%𝑂 =  
[𝑂]

[𝐶]+[𝑂]
                                            (3) 

For the thickness calculation, low loss EEL spectra were used. The log-ratio method was used 

in order to obtain the thickness of GO flake. This method is based on the Beer’s absorption law: 

𝑡

𝜆
= 𝑙𝑛

𝐼𝑡

𝐼0
                                                 (4) 

Where 𝜆 is the inelastic mean free path (IMFP) of the material, I0 is the area under the Zero 

Loss Peak of the spectrum between -2 and 2 eV (ZLP), and It is the whole area under the 

spectrum up to 100 eV, as it is represented in figure 8.  

  

Figure 8. Low loss spectrum with the ratio of I0 and It.  
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An accurate value of the thickness was obtained thanks to an accurate estimation of the IMFP 

value. To do that, it is necessary to take account the electron beam energy and collection 

semiangle of the measurements, important values in the next equation, which comes from 

[36,37]: 

𝜆 =
106∗𝐹∗ 𝐸0

𝐸𝑚∗ln (2𝛽∗
𝐸0

𝐸𝑚
)
                                         (5) 

Where in this experiment E0 is the electron beam energy with a value of 80 kV, β is the 

collection semiangle with a value of 19,7 mrad and Em is the average energy loss, which can be 

approximated by 𝐸𝑚 = 7,6*Zeff
0,3 

As we can appreciate by the value of Em, it is important to take account of the effective atomic 

number value (Zeff). This value was obtained by atomic concentration obtained in each element 

in the core loss spectrum, as shown the next equation: 

𝑍𝑒𝑓 =
∑𝑖𝑓𝑖𝑍𝑖1,3

∑𝑖𝑓𝑖𝑍𝑖0,3
                                           (6) 

Where fi is the atomic fraction for each element i and Zi is the atomic number for each element 

i. 

Finally, sp2 contain in GO samples was estimated for the different conductivity measurements 

realized. The estimation was realized using two different methods. One of them for spectra with 

low sp2 quantity and the other one for spectra with high sp2 quantity. 

In the case of spectra with a low amount of sp2 content, this method was based on a 

proportionality of the 𝑠𝑝2 fraction of a carbon material and the relative intensity of the 

 𝜋∗ feature of its C-K edge. This translates into this equivalency between any two carbon 

materials (C and D, for example) taken from the literature [38,39,40]: 

𝐴𝜋∗
𝐶

𝐴𝜋∗+𝜎∗𝐶

%𝑠𝑝𝑐
2 =

𝐴𝜋∗
𝐷

𝐴𝜋∗+𝜎∗𝐷

%𝑠𝑝𝐷
2                                          (7) 

Where 𝐴𝜋∗ is the area of the 𝜋∗ feature, and 𝐴𝜋∗+𝜎∗ is the area of the 𝜋∗ + 𝜎∗ feature. For this 

analysis, it was necessary to calibrate and to deconvolute the core loss spectra using a Fourier 

ratio deconvolution, to account for the multiple scattering taking place. After that, a script was 

used to select a specific part of the spectrum between 280 and 310 eV. This spectral window 

contains the π* feature of the C-K edge of the spectrum and the σ* feature (in other words A 

π*+ σ*). This region is characteristic to study carbon [41,42].  
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The same process is used to select an area between 280 and 300 eV over the local energy loss 

minimum (around 290 eV) between π* and σ* peaks. In this second spectrum a fit is performed 

using 60 decreasing Gaussians method to represent π* contribution including the decaying tail 

of the π*, placing it in 284 eV [42,43]. A Gaussian was also used at 294 eV to represent σ* 

peak feature. This fit allows us to obtain the location, the width and the height of the π* peak. 

 

Figure 9. Core loss spectrum with the area ratio of the π * and π * + σ * peaks 

Dividing the area of the sum of the 60 Gaussians in the fit (Aπ*), which represent π* peak, over 

the region of the spectrum with the π*+ σ* peaks, lets us obtain the value of y’ which represent 

the relation of both areas [44]. For that goal, both spectral areas were integrated. For this, it was 

necessary to sum the area of each point in the spectrum multiplied by the energy step of the 

measurement, Δ𝐸 (Sπ*+σ* is multiplied by ΔE in the case of first spectrum and Sπ* multiply by 

ΔE in the case of second spectrum).  

