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Abstract 

The discovery of graphene, with its unique properties, has inspired the quest 

for other two-dimensional (2D) materials. After considerable research efforts by 

the scientific community in the last 15 years, an extended atlas of 2D materials 

has been synthetized and investigated. Remarkably, materials beyond graphene 

could possess properties complementary to those of graphene, such as the 

presence of a direct band gap, more suitable for several applications, not limited 

to nano- and opto-electronics. Moreover, these materials have high potential for 

applications in biosensing technologies, catalysis, photocatalysis and energy 

storage. However, considering that most 2D materials have been newly 

discovered, the majority of the research efforts is focused on material synthesis 

and on the investigation of its electronic properties. Therefore, technological 

applications of 2D materials are still at the embryonic stage, also considering the 

difficulties in achieving large-scale and low-cost production for industrial use. 

Among the various 2D materials, graphene-based derivatives and metal 

chalcogenides represent the most promising materials for technological 

applications. 

Graphene oxide (GO) has attracted particular attention from the industrial 

world, since it represents a low-cost precursor of graphene for large-scale 

production. GO offers tremendous opportunities for the access to functionalized 

graphene‐based materials. More specifically, both GO and reduced GO (rGO) can 

be processed into a wide variety of novel materials with distinctly different 

morphological features, where the carbonaceous nanosheets can serve as either 

the sole component, as in papers and thin films, or as fillers in polymer and/or 

inorganic nanocomposites. In addition, GO and rGO enable efficient electro-

optical, filtering and nano-biotechnological applications, as well as gas sensing 

devices, polymeric nanocomposites and gas barriers.  

On the other hand, transition-metal dichalcogenides (TMDs) belonging to the 

class of MTe2 (M = Ni, Pd) are particularly relevant for both fundamental and 

technological interest, owing to the presence of a tilted Dirac cone formed by bulk 

states, which implies high-mobility charge carriers. Being the Dirac cone located 

in the bulk, it naturally exhibits superior robustness to surface modifications 

compared to other Dirac materials, i.e. graphene, topological insulators and 

silicene. Consequently, MTe2 displays intriguing application capabilities in 
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optoelectronics and catalysis, in consideration of its nature as type-II Dirac 

semimetal. 

In addition, among the broad class of layered metal chalcogenides, van der 

Waals semiconductors are particularly suitable for optoelectronic and sensing 

devices. Especially, recent experiments on exfoliated GaSe nanosheets reported 

an enhancement of performance in electrochemistry and photocatalysis opening 

a new way for its applications in the fields of energy and catalysis. In addition, 

SnSe2 represent another interesting van der Waals semiconductor with ultralow 

thermal conductivity. 

 

In this thesis, issues related to technology transfer of 2D materials beyond 

graphene were addressed. More specifically, a solution for the reduction of costs 

in the state-of-the-art production of GO was identified. Moreover, a sustainable 

eco-friendly solvent was demonstrated to be able to replace toxic solvents in the 

large-scale production of functional inks based on 2D materials, solving one of 

the most relevant problems for the 2D materials-based industry. In particular, the 

use of Polarclean as eco-friendly solvent for liquid-phase exfoliation of 2D 

materials also enables the introduction of 2D materials in unexplored fields, such 

as agri-food and desalination industries, which are expected to take advantage 

of the unusual properties of 2D materials in terms of both efficiency and 

selectivity. 

Furthermore, newly discovered 2D materials belonging to the class of metal 

chalcogenides (PdTe2, NiTe2, GaSe, SnSe2) were introduced in the industrial 

world, by engineering prototypes of catalytic devices, gas sensors and IR/THz 

imaging systems based on these innovative materials, with competitive 

performances with the state-of-the-art systems since their first implementation. 
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Preface 

In this thesis the main results of my research activity performed during the 

PhD are reported. The main subjects of my studies during these three years have 

been graphene oxide (GO), transition-metal dichalcogenides (TMDs) NiTe2 and 

PdTe2, and the layered semiconductors GaSe and SnSe2. 

The study of physicochemical properties of these materials and the 

fabrication of different devices have resulted in the publication of several papers 

and the participation to different conferences. 

This PhD work has developed through scientific collaboration with various 

research groups worldwide. Especially, this research program has led to a formal 

collaboration with Hygraner s.r.l., an Italian start-up devoted to the large-scale 

production of graphene and graphene oxide, and prof. Tomasz Klimczuk from 

Gdansk University of Technology (Poland), with signed agreements with 

University of L’Aquila. Other collaborators were the staff of APE, BACH and 

Nanospectroscopy beamlines at Elettra Sincrotrone Trieste; prof. Danil 

Boukhvalov from Ural Federal University (Russia); prof. Chin Shan Lue from 

National Cheng Kung University (Taiwan) and prof. Carlo Cantalini from 

Department of Chemical Engineering of the University of L’Aquila.  

Considering the involvement of different coauthors in scientific publications, 

here I briefly indicate my contribution in the papers discussed in the following 

sections of this thesis. 

In Chapter I, studies on morphological and chemical characterizations on 

different graphene oxide (GO) and reduced graphene oxide (rGO) produced by 

Hygraner srl. are reported. Moreover, an eco-friendly solvent for liquid-phase 

exfoliation of 2D materials is reported. This last part was published in 

‘Sustainable liquid-phase exfoliation of layered materials with non-toxic 

Polarclean solvent’ (V. Paolucci, G. D'Olimpio, et al., ACS Sustainable 

Chemistry & Engineering, 2020). 

Chapter II has been published in: ‘Transition-metal dichalcogenides with 

type-II Dirac fermions: Surface properties and application capabilities’ (G. 

D’Olimpio, Riv. del Nuovo Cim. C, 2020, Vol. 43, Issue 4-5, 113); ‘PdTe2 

Transition‐Metal Dichalcogenide: Chemical Reactivity, Thermal Stability, and 
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Device Implementation’ (G. D’Olimpio et al, Adv. Funct. Mater. 2020, 30, 

1906556); ‘Transition‐Metal Dichalcogenide NiTe2: An Ambient‐Stable Material 

for Catalysis and Nanoelectronics’ (S. Nappini, D. W. Boukhvalov, G. D'Olimpio, 

et al., Adv. Funct. Mater. 2020, 2000915). In these works, I have prepared and 

characterized the samples by XPS, Raman and AFM techniques, to study the 

surface chemical properties and the ambient stability of the materials for a 

successively device implementation. 

Chapter III has been published in: ‘Charge Redistribution Mechanisms in 

SnSe2 Surfaces Exposed to Oxidative and Humid Environments and Their 

Related Influence on Chemical Sensing’ (G. D’Olimpio, et al., J. Phys. Chem. Lett.  

2020, 11, 9003-11); ‘Enhanced Electrocatalytic Activity in GaSe and InSe 

Nanosheets: The Role of Surface Oxides’ (G. D'Olimpio, et al., Adv. Funct. Mater. 

2020, 2005466). In these works, I have prepared and characterized the samples by 

XPS, LEEM and EELS spectroscopies. For the SnSe2 I have studied the charge 

redistribution at the SnO2-SnSe2 heterojunction in both oxidative and humid 

environments. In the case of GaSe I have studied the enhancement of the 

performance in electrochemistry after exfoliation. 

 

During the PhD Program several papers were published as follows: 

1. G. D’Olimpio, et al. Charge Redistribution Mechanisms in SnSe2 Surfaces 

Exposed to Oxidative and Humid Environments and Their Related Influence on 

Chemical Sensing, J. Phys. Chem. Lett.  2020, 11, 9003-11. 

2. G. D’Olimpio, Transition-metal dichalcogenides with type-II Dirac fermions: 

Surface properties and application capabilities, Riv. del Nuovo Cim. C, 2020, Vol. 

43, Issue 4-5, 113. 

3. G. D'Olimpio, et al., Enhanced Electrocatalytic Activity in GaSe and InSe 

Nanosheets: The Role of Surface Oxides, Adv. Funct. Mater. 2020, 2005466. 

4. G. D'Olimpio, et al., PdTe2 Transition‐Metal Dichalcogenide: Chemical 

Reactivity, Thermal Stability, and Device Implementation, Adv. Funct. Mater. 

2020, 30, 1906556. 
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5. G. D'Olimpio et al., Catalytic activity of PtSn4: Insights from surface-science 

spectroscopies, Appl. Surf. Sci. 2020, 145925. 

6. G. D’Olimpio, La Fabbrica dei Materiali di Dirac , SIF Prima Pagina 2020 

January, N.73, url: https://www.primapagina.sif.it/article/1064/la-

fabbrica-dei-materiali-di-dirac#.X2tm8oupWDQ. 

7. V. Paolucci, G. D’Olimpio, et al. Sustainable Liquid-Phase Exfoliation of 

Layered Materials with Nontoxic Polarclean Solvent. ACS Sustainable 

Chemistry & Engineering. 2020, https://doi.org/10.1021/acssuschemeng.0c04191. 

8. S. Nappini, D. W. Boukhvalov, G. D'Olimpio, L. Zhang, B. Ghosh, C. N. 

Kuo, H. Zhu, J. Cheng, M. Nardone, L. Ottaviano, Transition‐Metal 

Dichalcogenide NiTe2: An Ambient‐Stable Material for Catalysis and 

Nanoelectronics, Adv. Funct. Mater. 2020, 2000915. 

9. D. W. Boukhvalov, V. Paolucci, G. D’Olimpio, C. Cantalini, A. Politano, 

Chemical reactions on surfaces for applications in catalysis, gas sensing, 

adsorption-assisted desalination and Li-ion batteries: opportunities and 

challenges for surface science, Physical Chemistry Chemical Physics 2020. 

10. V. Paolucci, G. D’Olimpio, C.-N. Kuo, C. S. Lue, D. W. Boukhvalov, C. 

Cantalini, A. Politano, Self-Assembled SnO2/SnSe2 Heterostructures: A 

Suitable Platform for Ultrasensitive NO2 and H2 Sensing, ACS Appl. Mater. 

Interfaces 2020, 12, 34362. 

11. D. W. Boukhvalov, A. Marchionni, J. Filippi, C.-N. Kuo, J. Fujii, R. Edla, S. 

Nappini, G. D'Olimpio, L. Ottaviano, C. S. Lue, Efficient hydrogen evolution 

reaction with platinum stannide PtSn4 via surface oxidation, J. Mater. Chem. A 

2020, 8, 2349. 

12. S. Palleschi, G. D’Olimpio, P. Benassi, M. Nardone, R. Alfonsetti, G. 

Moccia, M. Renzelli, O. Cacioppo, A. Hichri, S. Jaziri, On the role of nano-

confined water at the 2D/SiO2 interface in layer number engineering of exfoliated 

MoS2 via thermal annealing, 2D Materials 2020, 7, 025001. 

https://www.primapagina.sif.it/article/1064/la-fabbrica-dei-materiali-di-dirac#.X2tm8oupWDQ
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Chapter 1  

1Graphene Oxide 

 Introduction 

Nowadays, graphene oxide (GO) and graphene have moved towards large-

scale industrial production. Formerly, GO was thought as a precursor of 

industrial produced graphene [1], while now GO itself represents the final 

production. As a matter of fact, GO displays peculiarities with high technological 

potential, such as tuneable optoelectronic properties [2], mechanical strength [3], 

high solubility [4] and photocatalytic properties [5, 6]. Moreover, both GO and 

reduced GO (rGO) find applications in electro-optical [7-9], gas sensing devices [10, 

11] and gas barriers [12], drug delivery [13], photocatalysis [14], supercapacitors [15] and 

as composite material for anti-corrosion application [16]. 

Basically, GO is a two-dimensional graphene-based system showing 

functional groups with carboxyl (OH), carboxylic (O=C-OH) and carbonyl (O=C) 

groups and with high abundancy (~5% of surface area) of defects sites. Clearly, 

the concentration of defects, as well as the ratio of functionalized groups, are 

strongly related to the production method of GO and the related post-exfoliation 

process. 

In this chapter, the characterization of industrially produced GO and rGO is 

reported Moreover, the identification of on eco-friendly and non-toxic solvent 

(e.g., Polarclean) for liquid-phase exfoliation of layered materials is described. 

Experimental tools were SEM, AFM, Raman, UV-VIS and XPS techniques. 
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Methods 

Synthesis of graphene oxide.  Graphene oxide was prepared by a 

modified Hummers method[17]. The lateral size of the graphene oxide sheets was 

tuned by jet mill fragmentation process. 