𝑦′ =
𝐴π∗

𝐴π∗+σ∗
=

𝑆π∗xΔE

𝑆π∗σ∗x ΔE
=

𝑆π∗

𝑆π∗+σ∗
                          (8) 

In other words, the ratio of these areas equals the ratio of the total sum of these spectra over 

this spectral window. Finally, we can calculate % sp2 using this equation: 

%𝑠𝑝2𝐺𝑂 =
𝑦′𝐺𝑂

𝑦′𝐻𝑂𝑃𝐺
∗ %𝑠𝑝2𝐻𝑂𝑃𝐺 =

𝑦′𝐺𝑂

0,2
∗ 100              (9) 

Where y’GO is the value calculated before, y’HOPG is 0,2 as referred to in the literature [40], and 

we assume a 100% of sp2 in the highly oriented pyrolytic graphite (HOPG). 

In the case of a high amount of sp2 orbitals, the method explained before does not work due to 

orientation effects. For this reason, in these spectra we will use Multiple Linear Least Squares 

(MLLS) was used to determinate the quantity of sp2 carbons in the GO. This method consists 
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in the use of two different spectra to estimate the quantity of sp2 by means of the lineal 

combination of said spectra. In our case, a spectrum of a pure sample of sp2 HOPG and the 

spectra of GO in the beginning of the experiment were used. We assume the HOPG again to 

have a 100% ratio of 𝑠𝑝2 contribution, and we can calculate the ratio of 𝑠𝑝2 at the beginning 

of the experiment using the method explained before. 

For this, both spectra were normalized using a custom script. Moreover, the spectra were cut in 

the spectral window between 280 and 310 eV, the region where are π*+ σ* peaks. They were 

normalize using the following equation: 

𝑆𝑛𝑜𝑟𝑚 =
𝑆

𝑆𝑢𝑚(𝑆)
                                       (10) 

From there, a custom fit was applied using 8 Gaussians to both the initial spectra and the HOPG 

spectra, as shown in figure 10. Once these two spectra were adjusted, a custom script is used to 

cut the obtained spectra from different electrical measurements of GO. Spectra was cut by this 

script between 280 and 290 eV. This spectral window is where the π* peak is located. 

 

Figure 10. Representation of the Gaussian fit of the core loss spectra of the GO (left) and the 

HOPG (right) respectively. 

Finally, a custom fitting function is created, where each spectrum is expressed as a linear 

combination of the two fitting spectra: 

𝑆 = 𝑎 ∗ 𝑆𝐺𝑂 + 𝑏 ∗ 𝑆𝐻𝑂𝑃𝐺 = 𝑎 ∗ ∑𝐺𝐺𝑂 + 𝑏 ∗ ∑𝐺𝐻𝑂𝑃𝐺       (11) 

Where S is the spectra we are analyzing, a and b are the fitting coefficients, SGO and SHOPG are 

the Gaussian fits corresponding to the initial measurement and the pure HOPG respectively, 

and GGO are the individual Gaussians of GO and GHOPG are the Gaussians of HOPG. Once the 

adjustment gives us the values of a and b we use the following equation: 

%𝑠𝑝2 =
𝑎∗%𝑠𝑝𝐺𝑂

2 +𝑏∗%𝑠𝑝𝐻𝑂𝑃𝐺
2

𝑎+𝑏
                             (12) 
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It is assumed that %sp2
HOPG is a 100% and with the calculation of %sp2

GO with the method used 

before, it is possible to obtain the %sp2 of each one of the spectra with a high quantity of sp2. 

5 Results and discussion 

5.1 In-situ TEM electron irradiation peapods 

 

In this part of the work, we investigate the effect of the electron beam on the structure of 

peapods. For the experiments, four different grids were performed with a low quantity of 

contamination in our sample. Different areas of the sample were analyzed in order to determine 

a standard distribution of peapods, acquiring a variety of images before, during and after 

irradiating with the electron beam. During this irradiation functionalized fullerenes permit a 

change of the structure, generating new form hybrid of carbon nanomaterial called graphene 

nanoribbon (GNR) or closed edge of a carbon nanotube. 

In the experiments (Figure 11), it is appreciated a process of C59N-DT reactivity inside the 

nanotubes. We find that fullerenes close an open edge CNT and making an irradiation of 

fullerenes with the beam it is possible to close the edge. As Figure 11a shows, there is an open 

edge CNT. After irradiation with electron beam, it is appreciated the opening and the merging 

of fullerene with CNT until closed the structure. This process is possible due to energy applied 

with the beam. Theoretical researches are the best way to interpret and to understand these 

reactions between carbon nanostructures. For that, we based on “density functional based 

molecular dynamics simulations”. 

The process of fullerene merging with the nanotube wall and nanobud formation can be 

understood by the electron irradiation damage processes, and the subsequent formation and 

aggregation of intrinsic point defects as catalyzed by the beam. Under this situation, it is 

important to note that the probability of atom loss from a system is depend on the total knock-

on cross section for a given atom. This depends on the strength of the local bonding, and in the 

case of 1D and 2D materials, the orientation of the layer with respect to the incoming electron 

beam [45]. From the chemical point of view, strong bound atoms in a pristine graphitic lattice 

are relatively difficult to remove, whereas weak bound atoms at defect sites are easier to 

remove. Now we will see the different elements and steps that we can consider for explaining 

the experimental results. 
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Figure 11. Eight-frames series sequence showing the evolution towards a nanobud formation 

via electron irradiation in a TEM. 

The vacancy formation in single-walled carbon nanotubes has been theoretically investigated 

[45]. This shows that removal of a two-fold coordinated carbon neighbouring an existing 

vacancy has a maximum cross-section over an order of magnitude higher than removal of 

pristine carbon in a graphitic environment, 13.4 barns vs 1.4 barns.  Subsequent atom removal, 

even though fully coordinated, still shows maximal cross-section of 5.2 barns, over four times 

that of atoms in the pristine lattice, due to the distorted local bonding. Extending this argument, 

given the lower inherent stability of atoms in fullerenes as compared to nanotubes, particularly 

irregular cages such as seen here, we expect much higher atom removal and rearrangement rates 

under the beam in the fullerene material than the tube. Equally, carbon in nanotube edges, 

containing necessarily pentagons and non-planar hexagonal lattice, will also be less stable and 

so more susceptible to beam damage than pristine nanotube side walls. In general, this implies 

that atom removal from pristine lattices will be difficult, but once the lattice is damaged, 

subsequent damage steps and increase of damaged areas will proceed much more rapidly.   

As vacancy aggregation continues there will be a thermodynamic force to minimize the number 

of resultant carbon dangling bonds, with vacancy clusters showing particular stability such as 

V2 where two vacancies are formed, and notably V6 where a complete hexagonal carbon ring 

is removed from the lattice [46].  Theoretical modelling suggested a different, surprisingly 

stable form of V6 is possible in bilayer material, where a hexagon of carbon atoms is removed, 

and the hexagon in the layer beneath rises up to lie midway between both layers, forming single 

231 283 347 363 

41 86 109 187 
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sp3-C bonds with both the upper and lower sheet.  In this way although the π-bonding of both 

sheets is disrupted, all the dangling σ-bonds in the system are saturated (Figure 12a).  

Subsequent irradiation will then remove these six carbon atoms. 

More generally, vacancy loops in neighbouring sheets can stabilize the dangling bonds on 

neighbouring carbon atoms by cross-linking between the sheets [47]. This will result in 

“wormhole” or tunnel structures between neighbouring layers (Figure 12b), essentially small 

interlayer holes [48].  Additional irradiation will remove more material around the edge of these 

holes, expanding them further [49]. The result is a closed internal edge and a hole which 

expands with continued irradiation until eventually curvature is minimize and a nanobud 

structure is completed. 

(a) (b)  

Figure 12. (a) The “mezzanine” V6 defect structure showing interlayer sp3
 bonding, (b) the 

“wormhole” V6 defect structure with three vacancies in each layer and cross-linking between 

undercoordinated carbon neighbours [46]. 

Starting from the initial fullerene configuration (Figure 11-86) we can indeed see more 

structural change in the internal and external fullerene cages as compared to the nanotube wall 

itself. The resolution difference of the side wall of nanotube below the fullerene cage (Figure 

11-109) compared to the neighbouring wall suggests already there is a slightly lower density of 

carbon atoms in this vertical segment, consistent with formation of initial vacancy sites and 

mezzanine-type systems. This is still visible for several frames (130,133) before there is a 

sudden breakdown of material (187) consistent with the above model (initial atom removal 

from a mezzanine structure will be harder than the subsequent steps which would be expected 

to occur rapidly due to the higher knock-on cross-section in the partially complete structure).  