SEM. Scanning electron microscopy (SEM) was performed using a Zeiss 

Gemini500SEM system. The flake area has been determined with the best 

possible accuracy with a pixel counting procedure. The corresponding flakes size 

has been determined as: 

 

𝑠𝑖𝑧𝑒 = √
4 ∙ 𝑓𝑙𝑎𝑘𝑒 𝑎𝑟𝑒𝑎

𝜋
 

 

XPS. XPS was carried out with a PHI 1257 spectrometer equipped with a 

monochromatic Al Kα source (hν =1486.6 eV). The different GO solutions were 

spin coated on 100 nm Au(100)/Si(111) substrate in order to perform XPS 

analysis. The acquired XPS spectra were fitted with Voigt line shapes and Shirley 

backgrounds. 

AFM. AFM images were acquired in air in tapping mode using a Veeco 

Digital D5000 system. The microscope was equipped with silicon tips with spring 

constant of 3 N/m and resonance frequencies between 51 and 94 kHz. 

STEM. STEM investigation was performed with a JEOL ARM200F Cs-

corrected microscope, equipped with a cold-field emission gun with an energy 

spread of 0.3 eV and operating at 60 keV. The probe size was 1.1 Å at 60 kV. 

Micrographs were acquired in BF and in Z-contrast mode by HAADF. 

UV-Vis. Optical absorption spectra of graphene were measured by using a 

UV-Vis spectrometer (Perkin Elmer, Lambda 750) with a 1 cm quartz cuvette. 
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Results and discussion 

Morphological analysis 

In this section it is showed a morphological analysis of the different industrial 

produced GO flakes. 

In order to tune the flake size, the GO solution has been processed at different 

time intervals. Atomic force microscopy and X-ray spectroscopy analysis were 

performed to have a complete picture on the effect of the jet mill on the GO. 
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Figure 1.1: Optical microscope, (a) GO with a lateral size distribution of 10 µm, after 10 

minutes of exfoliation process. (b) GO with a lateral size distribution of 0.4 µm, after 30 

minutes of exfoliation process. 

Optical analysis revealed that the fragmentation of the starting material for 

different times clearly reduce the dimension of the graphitic planes (Figure 1.1). 

The lateral size distribution was then obtained by performing a statistical 

analysis of several optical images. The flake size distributions of the two GO 

samples were fitted by a log-normal model, which typically occurs in random 

fragmentation phenomena. The solution of 10mins-GO contained large flakes 

with an average lateral size of about 6 μm, while the sample 30mins-GO 
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contained GO planes with dimensions around 0.3 μm. 

 

Figure 1.2: (a) and (b) analysis of lateral size distribution of GO flakes exfoliated for 10 

and 30 minutes, respectively. 

AFM images are reported in Figure 1.3 showing a homogenous dispersion of 

GO sheets. 

 

 

Figure 1.3: AFM images of exfoliated GO. (a) 10 minutes (b) 30 minutes of exfoliation 

process. 

In Figure 1.3 it is shown the different thickness of GO flakes in function of the 

exfoliation time process. After 10 minutes of exfoliation the average height 

distribution is 4 nm, while for the 30mins-GO is 1.5 nm. 

The type and the level of oxygenated species on the two different GO samples 

were assessed by XPS analysis. In this section the XPS analysis is briefly reported 

to see if the sonication induces chemical changing on GO. The XPS C 1s core level 
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spectra are displayed in Figure 1.4. 

 

Figure 1.4: C 1s XPS core level spectra of different GO solutions. The fitting analysis 

reports the various components in the spectra assigned to different typical functional 

groups of GO. 

The spectra were deconvoluted in four components. At the BE of 284.7 eV we 

have the aromatic rings and hydrogenated carbon (C=C/C-C, C-H), at 286.9 eV 

the epoxy groups (C-O-C), at 288.2 eV carbonyl groups (C=O) and at 289.3 eV 

carboxyl groups (C=O(OH)) [18]. After a quantitative analysis of the above-

mentioned components for the different spectra, no substantial variations were 

found. The spectral weight of the different components was: C=C/C-C 47%, C-O-

C 37%, C=O 15%, and C=O(OH) 1%. 

Spectroscopic analysis as a function of GO reduction 

degree 

In this section it is reported a systematic XPS investigation of GO as a function 

of its reduction degree. GO is reduced by thermal annealing in furnace. This 

reduction method is advantageous since it does not introduce extrinsic chemical 



7 

 

modification in the system under analysis. 

Figure 1.5 reports the C 1s X-ray photoemission core level spectra measured 

on GO/Au(100) as a function of the annealing temperature. The resulting 

quantitative estimate of the C/O ratio is reported in the inset of Figure 1.6 (full 

circles). This value monotonically rises from 2.0 (pristine GO) to 8.0 (GO annealed 

at 670 °C). This is a clear indication of GO reduction under thermal treatment [19, 

20]. 

 

 

Figure 1.5: Core level C-1s XPS spectra of GO/Au(100) as a function of the annealing 

temperature. C-1s spectra are fitted by the sum of five components: C=C/C-C (C-H) 

(284.6-284.9 eV), C-OH (285.9 eV), C-O-C (286.9 eV), C=O (288.2 eV), C=O(OH) (289.3 

eV), and the π-π* shake-up component (290.6 eV). 

A lot of information can be reached from a detailed analysis of the C 1s core 

level spectra. The C 1s spectra are all fitted by five components assigned to: 

aromatic rings and hydrogenated carbon ( C=C/C-C, C-H) at the BE = 284.6-284.9 
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eV, hydroxyl groups (C-OH) at BE = 285.9 eV, epoxy groups (C-O-C) at BE = 286.9 

eV, carbonyl groups (C=O) at BE = 288.2 eV, and carboxyl groups (C=O(OH)) at 

BE = 289.3 eV [1, 18, 21]. 

The relative abundances of each component of the C 1s spectra are 

summarized in the graph of Figure 1.6 as a function of the annealing temperature. 

 

Figure 1.6: Relative weights of the C 1s spectral components as a function of the 

annealing temperature.  

The abundance curves show that, as a consequence of thermal annealing, all the 

groups containing oxygen tend to disappear, unlike those containing carbon 

only, indicating a loss of oxygen in favor of sp2 carbon domains formation (the sp2 

carbon content of 39% in pristine GO increases up to 84% at 600 °C annealing 

temperature). The data are in agreement with those reported in Ref. [19]. In 

particular, the sp2 carbon content approaches 80% at about 350 °C.  

All these evidences point to the same conclusion that a thermal annealing 

above 350 °C is not effective in improving the crystalline quality of the graphene 

patches in GO. Above the temperature of 350 °C the oxygen desorption is clearly 

accompanied by the introduction of topological defects. Note that all the C atoms 

in such defects exhibit local sp2 hybridization and, accordingly, the XPS analysis 

exhibits a monotonic increase of the sp2 content as a function of the thermal 

annealing (see Figure 1.6). In summary the GO thermal reduction is efficient up 

to moderate temperatures (350 °C) but beyond these temperatures the process 

starts to backfire. 
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Polarclean: an eco-friendly solvent for liquid-phase 

exfoliation 

Liquid-phase exfoliation (LPE) [22-26] offers high-quality dispersions of 2D 

materials exfoliated from their bulk counterparts and dispersed in solvents 

enabling further processing [22-26]. Definitely, a suitable solvent for LPE should 

minimize the energy input required to overcome the van der Waals forces for 

effective sheets separation [23-26]. For the specific cases of graphene and transition-

metal dichalcogenides, NMP and, N,N-Dimethylformamide (DMF) are the most 

diffusely used solvents [22]. Nevertheless, recently, both NMP and DMF have been 

placed on the list of Substances of Very High Concern (SVHC) [27], which is the 

first step for introducing restrictions over the use of substances or their import to 

Europe, according to the European REACH regulation [28]. In particular, NMP has 

been already classified as a reproductive toxin [29], mainly owing to its amide 

functionalities. 

Therefore, it is becoming mandatory to search for a green alternative to these 

traditional aprotic solvents. 

We assess the performance of methyl-5-(dimethylamino)-2-methyl-5-

oxopentanoate (Rhodiasolv® Polarclean, CAS: 1174627-68-9) as a polar solvent 

[30] for sonication-assisted LPE of layered materials. Polarclean (C9H17NO3) has no 

detectable toxicity for doses as high as 1000 mg/kg/day; its water solubility is 

higher than 490 g/l at T=24°C; and it is biodegradable and not mutagenic [31]. Only 

CO2 is released upon combustion or thermal decomposition [31]. 

Currently, Polarclean is mostly used for solubilization of agrochemicals, as 

well as for crop protection and animal nutrition [32]. Recently, the use of 

Polarclean has been extended to the production of polymeric membranes for 

ultrafiltration [33], the synthesis of bio‐based aliphatic polyurethanes [34], 

dimerization of abietic acid [35], and for copper-catalyzed azide–alkyne 

cycloaddition [36]. Its dynamical viscosity (9.78 cP at T=23°C [31]) makes Polarclean 

an ideal candidate for ink-jet printing of 2D materials-based devices, for which 

the low dynamical viscosity of state-of-the-art solvents DMF and NMP (<2 cPa) 

jeopardizes the jetting performance [37]. 
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Figure 1.7: (a) Representative SEM image of isolated exfoliated flakes of graphene. (b) 

and (c) statistical analysis of lateral size and thickness of graphene flakes. 

Concerning the exfoliation of graphene nanosheets with Polarclean, the 

distribution of lateral size reaches an average value of 10 µm (Figure 1.7), which 

is one of the largest reported so far for LPE of graphite [12,19]. The corresponding 

Raman spectrum (Figure 1.8) displays D and G bands at 1331 and 1581 cm-1. We 

remind that, while the G peak arises from E2g optical phonon of graphene [38], the 

D band is originated by breathing modes of six-atom rings and requires a defect 

for its activation [39]. Therefore, the I(D)/I(G) ratio is a widely recognized probe of 

structural defects in the graphene sheet [40]. Notably, the ratio of the intensity of 

D and G Raman-active bands in few-layers graphene exfoliated through 

Polarclean is I(D)/I(G) = 0.07 ± 0.01. 

Definitely, we estimate a density of defects as low as (8 ± 2)·109 cm-2 (see 

Appendix A for detailed calculation), which is consistent with the high 

crystalline order of exfoliated graphene flakes (without evidence of defects) 

imaged by HR-TEM in Figure 1.9. For the sake of comparison, from the I(D)/I(G) 

analysis in Raman spectra (Figure 1.8), we also estimated the density of defects 

for graphene exfoliated with NMP [41, 42] and Cyrene [42], solvents, finding values 

of (6 ± 2)·1010 and (5 ± 2)·1010 defects·cm-2, respectively. Evidently, graphene flakes 

exfoliated with Polarclean exhibit a density of defects inferior by 

approximatively one order of magnitude with respect to LPE assisted by other 

solvents. 
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Figure 1.8: Raman spectrum for graphene exfoliated with Polarclean solvent (red curve). 

For the sake of comparison, we also report Raman spectra for NMP- (brown curve) and 

Cyrene-assisted (green curve) LPE exfoliated of graphene and, moreover, bulk graphite 

(black curve). 

The analysis of the intensity of the D' band can provide further indication on 

the density of defects. Similarly to the D band, the D' mode is a double resonance 

originated by the transverse optical (TO) phonons around the K or K′ points in 

the first Brillouin zone and it is activated by defects, although it involves an 

intravalley rather than intervalley process [40]. Remarkably, the intensity of D' 

band at 1615 cm-1 is suppressed for the case of Polarclean-assisted LPE of 

graphene, in contrast with the case of other solution processing methods (Figure 

1.8). 
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Figure 1.9: (a) Low-magnification HAADF-STEM image of a graphene flake exfoliated 

with Polarclean; (b) high magnification HAADF-STEM image of one edge of exfoliated 

graphene flake. 