This results in a clear hole (231), which is confirmed by the presence of continuous material 

extending from the inside the nanotube into the fullerene structure (a chain barely visible in 231 

but then clear in 283).  This hole then expands through loss of edge material as described above 

(347, 351 and eventually 363), finishing in a continuous carbon nanobud surface.  
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This also allows the rapidly mutating internal fullerene structure to adapt to the new internal 

cavity shape and fill the relatively unstable nanobud.  This secondary filling step is consistent 

with observations of irradiation in carbon peapods, where the fullerene breakdown results in 

internal nanotube formation, whose diameter depends on that of the external tube rather than 

the fullerenes, i.e. there is a clear templating effect of the external tube on the internal carbon 

reconstruction [50].  The current system (283-363) shows a more extreme version of the same 

effect where the internal extended fullerene structure adapts itself to closely match the unusual 

exterior nanotube-nanobud system. 

5.2 In-situ electrical TEM graphene oxide measurements 

 

In this work, we focused on the study of two different GO samples for the in situ TEM electrical 

measurements. One of them was contacted with Pt, using FIB deposition, to the nano-chip, and 

the other one was contacted with a polymeric glue cured by electron beam . Regarding the 

EELS analyses conducted in parallel with the electrical measurements, low-loss and core-loss 

EEL spectra were acquired for each applied power.  

For carrying out these experiments, there are several risky, complicated and critical 

requirements & steps for the samples’ preparation and the TEM measurements: (1) the GO 

flakes should be homogeneous and large enough (length>12 m) for being able to fix them into 

the nano-chips ensuring a good contact; (2) these flakes should have an uniform thickness; (3) 

their thickness should be big enough (>35 nm) for being able to manipulate the flake, but not 

too big (<50-60 nm) for allowing reliable quantitative EELS analyses (multiple inelastic 

scattering effects limiting the quantification should be avoided [22]); (4) proper fixation of the 

flakes on the nano-chips for ensuring a good contact, avoiding/limiting any source of 

contamination that could have an impact on the measurements, see below; (5) carbon 

contamination from the TEM column or at the surface of the GO should be avoided as well as 

(6) any possibility of electron beam damage during the experiments (that is why, we worked at 

low voltage (80 kV) and under low dose conditions ( <1e-/Å2 )). For all these reasons, we have 

performed several attempts before getting the reliable results presented in the present 

manuscript.   

Figures 13 (Figure 14) displays the C-K (O-K) edge extracted from different EEL spectra 

recorded in two different GO flakes. One of those flakes (left panel Fig. 13(14)) has been fixed 

to the nano-chip used for performing the in situ measurements via platinum FIB deposition. 

The second GO flake, EEL spectra displayed in the right panel of Fig. 13 (Fig. 14), has been 

glued to the nano-chip’s electrical contacts using a polymer. For both flakes, their behavior 

(structure, chemistry and electrical properties) depending on the applied power is investigated.  
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Figure 13. C-K edge of different EEL spectra recorded in: (left panel) a GO flake 

welded/contacted with Pt (FIB deposition) to the nano-chip used for performing the in situ 

electrical measurements; (right panel) another GO flake glued to the nano-chip’s electrical 

contacts using a polymer. For both flakes, their behavior (structure, chemistry and electrical 

properties) within the applied power is investigated. The obtained conductivity values are also 

displayed in the graphs. The assignment and the identification of the different OFGs are 

marked in these spectra. 
 

 

Figure 14. O-K edge for different EEL spectra recorded in: (left panel) a GO flake 

welded/contacted with Pt (FIB deposition) to the nano-chip used for performing the in situ 

electrical measurements; (right panel) another GO flake glued to the nano-chip’s electrical 

contacts using a polymer. For both flakes, their behavior (structure, chemistry and electrical 

properties) within the applied power is investigated. The obtained conductivity values are also 

displayed in the graphs. The assignment and the identification of the different OFGs are 

marked in these spectra. 
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This has been achieved analyzing different aspects and parameters extracted from these EEL 

spectra.  

One important aspect is to investigate the behavior of the GO functional groups during these 

measurements. These functional groups have been identified in the EEL spectra, peaks marked 

in the C-K and O-K edges (Fig. 13 and 14), based on different TGA and XPS studies [3,51,52]. 

As we will present below, these assignments help us to understand what and when the functional 

groups are desorbed from the GO structure. These are the different functional groups’ 

assignments [53]: 

1)  The peak at 284.9 eV is this one associated to the signature pure sp2 materials (graphitic 

atomic configuration C=C).  

2) Hydroxyl group (-OH) can be found within the GO as physisorbed water (peak at 531.6 eV). 

Two peaks at 286 and 538.5 eV indicate that -OH groups can also be attached to the carbon 

structure.  