In Figure 1.9 HAADF–STEM images are reported, confirming the presence of 

large-area graphene flakes, with a lateral size exceeding 10 µm, with outstanding 

crystalline quality and minimized number of defects. Typically, defects in 

graphene structure can be imaged by using HR-TEM [43], but we were unable to 

detect defects in HR-TEM images of our liquid-phase exfoliated graphene 

nanosheets, consistently with the particularly low value (0.07 ± 0.01) of the 

I(D)/I(G) ratio measured by Raman spectroscopy. The inspection of a 

characteristic AFM image (Figure 1.10a) confirms the occurrence of large-area 

graphene flakes with a terraced structure, as evidenced by the analysis of the 

height profile. Finally, we measured the absorption spectrum of Polarclean-

exfoliated graphene dispersion (Figure 1.10b). The observation of the π→π* 

transition [44] around 265 nm ensures the absence of modifications in the band 

structure of exfoliated graphene nanosheets. 



13 

 

 

Figure 1.10: (a) AFM image of a graphene flake exfoliated with Polarclean. (b) UV-VIS 

spectrum of the dispersion of graphene flakes exfoliated with Polarclean. 

Conclusions 

In conclusion, a systematic fundamental study of GO as a function of its 

reduction degree tuned via thermal annealing in the temperature range from RT 

to 670 °C was performed. Samples were investigated with OM, AFM and XPS. 

XPS analysis has revealed that the sonication has not changed the chemical 

composition of the GO and a rationale is given. 

In a technical point of view GO could be reduced at temperatures between 

300-350 °C and then commercialized. Thus, a decrease of reduction temperature 

could save money and time that are fundamental for the profits of the company. 

The final applications of different type of GO, rGO and graphene are to 

improve the: (i) adhesion between materials; (ii) electrical, thermal, or 

photoconductivity of materials; (iii) resistance to certain chemical agents; (iv) 

mechanical performance; (v) impermeability to certain fluids. 

Additionally, we demonstrate that Polarclean represents a unique green 

candidate solvent for large-scale and scalable production of functional inks based 

on 2D materials, which naturally enables expanding the use of 2D materials in 

several application fields. 
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Chapter 2  

2Transition metal dichalcogenides: 

NiTe2 and PdTe2 

Introduction 

Transition-metal dichalcogenides (TMDCs) are attracting a considerable 

attention[1], for their intriguing applications capabilities in optoelectronics [2-10], 

catalysis [11, 12], gas separation [13, 14] and desalination [15], arising from their 

peculiarities, often complementary to those of graphene [16-28]. 

Especially, the interest toward a specific class of TMDCs constituted by NiTe2, 

PdTe2 and PtTe2 is further motivated by the existence of bulk type-II Dirac 

fermions, arising from a tilted Dirac cone [29]. Recently, type-II Dirac fermions 

have been experimentally observed in PtTe2 [30, 31], PdTe2 [32, 33] and NiTe2 [34]. To 

take advantage of their extraordinary technological potential, the assessment of 

their chemical and thermal stability is crucial [35]. Chemical and thermal stability 

represent crucial bottlenecks in the prospect of technological exploitation of 

materials “beyond graphene” [36-38]. Definitely, chemical instability is usually 

associated to the chemical reactivity of the surface [39] and to presence of intrinsic 

[40] or extrinsic [39] defects. These aspects discriminate between materials with 

rapid surface degradation [41, 42] or ambient-stable [43-46]. 

Usually, as-cleaved surfaces of TMDCs have a surface termination 

constituted by an atomic layer of chalcogens[45]. The lone pair electrons of 

chalcogen atoms play a pivotal role in surface stability [47]. Correspondingly, the 

minimized amount of chalcogen vacancies is important for surface protection 
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from unwanted reactions with environmental species, especially surface 

oxidation [45, 48-54]. 

Thermal stability is also crucial for industrial use of TMDCs, considering that 

TMDC-based electronic devices will be subjected to heating caused by current 

flow, light absorption, etc. In particular, thermal stability is evidently essential 

for high-temperature electronic devices, which are present in combustion 

systems, air stagnation points in supersonic aircraft, vehicle brakes, nuclear 

reactors, and industrial processes [55]. Furthermore, thermal stability is mandatory 

for successful use in (i) distillation for seawater desalination [56], (ii) crystallization 

processes [57] and (iii) thermoelectricity [58]. Nevertheless, in many cases TMDCs 

are thermally unstable with heating-induced modifications in the electron 

mobility [59], self-healing of vacancy defects [60] or loss in stoichiometry, due to the 

desorption of chalcogen atoms at temperature as low as 470 K for MoS2 [61].  

Recently, atomically thin layers of PdTe2 [62] were proposed as thermoelectric 

materials with predicted ZT values as high as 1.18 [62], comparable with values for 

state-of-the-art thermoelectric materials as Bi2Te3 [63]. Moreover, PdTe2 has also 

attracted great interest in consideration of the presence of type-II Dirac fermions 

[33, 64] and for the observation of superconductivity [32, 33, 65, 66]. 

In this chapter the study of the chemical and thermal stability of these 

materials through experiments by X-ray photoelectron spectroscopy (XPS), 

atomic force microscopy (AFM) and high-resolution electron energy loss 

spectroscopy (HREELS) is reported.  

It is shown that the Te termination in an oxygen-rich environment (as in 

ambient atmosphere) evolves in a sub-nanometric passivation layer of TeO2, 

which saturates in a few minutes and remains stable in a timescale extended up 

to one year. The formation of tellurium-oxide phases is favored in the presence 

of Te vacancies. Ambient-stable PdTe2 was employed to fabricate millimeter-

wave receivers, which show negligible changes in responsivity in a timescale of 

1 month, even without encapsulation of the active channel. Correspondingly, 

NiTe2-based devices show current–voltage characteristics with negligible 

changes over a timescale of one month. Moreover, PdTe2 and NiTe2 represent 

good candidates for perfectly CO-tolerant electrodes for electrocatalysis [67, 68]. 
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Methods 

Computational method and model . The atomic structure and energetics 

of various configurations of various gases adsorbed on NiTe2 and PdTe2 were 

studied by DFT using the QUANTUM-ESPRESSO code [69] and the GGA-PBE + 

van der Waals approximation. Energy cutoffs of 25 and 400 Ry for the plane-

wave expansion of the wave functions and the charge density, respectively, and 

the 4×4×3 Monkhorst-Pack k-point grid for the Brillouin zone sampling were 

used [70]. For modeling the NiTe2 and PdTe2 surface, a slab of three layers was 

used, respectively. The presence of the Te vacancies in the top layer of PdTe2 was 

also considered. The formation of the single vacancy corresponds to PdTe1.88 for 

the outermost surface layer.  

Physisorption enthalpies were calculated by the standard formula:  

∆H phys = [Ehost+mol - (Ehost + Emol)]  

where E host is the total energy of the pristine surface, and Emol is the energy of a 

single molecule of the selected species in an empty box. For the case of 

physisorption, we also evaluated the differential Gibbs free energy by the 

formula: 

∆G = ∆H - T∆S 

where T is the temperature and ∆S is the change of entropy of the adsorbed 

molecule. The entropy was estimated considering the gas to liquid transition by 

the standard formula: 

∆S = ∆Hvaporisation/T 

 where ∆H vaporization is the measured enthalpy of vaporization. 

Single-crystal growth.  Single crystals of NiTe2 and PdTe2 were grown 

using the Te flux method. The starting mixtures were made by Ni powder 

(99.99%) and Te ingots (99.9999%) in ratio 1:8 for NiTe2 , Pd sheet (99.9%) and Te 

powder (99.9999%) ratio 1:2 for PdTe2; each mixture were sealed under vacuum 

in a quartz tube. The flat surface of the crystal corresponds to the (001) plane. The 
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crystal structure and phase purity of the as-grown crystals were identified by X-

ray diffraction (XRD) (Bruker D2 PHASER) using Cu Kα radiation and Laue 

diffraction (Photonic Science) at room temperature. 

Raman spectroscopy.  Micro-Raman spectra were acquired at room 

temperature by using a LABRAM spectrometer with a 1800 lines/mm diffraction 

grating equipped with a He–Ne laser source (λ = 632.8 nm) and an optical 

microscope with a 100x MPLAN with numerical aperture of 0.9. The laser spot 

cross diameter is ∼ 2 µm. The system operates in a back-scattering configuration. 

AFM. AFM images were acquired with a Digital D5000, Veeco system 

operating in Tapping-mode. The resonance frequency of the tip is 75 kHz. 

HREELS.  Vibrational experiments were carried out at room temperature 

with a Delta 0.5 spectrometer (Specs GmbH, Germany). The experimental 

resolution is 3-4 meV. 

Synchrotron radiation spectroscopies.  XPS measurements were carried 

out on the CNR BACH beamline at Elettra Sincrotrone in Trieste (Italy) for NiTe2 

and at the High-Energy branch of the Advanced Photoelectric Experiments 

beamline (APE-HE) of the Elettra Synchrotron, Trieste, Italy for PdTe2. The 

sputtering of PdTe2 was performed at room temperature, using Ar+ ions with an 

impinging energy of 1 keV. The Ar+ flux was 1013 ions cm-2 s-1. Under our 

experimental conditions, we had any evidence of beam-induced damage even 

after long-time exposure to synchrotron light. 

Device Fabrication.  Thin NiTe2 flakes (with thickness around 70 nm) were 

obtained by mechanical exfoliation from bulk crystals and quickly transferred 

onto a 300 nm SiO2/Si substrate. Electrodes were then patterned by ultraviolet 

lithography with a AZ5214 developer. Finally, 5 nm Cr/70 nm Au contacts were 

prepared using electron-beam evaporation. The current–voltage characteristics 

of the fabricated devices were recorded at room temperature using an Agilent 

B2912A Semiconductor Analyzer. 

The PdTe2-based millimeter-wave detector was fabricated by electron beam 

lithography and electron beam evaporation. Photocurrent experiments were 

performed by using a lock-in amplifier (LIA) after a low-noise voltage 

preamplifier. The current–voltage characteristics were measured by using 

B2912A Semiconductor Analyzer. 
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Results and discussion 

PdTe2 and NiTe2 crystallize in the CdI2-type trigonal (1T) structure with P-

3m1 space group (No. 164), sketched in Figure 2.1 panels (a) and (b). Each 

transition metal atom at the basal plane is surrounded by six Te atoms, forming 

Ni(Pd)Te6 octahedra. As-cleaved sample of PdTe2 show a low-energy electron 

diffraction (LEED) pattern with sharp spots against a low background, indicating 

high crystalline quality of the as-cleaved surface (Figure 2.1d). Crystalline quality 

was also assessed by X-ray diffraction (XRD) Figure 2.1c. Also, for NiTe2 

crystalline quality was assessed by XRD and LEED Figure 2.1e-f (details of the 

XRD in Appendix B). Moreover, the absence of contamination was confirmed by 

an X-ray photoelectron spectroscopy (XPS) survey scan of the as-cleaved samples 

(Figure A.2 Figure A.3). Figure 2.1g shows two Raman active bands at around 84 

and 140 cm−1. These modes are assigned to Eg and A1g phonons, respectively. 

(Further information on the identification of Raman peaks in the Appendix C). 

 

Figure 2.1: (a) Side and (b) top views of the atomic structure of Pt, Pd, NiTe2. Grey balls 

denote Pd or Ni atoms, while green balls represent Te atoms. (c) The XRD pattern of 

single crystals of PdTe2, taken with Cu Kα. The inset shows the photo of grown single-

crystal samples. d) The LEED pattern of PdTe2, measured with a primary electron beam 
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energy of 68 eV. (e) The XRD pattern of single crystals of NiTe2, taken with Cu Kα. The 

inset shows the photo of grown single-crystal samples. (f) The LEED pattern of NiTe2, 

measured with a primary electron beam energy of 84 eV. (g) The Raman spectrum of 

NiTe2 single crystal acquired at room temperature with laser λ = 632.8 nm. 

Surface Chemical Reactivity . To evaluate the stability and the chemical 

reactivity of NiTe2 and PdTe2, we modelled the energetics of the adsorption and 

decomposition of various gases on their surfaces (see Table I). 

For NiTe2 and PdTe2 the differential Gibbs free energy ∆G for adsorption of 

molecular oxygen at room temperature is negative (-43.4 and -55.49 kJ/mol, 

respectively), thus indicating that its adsorption is energetically favorable. 

Decomposition of the adsorbed O2 molecules is favorable for the case of oxygen 

for both NiTe2 and PdTe2 (-112.3 and -94.4 kJ/mol, respectively). Concerning 

water adsorption, it is energetically unfavorable at room temperature for both 

surfaces, as indicated by the positive values of ∆G +3.1 and +11.9 kJ/mol, 

respectively. 