3) Epoxide groups (C-O-C) can be identified due to the presence of the peaks at 286.6 eV 

(aromatic and non-aromatic), 534.9 eV non-aromatic and 536.2 eV aromatic.  

4) The peaks at 288.4 eV and 533.6 eV correspond to the presence of carbonyl group (C = O).   

5) Finally, the peak at 289.4 eV can be attributed to carboxyl group (-COOH) groups. 

 

Figure 15. Plasmon region for different EEL spectra recorded in: (left) a GO flake contacted 

with Pt (FIB deposition) to the nano-chip used for performing the in situ electrical 

measurements; (right) another GO flake glued to the nano-chip’s electrical contacts using a 

polymer. For both flakes, their behavior (structure, chemistry and electrical properties) within 
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the applied power is investigated. The obtained conductivity values are also displayed in the 

graphs. 

 

 

Figure 15 displays a selection of low-loss spectra acquired on both samples at different applied 

power. These spectra show the presence (and evolution, see below) of the π* plasmon at ~5.5 

eV and this one of the bulk total plasmon (π* and *) at ~25 eV. As described before, from the 

analysis of these spectra, we will get information about the thickness and the GO reduction and 

graphitization during the in situ TEM electrical measurements.   

 

 

Figure 16. I-V characteristic of the GO flake welded/contacted with Pt (FIB deposition) to 

the nano-chip. The I-V curves have been acquired before and after GO 

reduction/transformation, see the text. Note the strongly different scale on the left and right y-

axis. 

 

Figure 16 shows two I-V characteristic curves for the GO sample flake contacted with Pt (FIB 

deposition) to the nano-chip for carrying out the measurements. These two I–V curves 

correspond to the initial measurement and once the transformation took place. It is worth 

mentioning that both curves exhibit ohmic behavior and then, as all the geometric parameters 

of the GO flakes are known from the TEM analyses, their conductivity can be obtained. These 

experiments also allow following the evolution of the conductivity and the GO’s transformation 

(OFGs and water desorption -> its reduction and graphitization), see Fig. 17. 
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Figure 17. Different parameters (carbon fraction, sp2 content and thickness) obtained from the 

EELS analyses developed on the two GO flakes and their evolution against their conductivity. 

 

 

It is interesting to see the evolution of the GO material and, in particular, the functional groups 

during these in situ treatments for the two kind of samples (GO flake contacted using the Pt 

deposition and via the polymer). From all these measurements and analyses (see Figures 13-16 

and Figure 17), we got the following information about the processes taking place, the materials 

and their transformation:  

1) Due to the low conductivity values of the starting (original) GO flakes, a large power 

(sourcing voltage or current depending on the flake, see above) should be applied. In the case 

of the GO flake connected to the nano-chip using a polymer, the applied power is significantly 

higher (two orders of magnitude) than this one applied to the GO flake connected using Pt. This 

is due to the insulating character of the polymer and this also indicates that this contacting 

procedure is not very efficient/appropriated, see also point #2(c) below. This is also confirmed 

by the low starting conductivity values of the starting GO as well as by the low conductivity 

values reached at the end of the experiments.      
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2) We neglect any electron irradiation effect during the TEM analyses or at least, these could 

have a very limited impact on the measurements. Thus, the observed transformations on the GO 

flakes are electrically driven (Joule heating). Indeed, the GO flakes are resistively heated up 

and then, while the temperature is increasing, the conductivity is also increasing. We observed 

a progressive thermal reduction process of the graphene oxide for both of the flakes, even if 

their behavior during the treatments and the reached temperatures of both of them are different. 

Thus, we can analyze the changes of the three parameters (thickness, sp2 ratio and C/O), which 

are related with the structural and chemical modifications:  

(a) For the GO flake using the polymer for contacting the flake with the nano-chip, we 

can observe a thinning of almost 15% for the first four spectra and an increasing of 

~10 % the sp2 ratio. These effects can be attributed to the desorption of the physisorbed 

water and the desorption of some of the oxygenated functional groups (epoxide and 

carboxyls).  

 In the other case, GO flake connected using Pt, there is also a progressive increase of 

the conductivity, but for the first steps, there are no significant changes for the other 

parameters (t, sp2% and C/O), indicating that only some physisorbed water is desorbed.  