It is also particularly relevant to assess the energetics for CO chemisorption. 

As a matter of fact, Ni-based alloys are usually affected by the problem of CO 

poisoning at room temperature [67]. Moreover, the absorption of carbon monoxide 

is energetically unfavorable for both NiTe2 and PdTe2, with ∆G values of +4.9 

kJ/mol and +9.45 kJ/mol, respectively.  

Table I: Differential enthalpy ∆H and differential Gibbs free energy ∆G of adsorption of 

CO, H2O and O2 at room temperature on pristine NiTe2, PdTe2, NiTe1.88 and PdTe1.88 

surfaces, respectively and their related decomposition energy. 

Surface 
Chemical 

species 
Physisorption Decomposition 

  H [KJ/mol] G [KJ/mol] H [KJ/mol] 

NiTe2 CO -14.4 +4.9 - 

 O2 -54.6 -43.3 -112.3 

 H2O -28.8 +3.1 +169.9 

NiTe1.88 CO -85.9 -66.3 - 

 O2 -117.4 -106.1 +9.7 

 H2O -15.0 +16.3 +151.7 
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PdTe2 CO -9.9 +9.4 - 

 O2 -66.7 -55.4 -94.4 

 H2O -19.3 +11.9 +131.4 

PdTe1.88 CO -9.4 +9.9 - 

 O2 -53.7 -52.4 -92.2 

 H2O -20.2 +11.0 +167.6 

 

Thus, NiTe2 and PdTe2 are not affected by CO poisoning, thus suggesting their 

potential use as electrode materials for electrocatalysis [67, 68]. The impact of Te 

vacancies on surface chemical reactivity has been also assessed. The presence of 

the vacancies was considered in the top layer. In particular, the adsorption of 

molecular oxygen becomes favorable for NiTe1.88 (∆G= -212.1 kJ/mol, ∆G= -106.1 

kJ/mol) with respect to the pristine surfaces of and NiTe2, while no substantial 

changes between PdTe1.88 and PdTe2 exist. 

The decomposition of oxygen is favorable for PdTe2 (∆H = -94.4 kJ/mol), while 

for NiTe2 it is energetically unfeasible (∆H = +9.7 kJ/mol). Notably, water splitting 

is energetically unfavorable on all surfaces. 

To evaluate the effect of a larger concentration of vacancies, we also 

considered two Te vacancies in the top layer (PdTe1.73). We considered various 

locations of the second Te vacancy, finding that the most energetically favorable 

position is in the nearness of the first vacancy, detail in ref. [71]. 

To validate the theoretical results, we carried out experiments using several 

surface-science techniques. Each of these probes a different property of the 

material, so that the combination of tools provides a comprehensive 

understanding of the surface physicochemical properties. 

To assess the surface chemical reactivity of NiTe2 and PdTe2, we performed 

high-resolution X-ray photoelectron spectroscopy (XPS) experiments (Figure 2.2 

and Figure 2.4). 
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Figure 2.2: Core-level spectra of (a) Ni-2p and (b) Te-3d for as-cleaved NiTe2 and for the 

same surface exposed to CO, H2O and O2 at 2·104 L (1 L = 1.33 × 10−6 Torr·s), respectively. 

Core-level spectra of (c) Ni-2p and (d) Te-3d for as-cleaved, 5 min in air, 20 h in air and 

41 h in air on NiTe2, respectively. The photon energy is 1000 eV. 

We focused on the evolution of core levels upon various treatments. In Figure 

2.2 we show the Ni-2p and Te-3d core level for the as-cleaved and the same 

surface after the exposure toward different gases. The Ni-2p core levels are 

practically unchanged upon CO dosage. Similarly, H2O exposure just attenuates 

the signal by 60% but without the emergence of novel features, thus excluding 

any water adsorption at Ni sites. No changes in the Te-3d spectrum after CO 

exposure. Conversely, a new component at 573.4 eV, ascribed to the formation of 

the Te(0) species [72], appears in the Te-3d spectra after H2O exposure. The analysis 
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of O-1s spectra (Figure 2.3) indicates the absence of oxygen species in the CO-

dosed sample, confirming the inertness of NiTe2 surface toward CO. Conversely, 

the O-1s core level of H2O-dosed sample shows the presence of hydroxyl groups 

and molecular water [73-76]. For the O2-dosed surface, the O-1s spectrum confirms 

the formation of an oxide species. 

 

Figure 2.3: (a)Core-level spectra of O-1s for as-cleaved NiTe2 and for the same surface 

exposed to CO, H2O and O2, respectively. (b) Core-level spectra of O-1s for NiTe2 

surface kept in air for 5 min, 30 min, 20 h and 41 h, respectively. The photon energy is 

596 eV. 
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Figure 2.4: (a-b) Te-3d and Pd-3d core levels for pristine, as-cleaved surface of PdTe2 and 

for its modification upon O2 dosage (105) and air exposure. Panels (c-d) report the same 

for defected (PdTe1.7). The photon energy is 800 eV and the spectra are normalized to the 

maximum. 

From the analysis of PdTe2 XPS spectra in Figure 2.4, we infer that the as-

cleaved undefected surface of PdTe2 are inert toward oxygen exposure up to 106 

L (1 L = 1.33 × 10−6 Torr·s). In fact, the Te-3d core level is unchanged for PdTe2 

(Figure 2.4 (a,b)) [45]. 

Different behavior is found in O2-dosed NiTe2. The intensity of the Ni-2p level 

is reduced by 42% with the emergence of a new component at 855.5 eV (BE), 

which is related to Ni-O bonds [77]. Correspondingly, new components of Te-3d 

appear at higher BEs. The appearance of novel components located at 576.0 and 

575.1 eV can be ascribed to the formation of TeO2 and TeOx [72, 78, 79]. The effects of 

CO, O2 and H2O gas exposure on the electronic properties of NiTe2 were also 

assessed by measuring valence-band spectra (Figure 2.5a). The consistency of 

these spectra demonstrates that the electronic properties are negligibly affected 
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by gas exposure. 

 

 

Figure 2.5: (a) Valence band for as-cleaved NiTe2 and for the same surface exposed to 

CO, H2O and O2, respectively. The photon energy is 596 eV and the spectra are 

normalized to the maximum. (b) Vibrational spectra after having saturated with CO the 

surfaces of NiTe2 (001), PtTe2 (001), Ni(111), Pt3Ni(111) and Pt(111). The saturation has 

been reached at only 5, 10, and 8 L (1 L = 10−6 Torr·s) for Ni(111), Pt3Ni(111) and Pt(111). 

On the other hand, no CO-derived features are achieved even after exposure to 1010 L on 

NiTe2 (001) and PtTe2 (001). Specifically, the CO-derived features are the vibration of the 

whole CO molecule against the substrate at 50 meV and the intramolecular C-O 

stretching, whose energy depends on the adsorption site: 230 meV for three-fold site, 

selectively occupied on Ni [80], while it is minoritary on Pt3Ni(111) [67, 81] and Pt(111) [67], 

and 250 meV for the on-top adsorption site, majoritary on both Pt3Ni(111) and Pt(111). 

We directly assessed the problem by CO poisoning by exposing a NiTe2 

sample to CO by using the technique with highest sensitivity to CO adsorption, 

i.e. high-resolution electron energy loss spectroscopy (HREELS), due to the high 

oscillating dipole for the C-O intramolecular stretching [82-84]. Specifically, we 

dosed CO to (i) NiTe2 (001); (ii) Ni(111); (iv) Pt3Ni(111); and (v) Pt(111) surfaces, 

see Figure 2.5 b. Experiments were carried out in specular conditions to activate 

the dipole scattering regime. We obtain that, while Ni(111), Pt3Ni(111) and 

Pt(111) are poisoned by CO, as evidenced by the observation of C-O stretching 

and the CO-substrate vibrations, NiTe2 and PtTe2 are totally inert toward CO, 

even after prolonged CO exposure up to 1010 L. 
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Ambient stability . The as-cleaved NiTe2 and PdTe2 were also directly exposed 

to the atmosphere with the aim to assess their ambient stability as shown in 

Figure 2.2c-d and Figure 2.4c-d. For the case study of NiTe2, a few minutes of 

exposure in air are sufficient to create a passivation layer of TeO2 , whose 

thickness is estimated to be ∼ 7 Å by quantitative XPS [85, 86] (according to methods 

described in appendix E p.87). A prolonged exposure time (up to 2 days) does 

not induce further oxidation of the NiTe2 surface. Especially, the analysis of Te-

3d core levels after 5 minutes in air indicates the formation of only a slight 

amount of Te(0) species, together with TeOx and TeO2 species. The TeOx is 

converted in TeO2 over the time, while Te(0) remains constant. The TeO2 

component reached the maximum after 30 min in air and no further changes 

emerge over the time. Correspondingly, the Ni-2p core level displays a NiO 

component that reaches a maximum after 30 minutes, and no further changes 

were observed for a longer time exposure. Analysis of the O-1s core-level spectra 

(Figure 2.3b) indicates that the amount of surface oxide remains unchanged for 

exposure times longer than 30 minutes, while the intensity of the components 

related to adsorbed H2O and C-OH contamination [87, 88] increases with time. To 

evaluate the environmental stability, we also performed time-evolution atomic 

force microscopy (AFM) experiments on mechanically exfoliated flakes (Figure 

2.6). The evolution was followed on a timescale of up to 10 days. The AFM results 

demonstrate that exposure to the atmosphere does not change the morphology 

of the flakes, as confirmed by the height profile along a specific direction 

remaining constant with exposure (Figure 2.6c). 

 

 

Figure 2.6: Time evolution of AFM images of a  60 nm thick flake of NiTe2. Panel a) 
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shows the flake immediately after exfoliation, while panels b) shows the same flake after 

240 h in air. The dotted white lines indicate the path of the height profile shown in panel 

(c). 

In the case of PdTe2, we evaluated the thickness of the TeO2 skin after air 

exposure to be ∼ 3 Å after 10 min and ∼ 9 Å after 1 year (see Appendix E for 

detailed calculation). With the aim to evaluate the impact of Te vacancies, we 

have repeated experiments for a sample with implanted Te vacancies (PdTe1.7). 

However, any noticeable difference with the pristine, undefected sample is 

observed, except a faster oxidation kinetics. Precisely, the TeO2 skin is already 

∼5.8 Å after 10 minutes in air. We have also checked the influence of the oxidation 

on electronic structure of PdTe2 by measuring valence-band spectra (Figure 2.7). 

Upon oxidation we observe the appearance of a mode at a binding energy of  18 

eV, due to O-2s states in TeO2. Such a feature is observed as a weak component 

after a short-term exposure (10 min) to air (blue curve in Figure 2.7) and becomes 

an intense peak only in aged samples (kept in air for 1 year, green curve in Figure 

2.7). 

Figure 2.7: Valence-band spectra for the as-cleaved PdTe2 

surface (black curve) and for its modification upon O2 

dosage (105 L at room temperature, red curve), air exposure 

for 10 minutes (blue curve) and aging of one year in air 

(green curve), respectively. The photon energy is 400 eV. 

 

Also in this case time evolution of AFM images of 

mechanically exfoliated flakes (Figure 2.8) was 

followed on a timescale extended to one month. AFM 

results demonstrate that exposure to ambient 

atmosphere does not change the morphology of the 

flakes, as confirmed by the height profile along a 

specific direction remaining constant with exposure 

(Figure 2.8c).  
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Figure 2.8: Time evolution of AFM images of a ~100 nm thick flake of PdTe2. Panel (a) 

shows the flake immediately after exfoliation, while panel (b) displays the same flake 

after one month in air. The dotted white lines indicate the path of the height profile 

shown in panel (c). 

To confirm the air stability of NiTe2 and PdTe2 different devices were 

realized. 

For the NiTe2-based devices we realized a field-effect transistor, with the 

uncapped active channel of NiTe2 (Figure 2.9a-b). The output current versus 

voltage is reported in Figure 2.9c. NiTe2-based device shows a negligible (albeit 

noticeable) decay in the output current. Specifically, the current experiences drop 

from 2.42 to 2.35 mA at 100 mV (Figure 2.9c) within 9 days, which is less than 3% 

of the original value. Minimal changes should be ascribed to air-induced 

modifications to the metal-NiTe2 interface rather than the active channel, on the 

basis of the AFM (Figure 2.6) and XPS (Figure 2.2) aging experiments. For the 

sake of comparison, we note that in a similar FET fabricated with black 

phosphorus, the output current exhibits a decay by an order of magnitude in only 

two weeks due to surface oxidation in air [89].  

To further verify the air stability of the NiTe2 and PdTe2 nanodevices, a high-

frequency test was carried out to evaluate the generation-recombination noise 

associated with material degradation [90]. We tested the suitability of NiTe2 and 

PdTe2 for high-frequency electronics (Figure 2.9a-b and Figure 2.10a-b) and, 

specifically, for the buildup of the next wireless communication network at a high 

data rate. Explicitly, the device was subjected to electromagnetic radiation at a 40 

GHz carrier-wave frequency, which has been proposed by Global Mobile 

Supplier Association [91] as the hotspot for the next interconnected 
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communication system.  

For the NiTe2 and PdTe2 the output of the fabricated devices show a good 

repetition ability with sharp rise/fall times, closely following the coded digital 

signal Figure 2.9e and Figure 2.10f. The signal exhibits especially good 

repeatability without decay even after a one-month exposure to the ambient 

environment, thus elucidating the superb stability of a NiTe2 and PdTe2 devices 

working at a frequency above the cut-off frequency (12 GHz) of a transistor with 

a micrometer-long channel [92].  

As shown in Table II, the NiTe2-based receiver exhibits higher current 

responsivity and lower impedance for high-speed data transmission with respect 

to similar devices based on graphene and black phosphorus. 

Table II: Comparison of the performance of receivers based on graphene, black 

phosphorus and NiTe2 at 40 GHz carrier frequency. 

 graphene black phosphorus NiTe2 

Resistance 2.2 k 1 k 60 k 

Responsivity(A/W) 1.50 ± 0.01 0.74 ± 0.01 5.18 ± 0.01 
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Figure 2.9: (a) Schematic diagram of the nanodevice with a NiTe2-based active channel 

and working as a high-frequency receiver; (b) optical microscopy of NiTe2-based FET 

obtained from mechanically exfoliated bulk single crystal; (c) current-voltage 

characteristics measured after the indicated periods of time. Panels (d) and (e) are related 

to the data rate measurement of a NiTe2-based nanodevice working as a receiver at a 40 

GHz carrier frequency. Specifically, panel (d) shows the signal magnitude as function of 

bias voltage, while panel (e) reports the comparative evaluation of the data rate for the 

as-fabricated device (top sub-panel) and after one month (bottom sub-panel). 

Moreover, in the case of PdTe2 we made a direct comparison with similar 

devices fabricated with black phosphorus and graphene (Figure 2.10c-d). It is also 

worth noticing that other TMDCs, including MoS2 and WS2, effectively work at 

frequency lower than 10 GHz, because of their low mobility achieved in 

experimental studies (few tens of cm2V−1s−1 [93]), which represents a serious hurdle 

for their usage in high-frequency electronics [94]. Notably, PdTe2-based 

millimeter-wave detectors are more sensitive than similar devices based on black 

phosphorus and graphene (Figure 2.10c-d). Specifically, photocurrent values are 

higher in PdTe2 by even an order of magnitude compared to black phosphorus 

and graphene, as it can be inferred from the behavior of the power-dependent 
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photocurrent (Figure 2.10c). By comparing the behavior of the photocurrent as a 

function of the bias voltage (Figure 2.10d), it is also evident that the PdTe2-based 

device possesses larger dynamic regime than black phosphorus- and graphene-

based devices for carrier-frequency conversion. Specifically, the dynamic regime, 

defined as the ratio between the photocurrent at 100 and 0 mV, i.e. 

20log(Iph_100mV/Iph_0mV), is 35 dB for PdTe2, 12 dB for graphene and 6 dB for black 

phosphorus. Explicitly, under the same operational conditions (f = 40 GHz; Vsd = 

100 mV, P = 30 mW), the responsivity of the PdTe2-based millimeter-wave receiver 

(6.4 A/W) is 23 and 13 times greater than that of similar devices based on 

graphene and black phosphorus, respectively.  

 

 

Figure 2.10: (a) Optical micrograph of the PdTe2-based device; (b) architecture of PdTe2 
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millimeter-wave receiver; (c) power dependence of PdTe2 (black curve), black 

phosphorus- (green curve) and graphene-based (red curve) devices; (d) bias dependence 

of PdTe2 (black curve), black phosphorus (green curve) and graphene-based (red curve) 

devices; (e) photosignal of the as-fabricated PdTe2 device (black squares) and after one 

month in air (blue squares); (f) time-resolved response of the as-prepared PdTe2 

millimeter-wave receiver (black curve) and after one month in air (blue curve). 

Thermal Stability. We also assessed the thermal stability in vacuum of the 

PdTe2 surface, with a particular care to the possible influence of surface TeO2 

phases. Figure 2.11 shows the evolution upon heating of Pd-3d and Te-3d core 

levels measured for panels a,b the as-cleaved, undefected PdTe2 surface and 

panels c,d in the presence of the surface TeO2 phase, respectively. We focused on 

the evolution of Te-3d core levels upon annealing for the case of the oxidized 

surface, as compared to spectra acquired for pristine PdTe2. The temperature 

increase induces notable changes in the intensity of the oxide component of the 

Te-3d core-level spectra. Specifically, the relative weight of the oxide component 

in Te-3d core levels decreases with increasing heating temperature. We attribute 

the modification of the core-level spectra to the thermal reduction of surface TeO2 

phases. The reduction process also continues during the cooling procedure, with 

a final reduction of the oxide component to 62 % with respect to the initial value, 

after thermalization at room temperature. 

Conversely, no change is found for Pd-3d core levels for both (i) pristine, 

undefected PdTe2 and (ii) the oxidized surface after the heating/cooling process. 

The analysis of the valence band could provide further insights on the 

influence of TeO2 phases and their thermal reduction on the electronic properties. 

In Figure 2.12, the valence band of the pristine and oxidized PdTe2 is reported for 

different heating temperatures with subsequent cooling. Valence band for as-

cleaved pristine surface is unmodified by the annealing treatment, confirming 

that the pristine surface is thermally stable. Contrariwise, the valence band of 

oxidized PdTe2 displays a different behaviour. Specifically, the broad peak at 6-7 

eV, associated to O-2p states, decreases its intensity when temperature increases 

from 300 up to 540 K. During the cooling procedure, the intensity of this feature 

remains constant. 
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Figure 2.11: Pd-3d and Te-3d core levels taken for (a) the pristine PdTe2 surface and (b) 

oxidized PdTe2. Core-level spectra were acquired at different heating/cooling 

temperatures. The photon energy is 800 eV. 
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Figure 2.12: Valence-band spectra normalized to the Fermi edge for (a) as-cleaved and 

(b) oxidized PdTe2. The photon energy is 400 eV. 

The thermal stability of PdTe2 is further verified by the thermal gravimetric 

analysis (TGA). The weight change is negligible in the TGA curve up to 680 K 

(Figure 2.13) and, correspondingly, the differential thermal gravimetry (DTG) 

curve in inert atmosphere is flat. These evidences point to a nearly zero thermal 

expansion coefficient for PdTe2, as previously reported for other layered 

materials [95]. 

 

Figure 2.13: TGA (blue) and DTG (red) curves for PdTe2 in the 300-680 K range, 

measured in an inert atmosphere (N2). 
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Conclusions  

In conclusion it is demonstrated that bulk NiTe2 and PdTe2 are ambient-stable 

materials with diverse applications. These materials are stable in air, except the 

formation of a sub-nanometric TeO2 skin in surfaces exposed to air. Passivation 

is reached in less than 30 minutes and no substantial changes are observed even 

after air exposure in a timescale extended up to one year. Their surfaces are inert 

toward H2O and CO, enabling the possibility to fabricate CO-tolerant electrodes 

for electrocatalysis that would be stable in an aqueous environment. We have 

also highlighted the impact of Te vacancies on surface oxidation. Therefore, the 

growth of high-quality single crystals with minimized Te vacancies is crucial to 

favor the technological exploitation of this novel class of transition-metal 

dichalcogenide hosting type-II Dirac fermions. It has also been shown that 

undefected PdTe2 is thermally stable in the temperature range usually employed 

for most applications (even above 500 K). Conversely, surface TeO2 phases are 

thermally unstable, due to temperature-induced reduction, which also implies 

changes in the electronic properties.  
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Chapter 3  

3GaSe and SnSe2: layered 

semiconductors 

Layered semiconductors offer application capabilities often complementary 

to those of graphene [1-6]. Specifically, the presence of a bulk band gap, absent in 

graphene [7], makes them suitable candidate for optoelectronic devices [8-11], gas 

sensing[12-15] and photocatalysis [16, 17]. Among semiconductors with weak 

interlayer van der Waals interactions [18], several materials show serious 

drawbacks, limiting their technological potential. Specifically, MoS2 and WS2 

display intrinsic electron mobility as low as some tens of cm2 V-1 s-1 at T=300 K [19]; 

black phosphorus rapidly degrades in air due to surface oxidation [20, 21]; and 

PdSe2 [22] has a limited commercial potential, due to the constantly growing price 

of Pd (2000-2400 $/oz), nearly doubled in 2019-2020. 

Tin diselenide (SnSe2) [23-25] and III-VI semiconductors, such as GaSe [26-33] and 

InSe [34-40], have attracted significant attention. SnSe2 shows its high intrinsic 

electron mobility (462.6 cm2 V-1 s-1 at T=300 K [41]) and ultralow thermal 

conductivity (3.82 W m-1 K-1  [41]). It displays pressure-induced periodic lattice 

distortion and, moreover, it enables novel device functionalities being a phase 

change memory material, i.e. its atomic structure can reversibly switch from 

amorphous to crystalline upon laser heating, with consequent remarkable 

variations in the optical reflectivity. Owing to these peculiarities, SnSe2 has high 

application capabilities in numerous fields, including photocatalysis [42, 43], 

superconductivity [44, 45], Li-[24, 46, 47]  and Na-[24, 47, 48] ion batteries, photodetection [49], 

saturable absorbers for eye-safe lasers [50], and thermoelectricity [51-53]. 

Furthermore, SnSe2 was used as co-catalyst for hydrogen evolution reaction [54]. 
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GaSe and InSe have the band-gap energy matching the visible range of the 

electromagnetic spectrum[18] and the possibility of room-temperature single-

photon emission [55].  

However, all Sn-based chalcogenides and the GaSe undergoes oxidation in 

ambient air leading to the formation of tin-oxide phases [56, 57] and Ga2O3 [58-66]. 

Recently, exfoliation of GaSe in nanosheets has been shown to be beneficial 

for improving the performance of HER [67] and photoelectrochemical water 

splitting [26]. 

In this chapter, by means of surface sensitive experimental technique and 

DFT, studies on surface properties of SnSe2 and GaSe single crystals are reported. 

For the SnSe2 the surface properties and its modification in oxidative and humid 

environments are studied. In the case of GaSe it has been demonstrate that the 

surface transformation of GaSe in Ga2O3 in ambient conditions is the main factor 

for the enhancement of performances in electrochemistry and photocatalysis. 

GaSe a layered semiconductor for catalysis 

Introduction 

GaSe and InSe exist in nature in four polytypes, with dissimilar stacking 

sequence of layers [68, 69]. The most diffuse are hexagonal ε-GaSe (space group 

P6̅𝑚2) [70] and 𝛽-InSe (space group P63/mmc) [71], exhibiting a Se–Ga(In)–Ga(In)–

Se sequence.  

Recently, exfoliation of GaSe in nanosheets has been shown to be beneficial 

for improving the performance of HER [67] and photoelectrochemical water 

splitting [26]. However, GaSe undergoes oxidation in ambient air leading to the 

formation of Ga2O3 [58-66]. Consequently, encapsulation strategies to protect GaSe 

from environment have been recently devised in order to reduce the impact of 

oxidation [27]. Precisely, most researchers reported complete degradation of GaSe 

flakes with a thickness of 10-50 nm, although time required for oxidation is quite 

controversial, ranging from 30 minutes [60] up to some days (4 in Ref. [72], 5 in Ref. 