(b) For both flakes, at a certain point (the 5th EEL spectra/results), there is an increase of 

18-25% of the sp2 %. However, only in the case of the polymer glued flake another 

modification (a reduction of ~25% of the thickness) can be observed. We can then 

deduce that the reached temperature is not very high, below 500 ºC, and that under 

these conditions, only a partial desorption of the chemisorbed water and other 

functional groups as carbonyl ones from the edge of the flakes.                                                                                                                                                           

(c) Final step (6th EEL spectra in green): here both flakes suffer abrupt changes, restoring 

in both cases the sp2 hybridization (recovering C=C bonds, graphitic structure). 

However, at some point, they are different, therefore we will describe them separately:  

- Pt – GO flake: the conductivity reaches a value of 11350 S/m, which is three orders 

of magnitude higher than the starting value, and 4-6 times higher than this one found 

in the literature for other thermal reduction treatments [24]. At this point, some Pt 

nanoparticles (NPs) were observed on top of the flake. Their origin is likely the Pt-

containing precursor molecules that adsorbed on the GO flake and surrounding contact 

areas during the connection of the flake using FIB-induced Pt deposition. Upon 

reaching a critical power, those molecules migrate on the surface and organic parts are 

removed leaving Pt-NPs behind. The high-obtained conductivity value can be related, 

at some point, to the presence of these Pt NPs. Indeed, even if we observe important 
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modifications of the three monitored parameters (thickness, sp2 ratio and C/O), 

indicating a significant reduction and graphitization of the GO flake, this reduction 

and graphitization is not total. Thus, these modifications cannot justify per se, so high 

conductivity values.  

In addition, the fact that [C] still ~85% and that the sp2 ~72% suggest that the reached 

temperature is ~500C [53]. Thus, carbonyl groups and some extra chemisorbed water 

can be desorbed, but the hydroxyl groups still present in the flakes.  

- Polymer – GO flake: in this case, the conductivity is two order the magnitude higher 

than this one at the beginning of the experiment, but the value ~195 S/m is very low if 

we compare with the literature for rGO materials with this low amount of oxygen (< 

5%), which should be few thousand of S/m [24]. This is likely because the contacts 

are not good due to the presence of the polymer. This point has also a direct 

consequence into the GO’s transformation, because due to this resistance, the Joule 

heating will be higher than in the other case, reaching temperatures higher than 1200C 

[53]. Indeed, this is why in this flake we measure C/O close to 97%, sp2 content of ~87 

% (60% increasing) and thinning of ~40%. These changes indicate a good reduction 

and graphitization of the GO, including the desorption of hydroxyl groups [53].      

 

6 Conclusions and perspectives 

 

The in-situ TEM analyses on these two carbon-based nanomaterials (peapods and GO) have 

illustrated the unique possibilities of this technique for transforming and studying the matter at 

the local (atomic scale).  

For the endohedral functionalized SWNTs case, we were able to produce these hybrid systems. 

Thus, we filled SWCNTs with fullerenes for obtaining the peapods. In addition, we in situ 

investigated the evolution of these fullerenes under electron irradiation. We monitored the 

formation of a new nanostructure - a nanobud. We then proposed a plausible mechanism for 

the formation of such nanostructure. The high electron dose applied to one of these peapods 

makes possible that the energy absorbed by the fullerene at the surface of the nanotube provokes 

the generation of vacancies, which can facilitates the interaction with atoms of the nanotube 

wall for forming the nanobud. 

In order to improve the knowledge of graphene oxide, we have developed in situ electrical TEM 

measurements combined with EELS analyses. We have investigated the relationship between 
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the conductivity values and the reduction and graphitization of the GO. We have identified and 

monitored the presence and the behavior of different oxygen functional groups forming the GO 

in parallel with these electrical measurements. We shed light on the different GO 

transformations with the increment of temperature due to Joule heating effects. Besides, the 

desorption of physisorbed and chemisorbed water during these measurements has also been 

investigated and the consequences of these effects within the GO have been discussed, in 

particular, the thinning of the GO flakes. These experiments have also evaluated the impact of 

potential artifacts on the conductivity measurements.   

The future works on this area are very promising. Here we focused on the transformation and 

structural studies of the peapods, however it opens the door for studying the properties of the 

produced new nanostructures. In addition, it could also be interesting the study of other 

different, related hybrid nanostructures. 

Regarding GO, it would be interesting to compare our reduction method with some thermal 

methods for obtaining rGO. In addition, due to the appealing electrical properties of rGO, in 

particular their tuning possibilities as a function of the oxygen content, it would be interesting 

to try to achieve it in a more controlled way. 
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