[73], 8 in Ref. [27], >14 in Ref. [74]). On the other hand, Rahaman et al. [64] reported that 
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the penetration of the oxidation has a self-limited depth of only three layers after 

five hours in air. Similarly, for InSe results on oxidation are debated, going from 

complete oxidation in Ref. [75] up to negligible traces of oxidation even in air-

exposed nanosheets in Ref. [76]. 

Actually, the incomplete picture on physicochemical mechanisms ruling 

GaSe and InSe oxidation should be attributed to the insufficient surface 

sensitivity of spectroscopic tools used so far. Indeed, the control of the oxidation 

status is usually performed by Raman spectroscopy [58, 60], regardless its scarce 

surface sensitivity, in consideration of its probing depth in the 300-650 nm range 

[77, 78]. Moreover, the probing depth of X-ray photoelectron spectroscopy (XPS) 

experiments with conventional X-ray source at 1486.6 eV reaches even  9 nm for 

Ga-3d and Se-3d core levels. Accordingly, the early steps of oxidation of GaSe- 

and InSe-based systems, as well as their corresponding impact on surface 

chemical reactions in electrochemical, photocatalytic and gas-sensing processes, 

are generally undetected, owing to insufficient surface sensitivity. On the other 

hand, the use of low-energy photons, available in synchrotron radiation sources, 

could significantly improve the surface sensitivity [79]. 

Another important issue is related to the impact of chemical reactivity of Se 

vacancies [80]. Most single crystals of GaSe and InSe are far from being 

stoichiometric. Typically, the [Ga]:[Se] ratio ranges from 50.4:49.6 [81] up to 

59.1:40.9 [26] even for nominal GaSe samples. Subsequently, the abundant amount 

of Se-vacancy sites could – at least in principle – play an important role in 

electrocatalytic and photocatalytic performances reported in Ref. [26] and 

attributed to the exfoliation in nanosheets. 

Precisely, in this section I show that as-exfoliated stoichiometric GaSe single 

crystal assumes a Ga2O3 skin once it is exposed to air. The presence of Se 

vacancies, as well as exfoliation in nanosheets naturally exhibiting Ga-edge sites, 

accelerates the oxidation process by  102 times. The energy barrier for HER and 

OER is reduced upon surface oxidation, with further decrease around O-vacancy 

sites. Therefore, contrary to the common view, exfoliation in nanosheets does not 

improve HER kinetics in consideration of higher surface-to-volume ratio, but 

rather for the enhancement of oxidation rate, which plays an unexpectedly 

beneficial role. Accordingly, the self-assembled Ga2O3/GaSe heterostructure 

represents an ideal platform for electrocatalysis. 
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Methods 

Computational methods . See section 2 p. 19. Except for the modelling of 

the surfaces of GaSe and SnSe2. For GaSe we used slab of three layers with ABA 

stacking, while three layers in ABC stacking was adopted for InSe. For reproduce 

effect of deeper layers of the bulk materials, we performed calculations with fixed 

lattice parameters. Optimization of the only atomic positions were performed. 

For the modeling of monolayers of both compounds we performed optimization 

of lattice parameters and atomic positions. To model Ga2O3-skin, we used a slab 

with thickness of about 1 nm. For the modelling of the surface of SnSe2, we used 

a slab of three layers. For make calculations more realistic, we also considered 

the presence of the Se vacancies in the top layer. The formation of the single 

vacancy corresponds to SnSe1.88 for the outermost surface layer. 

Single-crystal growth. Centimeter-scale GaSe single crystals (Figure 3.1c) 

were grown by modified Bridgman-Stockbarger method using quartz ampoules. 

Stoichometric ratios of Ga and Se were put to the ampoule to grow 50 g of GaSe 

and sealed under a vacuum of 10-6 mbar. Then, the crucible was placed into a 

two-zone horizontal furnace. The structural characterization of GaSe was 

performed using X-ray diffraction using Cu-Kα radiation (Bruker D2 Phaser). 

InSe crystals were grown by using the Bridgman-Stockbarger method. The 

grown InSe samples are 10 mm in diameter and about 60 mm in length. 

Liquid-phase exfoliation. GaSe and InSe single crystals were exfoliated 

in liquid phase following the same experimental procedures in Refs. [26] and [76], 

respectively. 

XPS. Near-ambient pressure XPS experiments were carried out at the 

Charles University (Prague), while aging experiments were performed with 

synchrotron-based XPS at the CNR-BACH beamline [82] at Elettra Synchtron in 

Trieste (Italy) to follow air-induced modification of core levels with higher 

energy resolution. XPS spectra for oxidized GaSe and InSe nanosheets were 

acquired using Al Kα with a VG-Scienta R3000 hemispherical analyzer. 

Sn-3d, Ga-3d and In-4d core levels were decomposed into spectral 

components using Voigt doublet, while In-3d and O-1s core levels were 

decomposed using single Voigt line shape, including Shirley type background 

subtraction.  
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LEEM. LEEM images and EELS measurements were carried out at the soft 

X-ray beamline Nanospectroscopy at Elettra Synchrotron, Trieste, Italy, using an 

energy filtered LEEM-PEEM microscopy.  The SPELEEM III microscope (Elmitec 

GmbH) combines laterally resolved XPS with LEEM. In LEEM mode, the 

microscope probes the specimen with low-energy electrons, using the elastically 

backscattered electron beam for imaging. Such a LEEM operation allows surface 

sensitive real-space imaging with a best spatial resolution of about 10 nm. EELS 

measurements were acquired at normal incidence, by varying the bias voltage of 

the electron energy filter, so that it is possible to span the kinetic energy of the 

inelastically reflected beam reaching the detector, obtaining the EELS spectrum. 

Results and discussion 

Surface chemical reactivity and ambient stability.  GaSe single crystals 

were grown by modified Bridgman–Stockbarger technique (see Experimental). 

Their atomic structure and X-ray diffraction (XRD) pattern are shown in Figure 

3.1a,b and c, respectively. To evaluate the chemical stability of GaSe, we 

modelled the energetics of the adsorption and decomposition of most relevant 

ambient gases (O2 and H2O) on its surface (see Table III).  

 

 

Figure 3.1: (a) Top and (b) side views of the atomic structure of GaSe. Brown and white 

balls denote Ga and Se atoms, respectively. Panel (c) shows the X-ray diffraction (XRD) 

pattern of grown single crystals of GaSe, whose photograph is reported in the inset. 

The differential Gibbs free energy (G) for adsorption of molecular oxygen 
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and water on the GaSe surface at room temperature is positive in both cases 

(+33.7 and +17.9 kJ/mol, respectively), thus indicating that their adsorption is 

energetically unfavorable. However, the presence of Se vacancies has a strong 

impact on surface chemical reactivity. Specifically, stable adsorption of both O2 

and H2O is energetically favorable at Se-vacancy sites at room temperature (G 

= -156.7 and -109.0 kJ/mol, respectively). Oxygen decomposition on defective 

GaSe is also energetically favorable, as indicated by the decomposition energy 

Hdec for O2 on GaSe0.94 (-182.6 kJ/mol). Instead, the decomposition energy for 

water on GaSe0.94 at Se-vacancy sites is rather small (Hdec = -2.1 kJ/mol). 

Concerning InSe-based systems, physisorption and further decomposition of 

molecular oxygen is an exothermic process, with ΔG values of -23.5 and -197.8 

kJ/mol for adsorption on InSe and InSe0.94 surfaces, whereas water adsorption is 

unfavorable at room temperature (Table III).  

Adsorption of water molecules on monolayer GaSe and InSe is less favorable 

with respect to the case of their bulk counterparts. Definitely, only adsorption of 

water at Se-vacancy sites in InSe is energetically favorable (ΔG = -60.0 kJ/mol). 

Table III: Differential enthalpy (ΔHads), differential Gibbs free energy (ΔG) of 

physisorption and differential enthalpy of decomposition (ΔHads) calculated for selected 

species on defect-free (001) surfaces of GaSe, InSe and in the vicinity of Se vacancies on 

the same surfaces. 

thickness 
adsorbed 

species 
substrate physisorption decomposition 

   ΔHads 

[kJ/mol] 

ΔG 

[kJ/mol] 

ΔHdec  

[kJ/mol] 

bulk 

O2 

GaSe 

GaSe0.94 

InSe 

InSe0.94 

+21.4 

-168.0 

-34.6 

-209.1 

+33.7 

-156.7 

-23.5 

-197.8 

-41.9 

-182.6 

-320.2 

-170.5 

H2O 

GaSe 

GaSe0.94 

InSe 

InSe0.94 

-13.4 

-140.3 

-16.5 

-20.5 

+17.9 

-109.0 

+14.8 

+10.8 

+258.6 

-2.1 

+204.0 

+96.8 

monolayer O2 GaSe +226.4 + 237.7 +154.6 
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GaSe0.94 

InSe 

InSe0.94 

-105.6 

+68.0 

-154.5 

-94.2 

+78.3 

-143.2 

-124.7 

-56.9 

-123.2 

H2O 

GaSe 

GaSe0.94 

InSe 

InSe0.94 

+24.6 

-30.2 

-13.4 

-91.3 

+55.9 

+0.9 

+17.7 

-60.0 

+130.6 

+41.4 

+301.5 

+171.5 

 

To model surface oxidation, we considered one-side oxidation of whole 

surface of GaSe with further formation of the oxide layer on the surface through 

two reaction paths, involving as intermediate phases (i) Ga2Se3 (consistently with 

Refs. [60, 64]) and (ii) GaSexO. 

Specifically, the reaction path involving Ga2Se3 intermediate is modelled as a 

two-step process, starting from stoichiometric GaSe: 

 

12GaSe + 3O2 → 4Ga2Se3 + 2Ga2O3 

 

2Ga2Se3 + 3O2 → 2Ga2O3 + 6Se 

 

Both steps are exothermic with energy -6.9 kJ/GaSe and -98.8 kJ/Ga2Se3, 

respectively. 

On the other hand, the GaSexO phase is formed following the reaction path: 

 

3GaSex + 3/2O2 → 3GaSexO → Ga2O3 (skin) + GaSe (bulk) + (3x-1)Se 

 

Both reactions are energetically favorable for both GaSe (-53.7 and -169.9 

kJ/mol, respectively) and defective GaSe (-102.1 and -145.2 kJ/mol for the case of 

GaSe0.94, respectively) see Table IV. The same model can be applied for InSe 

(Table IV). Excess Se atoms could form a bulk Se phase or, alternatively, they can 

migrate in the subsurface area, with subsequent healing of defects. However, the 

second scenario is the most energetically favorable (-313.94 and -257.26 kJ/Se for 

GaSe and InSe respectively).  

Notably, we find that the adsorption and decomposition of water on Se-

vacancy sites in defective gallium selenide (GaSex) also provides oxidation, 
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although the process has an intermediate step: 

 

3GaSex + 3/2H2O + 3/4O2 → Ga(OH)3 + 2GaSe (bulk) + (3x-2)Se  

 

This reaction path involves decomposition of water with formation of –H and 

–OH on GaSex with further formation of gallium trihydroxide with a small 

energy barrier (+14.5 kJ/mol for GaSe0.94). However, the energy gain related to 

further decomposition to trioxide and water is very high (-544 kJ/mol): 

 

2Ga(OH)3 → Ga2O3 + 3H2O 

 

Table IV: Differential enthalpy (kJ/formula unit) of the two-step process of Ga(In)2O3 skin 

formation. 

Substrate Process 

Ga(In)Sex + 1/2O2 → 

→ Ga(In)SexO 

Ga(In)SexO → Ga(In)2O3 (skin) + 

+ Ga(In)Se (bulk) 

GaSe 

GaSe0.94 

‐53.7 

‐102.1 

‐169.9 

‐145.2 

InSe 

InSe0.94 

‐19.2 

‐16.9 

‐133.2 

‐134.3 

 

Moreover, we assessed the possibility of water intercalation by vibrational 

experiments and theory. Vibrational experiments by HREELS indicate that the 

GaSe surface is inert toward both oxygen and water molecules at room 

temperature, in excellent agreement with theoretical predictions in Table III. As 

a matter of fact, the vibrational spectrum remains featureless even after doses as 

high as 1010 L (1 L=10-6 Torr·s), for both the cases of O2 and H2O (Figure 3.2). 

Considering the high surface sensitivity of HREELS (practically coinciding with 

the outermost surface layer only [83]), one can affirm that absence of vibrational 

bands ensures that any chemisorbed species would have a coverage less than 10-

3 ML. Especially, Ga2O3-derived Fuchs-Kliewer phonons would appear at loss 

energies around 455 and 785 cm-1, as in a previous HREELS study on β- Ga2O3 [84]. 

Different results are achieved for the parental compound InSe. Definitely, the 
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vibrational spectrum acquired after having dosed 105 L (1 L=10-6 Torr·s) of H2O 

at room temperature on the pristine InSe surface displays OH-In and O-H 

stretching vibrations at 550 [85] and 3654 [86] cm-1. 

The emergence of H2O-derived vibrational features on InSe is apparently 

incompatible with the positive differential Gibbs free energy for water 

adsorption on both pristine and defective InSe-based systems. However, 

vibrational features can also be related to intercalated water molecules in the 

subsurface region.  

 

Figure 3.2: Vibrational spectra of as-cleaved GaSe and of the same surface modified by 

the exposure to 1010 L of O2 and H2O at room temperature. The inset reports vibrational 

spectra for pristine and H2O-dosed (105 L) InSe. 

To explore the possibility of water intercalation, we calculated the binding 

energies (BEs) per formula unit for trilayers of both GaSe and InSe. Theoretical 

results in Table V demonstrate that interlayer BE of InSe is weaker with respect 

to the case of GaSe. The presence of Se vacancies induces a weakening of 

interlayer bonding, especially relevant for the case of InSe for all allotropes, with 

a reduction by 64% for just 6% of Se vacancies (InSe0.94). The free energy of water 

intercalation at room temperature is -138.9 kJ/mol for GaSe0.94 and -80.5 kJ/mol 

for InSe0.94. Interlayer bonds can be broken by the intercalation of a single water 
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molecule in an area of about 3 and 7 nm2 for GaSe0.94 and InSe0.94, respectively. 

Hence, reversible intercalation of water underneath sub-surface layers of InSe0.94 

is rather likely. 

Table V: Binding energies (in kJ/formula unit) between the layers in trilayers of GaSe, 

GaSe0.94, InSe and InSe0.94. 

Substrate/Structure ε γ β 

GaSe 

GaSe0.94 

13.97 

9.96 

14.04 

10.74 

13.28 

9.43 

InSe 

InSe0.94 

9.81 

3.37 

10.71 

3.39 

9.01 

3.29 

 

Congruently with positive values of ΔG for adsorption of ambient gases on 

defect-free GaSe predicted by our model (Table III), XPS measurements 

performed in near-ambient pressure conditions (NAP-XPS) did not evidence any 

modification of Ga-3d and Se-3d core levels after dosing 1010 L (1 L=10-6 Torr·s) of 

O2 and H2O at room temperature on GaSe (Figure 3.3a,b). The binding energy 

(BE) of Ga-3d5/2 and Se-3d5/2 is 19.2 and 54.1 eV, respectively, consistently with 

previous reports [62, 87-91]. 

To assess the role of Se vacancies, we modified the pristine GaSe surface by 

Ar-ion sputtering introducing a density of Se vacancies of ~ 1016 cm-2 (as estimated 

by quantitative XPS [92, 93]). The sputtering was performed at room temperature, 

using Ar-ions with an impinging energy of 2.5 keV and PAr = 10-5 mbar. In the 

defective sample, we observe two new components in Ga-3d, assigned to Ga(0) 

(BE = 18.6 eV [62], 37% of the total area of Ga-3d) and Ga2Se3 species (BE = 19.8 eV 

[89], 27% of the total area), respectively.  Correspondingly, the implantation of Se 

vacancies introduces a new component in Se-3d5/2 at BE 54.6 eV, which 

corresponds to both Ga2Se3 and GaSexO species [94]. 

Upon exposure of 1010 L of O2, the relative intensity of Ga(0) and Ga2Se3 

components decreased their spectral area, while a novel feature assigned to 

species on early stage of oxidation (GaSexO) and Ga2O3 [95] emerged (5% of the 

total spectra area), with J=5/2 component at BE = 20.4 eV in Ga-3d. Congruently, 

the O-1s core level, reported in Figure 3.4, shows a component at BE = 530.8 eV 
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arising from Ga2O3 and GaSexO [91, 95-98]. 

In the H2O-dosed defective sample, the Ga2O3 component increased (8% of 

the total spectra area), due to the partial conversion of Ga2Se3 into Ga2O3 in humid 

environment. Correspondingly, the Ga2O3 [91, 95-98] component at 530.8 eV in O-1s 

core level (28% of the total area) appeared together with minor spectral 

components related to OH groups and H2O molecules [91, 99, 100] adsorbed on Ga2O3 

patches (Figure 3.4). 

 

Figure 3.3: (a, c) Ga-3d and (b, d) Se-3d core levels for the (a, b) as-cleaved surface of 

GaSe and its modification after dosing 1010 L O2 and H2O at room temperature. Panels 

(c-d) report the same for GaSe modified by ion sputtering, with a surface density of Se 

vacancies of 1016 cm-2. The defective sample was also exposed to air for one hour. The 
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photon energy is 1486.6 eV (Al Kα). 

The pristine GaSe surface was also directly exposed to air with the aim to 

monitor its aging by XPS (Figure 3.5a-b) and to determine the thickness of the 

gallium-oxide skin formed in the air-exposed sample from the evolution of Ga-

3d and Se-3d as a function of exposure time to ambient air. 

Figure 3.4: O-1s core level for the defective 

surface of GaSe and for its modification after 

dosing 1010 L of O2 and H2O and, moreover, 

after air exposure. Experiments and 

exposures were carried out at room 

temperature. The photon energy is 1486.6 eV 

(Al Kα). 

Definitely, 10 minutes of air exposure did 

not induce any change in neither Ga-3d 

nor Se-3d core levels, while keeping the 

sample in ambient conditions for longer 

periods (2 hours) resulted in a new 

spectral feature with BE 0.5 eV lower than 

the GaSe component in Ga-3d. This 

spectral contribution, denoted as GaSex in 

XPS spectra in Figure 3.5, is associated to the possible creation of surface defects 

or, alternatively, to intercalation of ambient gases in the subsurface region. 

Moreover, two new features appeared at BE of 19.8 and 20.4 eV for the J=5/2 

component, which were ascribed to the formation of Ga2Se3 (2% of the total 

spectral area) and Ga2O3 (10.5% of the total spectral area), respectively [60, 64, 101]. 

The Se 3-d core level was almost unchanged, except for the presence of the Ga2Se3 

and GaSexO component at 54.5 eV (2.5% of the total area), and a new feature, 

associated to GaSex, down-shifted by 0.4 eV with respect to the bulk GaSe 

component. After one day of air exposure, the intensity of Ga2Se3 and Ga2O3 

components increased to 7% and 15%, respectively, owing to the progressive 

surface oxidation. The thickness of gallium-oxide skin, formed after 1 day in air, 

is estimated to be  0.2 QL, where QL stands for Ga2O3 quintuple layer (O-Ga-O-
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Ga-O), with c = 0.58 nm [102]. Notably, sharp spots in LEED pattern of the GaSe 

surface (Figure 3.5c) survived even after 1 day in air, except for their inevitable 

broadening, due to the onset of GaSe oxidation. After one year in air, the area of 

the spectral contribution of Ga2O3 in Ga-3d core levels increased up to 53% of the 

total area and a new component associated to mixed oxide-hydroxide Ga2O3-

x(OH)y species (10%) appeared at BE=21.0 eV [103-105]. The corresponding analysis 

of Se-3d core levels indicates a notable increase of the intensity of the spectral 

component at BE 54.6 eV and the emergence of a new feature at BE 55.2 eV, 

consistent with the formation of (i) GaSexO phases, having the same BE of Ga2Se3, 

and (ii) atomic Se (0) (24%) [106-108] as byproducts of GaSe and Ga2Se3 oxidation via 

3GaSex + 3/2O2 → 3GaSexO → Ga2O3 + GaSe + (3x-1)Se and 2Ga2Se3 + 3O2 → 

2Ga2O3 + 6Se reactions [91]. Correspondingly, the gallium-oxide skin reaches the 

thickness of 0.8 ± 0.1 nm, i.e.,  1.4 QL. Congruently, the analysis of O-1s confirm 

the oxidation of GaSe and the hydroxylation of Ga2O3 surface upon air exposure 

(Figure 3.6). 

 

Figure 3.5: (a) Ga-3d and (b) Se-3d core-level spectra collected from GaSe exposed to air 

for 10 min, 2 hours, 1 day and 1 year. The photon energy is 830 eV. The black curve 

related to the as-cleaved sample is provided as a reference. Panels (c) and (d) show the 

LEED pattern for as-cleaved GaSe and for the same surface kept one day in ambient 

atmosphere, respectively. The LEED pattern was acquired at an impinging energy of 120 
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eV for the as-cleaved sample and 160 eV for the air-exposed GaSe. 

In the air-exposed defective GaSe surface (Figure 3.3c-d), the storage of the 

GaSe sample for one hour in air leads to the conversion of Ga(0), GaSex and Ga2Se3 

species into Ga2O3 and GaSexO, whose spectral component increased up to 15% 

of the total spectral area of the Ga-3d core levels. Notably, the Ga2O3 thickness is 

estimated to be (1.0 ± 0.1) nm (~ 1.7 QL), so that so that the oxidation is inferred 

to be about 30 times more effective on the defective sample compared to the 

pristine one. 

Figure 3.6: O-1s core level spectra 

collected from GaSe exposed to air for 10 

min, 2 hours, 1 day and 1 year. The 

photon energy is 830 eV. The black curve 

collected from the as-cleaved sample is 

provided as a reference. 

 

Surface oxidation is expected to be 

even more relevant for the case of 

exfoliated nanosheets, which provide 

edge sites particularly active toward 

reactions with ambient gases. To prove 

the inevitable oxidation of GaSe 

nanosheets, we measured Ga-3d (Figure 

3.7a) and Se-3d (Figure 3.7b) core levels 

in exfoliated flakes obtained by liquid-phase exfoliation, while O-1s core level is 

reported in Figure 3.8a. In Ga-3d of GaSe nanosheets (Figure 3.7a), the 

hydroxylated components are predominant together with Ga2O3 (45% and 27% 

of the total spectral area, respectively). Remarkably, we did not observe any trace 

of SeO2 in Se-3d (Figure 3.7b) even in air-exposed GaSe nanosheets, as 

demonstrated by the absence of the related spectral component at BE of 59-60 eV 

[109, 110]. However, the formation of atomic Se (38%) and GaSexO/Ga2Se3 phases 

(28%) was detected in Se-3d core level of exfoliated GaSe flakes. The estimated 

thickness of the gallium-oxide phase in GaSe nanosheets is (1.8 ± 0.2) nm, 

corresponding to ~3 QL. 
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Conversely, in exfoliated InSe (Figure 3.7c-d), the SeO2 component in Se-3d 

core levels was observed at BE = 59.9 eV [111, 112], with a contribution of 9% of the 

total spectral area. The Se-3d spectrum also indicated the presence of atomic Se(0) 

with BE = 55.5 eV (12% of the total spectral area), InSexO with BE = 54.8 eV (30%), 

and In2Se3 at BE = 54.65 eV (33%), the O-1s spectra is reported in Figure 3.8b. To 

understand the dissimilar behavior regarding the formation of SeO2 phases in 

GaSe and InSe nanosheets, one should consider that healing of Se-vacancy sites 

in GaSe is more energetically favorable by even 56.7 kJ with respect to the case of 

InSe. Therefore, in InSe nanosheets part of Se atoms participate to the formation 

of the SeO2 phase. Correspondingly, the In-3d core levels of InSe nanosheets 

(Figure 3.7c) exhibited components due to In2Se3 (33%) at BE = 445.3 eV, 

InSexO/In2O3 (36%) at BE = 445.46 eV and In2O3-x(OH)y (19.7%) at BE = 446 eV for 

J = 5/2 components [113], respectively. We estimate the thickness of In2O3 skin to be 

(1.3 ± 0.1) nm, which corresponds to ~1.5 QL, considering c = 0.89 nm for O-In-O-

In-O stacking.  
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Figure 3.7: (a-b) Ga-3d and Se-3d core levels for exfoliated GaSe sample. (c-d) In-3d5/2 

and Se-3d for exfoliated InSe. The photon energy is 1486.6 eV (Al Kα) and the spectra are 

normalized to the maximum. 

 

Figure 3.8: (a) and (b) O-1s core levels of exfoliated GaSe and InSe nanosheets, 

respectively. The photon energy is 1486.6 eV (Al Kα).  

To evaluate the crystalline order in the formed oxide skin, we carried out low-

energy electron microscopy (LEEM) experiments. The LEEM image of the GaSe 

surface kept 40 days in air (Figure 3.9b) did not exhibit features in the I-V curve 

(Figure 3.10a), which is typical for amorphous layers. Similarly, the absence of 
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spots in the corresponding microprobe low-energy electron diffraction (µ-LEED) 

image (Figure 3.10b-c) confirmed that the formed Ga2O3 skin is amorphous. In 

the LEEM image of the sample aged in air (Figure 3.9b), it is possible to identify 

the presence of nanometric heterogeneities, possibly corresponding to the initial 

stages of surface oxidation. Specifically, their lateral size ranged between 50 and 

100 nm and they appear as three-dimensional structures in laterally resolved X-

ray photoemission electron microscopy data. 

 

Figure 3.9: LEEM images of: (a) as-cleaved GaSe and (b) the same surface after 40 days 

in air (at kinetic energies of 5.0 and 0.6 eV, respectively). Observed nanometric 

heterogeneities in panel (b) may correspond to the nucleation sites at which the 

oxidation starts. 

 

Figure 3.10: (a) LEEM I(V) curves corresponding to the surface before and after air 

exposure. The other panels report µ-LEED images of (b) the GaSe surface as cleaved 

(kinetic energy = 37 eV) and (c) after 40 days of air exposure (kinetic energy = 45 eV). The 

absence of diffraction spots after air exposure indicates the formation of an amorphous 

oxide layer. 

Electrocatalysis and photocatalysis.  To assess the impact of oxidation of 
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GaSe in electrocatalysis, we modelled HER and OER for pristine, defective and 

oxidized bulk and monolayer GaSe using DFT methods. For the sake of 

comparison, we also considered InSe. 

Remarkably, calculated values of free energies for HER (Figure 3.11a) 

evidence unsuitability of both bulk GaSe and InSe for this reaction, with energy 

barriers as high as 1.9 and 1.5 eV/H+, respectively. The presence of Se vacancies 

in both GaSe and InSe significantly decreases the energy cost of the process (1.5 

and 0.7 eV/H+, respectively), but the magnitude is still significantly larger than 

that of the Pt(111) surface (0.1 eV/H+), usually taken as standard reference (Figure 

3.11a) [114]. In the case of free-standing monolayers (dashed lines in Figure 3.11a), 

the values of the energy cost of HER are even larger, i.e., 2.2 and 1.8 eV for GaSe 

and InSe, respectively. Therefore, the common picture that liquid-phase 

exfoliation of GaSe and InSe favors the improvement of HER performance on the 

basis of the prominence of edges behaving as active sites, recently proposed in 

Refs. [26, 76],  should be revised. On the contrary, calculated values for Ga2O3 and 

the sub-stoichiometric oxide Ga2O2.97 are 1.1 and -0.3 eV/H+. Therefore, for Ga2O2.97 

the Heyrovsky step (Hads + H+ + e- → H2) of HER is exothermic.  

In the case of OER, in both acidic and alkali media, we find large negative 

values of free energy (-7.4 and -5.7 eV in acidic and alkali media, respectively) for 

pristine GaSe, making third step energetically unfavorable (Figure 3.11b,c), 

owing to the favorability of GaSe oxidation.  Thus, the surface of bulk GaSe will 

be irreversibly oxidized during OER in both acidic and alkali environments. 
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Figure 3.11: (a) Free energy diagram for HER in acidic environment over the surface of 

bulk and monolayers of GaSe, GaSe0.94, InSe and InSe0.94 and over the surface of Ga2O3 

and Ga2O2.97. Results for monolayers are shown by dashed lines. Note that the line related 

to the free energy for GaSe0.94 is overlapped with that associated to InSe0.94. (b, c) Free 

energy diagrams for OER in (b) acidic and (c) alkali media over the surface of bulk GaSe, 

GaSe0.94, Ga2O3 and Ga2O2.97. For the sake of comparison, data for HER over Pt(111) 

substrate and OER over IrO2 are also reported. 

Considering the inevitable formation of Ga2O3-skin over GaSe substrate 

exposed to oxidative environments, we modelled OER over the (001) surface of 

Ga2O3 (Figure 3.11b-c), We find that the Ga2O3 skin has reduced energy barriers 

for OER in both acidic and alkali environments, i.e., 1.5 and 2.9 eV, respectively. 

The presence of oxygen vacancies additionally decreases energy cost of OER in 

both environments to 0.5 and 2.0 eV, respectively. Our results are consistent with 
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previous theoretical [115] and experimental [116] results for water-gas shift reactions 

catalyzed by defective Ga2O3.  

Actually, our findings enable re-interpreting literature data on 

electrocatalysis and photocatalysis based on GaSe. The lowest Tafel slope (150 

mV dec-1) in HER was found in nominally reduced GaSe, for which authors 

claimed the removal of the passivation layer of Ga2O3, supposed to poison active 

sites of GaSe surface. However, surface treatments as those in Ref. [117] are 

expected to promote the formation of sub-stoichiometric Ga2O3-x phases, which 

indeed we demonstrate to represent a suitable platform for HER, according to 

our model depicted in Figure 3.11a. 

Recently, liquid-phase exfoliated GaSe nanosheets have been used [26] to 

produce photoelectrodes exhibiting catalytic activity toward water splitting 

reactions, i.e., HER and OER. Based on our model, it is evident that the role of 

GaSe in photochemical water splitting is just to generate electron-hole pairs via 

light harvesting, while Ga2O3 skin represents the only chemically active part of 

the photoelectrode. 

Likewise, recently, it has been reported the HER-activity of InSe flakes 

increases when the thickness is reduced into atomically thin layers [76]. Explicitly, 

the overpotential at a 10 mA cm−2 cathodic current density (η10) value decreased 

from 581 mV (540 mV) in the bulk samples to 549 mV (451 mV) in few-layer flakes 

in an acid (alkaline) environment. This size effect led to the identification of the 

active sites for HER at the edges of the InSe nanosheets.  

Conclusions 

In this section it has been shown that oxidation of GaSe (and InSe) into Ga2O3 

(In2Se3), promoted by exfoliation in nanosheets or by the presence of defects in 

sub-stoichiometric crystals, plays a key role in the recently reported improved 

performance of electrochemical and photocatalytic reactions upon exfoliation of 

GaSe in atomically thin layers. Explicitly, both HER and OER are energetically 

unfavorable in pristine GaSe, due to energy barriers of 1.9 and 5.7–7.4 eV, 

respectively. Exfoliation in nanosheets even increases the energy barrier for HER 

up to 2.2 eV. On the contrary, the Heyrovsky step (Hads + H+ + e− → H2) of HER is 

energetically favorable in sub-stoichiometric Ga2O2.97 (− 0.3 eV/H+). Therefore, 
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these results elucidate the role of surface oxides in electrocatalysis and 

photocatalysis based on nanosheets of III-VI layered semiconductors. These 

findings pave the way for a novel generation of efficient and cost-effective 

(photo-) electrocatalysts, based on self-assembled heterostructures formed by 

taking advantage on the natural interaction of sub-stoichiometric van der Waals 

semiconductors with air. 

SnSe2 a layered semiconductor for sensing 

Introduction 

Tin diselenide (SnSe2) is a van der Waals semiconductor. As introduced above 

all Sn-based chalcogenides are usually affected by rapid surface degradation 

with the emergence of tin-oxide phases [56, 57]. Additionally, the oxidation of 

starting element Sn during the synthesis can also influence the transport 

properties of the resulting crystal. Therefore, technological exploitation of Sn-

based chalcogenides remains particularly challenging. Especially, stability in 

ambient atmosphere of SnSe2-based devices is related to the chemical reactivity 

of its surface. 

Recently, in [118] we have shown that, though stoichiometric SnSe2 shows 

outstanding chemical stability in ambient conditions, the presence of selenium 

vacancies drastically affects surface chemical reactivity. The SnSe2-x surface is 

transformed into SnO2-skin-terminated SnSe2, with a thickness of the SnO2 skin 

estimated to be sub-nanometric [118]. Unexpectedly, the self-assembled 

heterostructure formed exploiting the natural interaction with air is particularly 

appropriate for ultrasensitive gas sensing, as demonstrated for NO2 and H2 with 

sensitivities of (1.06 ± 0.03) and (0.43 ± 0.02) [ppm]−1, respectively [118]. Remarkably, 

the oxide skin plays a pivotal role in NO2 and H2 sensing, congruently with the 

abundant literature on SnO2-based sensors [119-128]. The modulation of resistivity 

upon gas adsorption is strictly connected to charge distribution in the sensing 

material, ultimately related to the formation of surface dipoles at the SnO2-SnSe2 

heterojunction arising from local charge redistribution. Thus, to understand the 
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conduction mechanism ruling chemical sensing, it is crucial to shed light on 

charge redistribution at the SnO2/SnSe2 heterostructure by measuring work-

function changes. Furthermore, sensing experiments in Ref. [118] were carried out 

in dry air, thus stability in humid environment remains unexplored, although 

real conditions mandatorily require sensors to work in a changing humidity 

background [129, 130]. Despite the relevance of the influence of the humid 

environment for practical applications, surprisingly it has been scarcely 

investigated, although previous reports indicated a decrease of resistance under 

exposure to humidity atmosphere [129, 130], which represents an unambiguous 

fingerprint that H2O behaves as a reducing gas in the interaction with the SnO2 

surface. 

In addition, the interaction with water is relevant also to understand the 

stability of any other SnSe2-based (opto)electronic device [131] working in ambient 

humidity, as well as the eventual environmental doping effects in transport 

properties [132]. 

Here, in this section it is displayed the surface properties of SnSe2 single 

crystals and their modifications in oxidative and humid environments by means 

of surface-science experiments and density functional theory (DFT). 

Methods 

Computational methods.  See section 2 p.19 

Single-crystal growth. The single crystals were grown by Bridgman-

Stockbarger method. 

XPS. Experiments were carried out at the APE-HE beamline at the Elettra-

Trieste synchrotron. Core-level measurements were performed with an Omicron 

EA125 hemispherical electron energy analyzer, with the sample at room 

temperature and in normal emission. Linearly polarized light formed an angle of 

45° with respect to the perpendicular direction of the surface.  

HREELS. Vibrational experiments were carried out at room temperature 

with a Delta 0.5 spectrometer (Specs GmbH, Germany). The experimental 

resolution is 3-4 meV. The primary electron beam energy was 3.5 eV. Spectra 

were acquired in specular conditions. 

LEEM. EELS (Figure 3.13) and work-function changes ΔΦ (Figure 3.14a) 
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measurements were carried out at the soft X-ray beamline Nanospectroscopy at 

Elettra-Trieste synchrotron, using an energy filtered LEEM-PEEM microscopy 

with spatial resolution of 10 nm. Specifically, measurements of ΔΦ were carried 

out by varying the electron beam energy across the total electron reflectivity 

threshold. This threshold is commonly termed as MEM-LEEM transition, which 

is characterized by a steep drop of intensity as a function of a bias voltage applied 

to the sample (start voltage) as a decelerating potential. The ΔΦ value is identified 

by the shifts in the bias potential corresponding to the MEM-LEEM transition. 

Results and discussion 

Tin diselenide (SnSe2) is a van der Waals semiconductor with CdI2‐type 

crystal structure [23], belonging to the P‐3m1 space group, with tin (Sn) atoms 

interweaved between two hexagonally packed atomic layers of selenium (Se) (see 

Figure 3.12a-b) [24, 25]. To check the purity of the single crystal a XPS survey 

spectrum is reported in Figure A.7 (Appendix G) that proves the absence of 

contaminants in the bulk. 

 

Figure 3.12: (a) Side and (b) top views of the atomic structure of SnSe2. Green and blue 
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balls denote Se and Sn atoms, respectively. Panel (c) reports the single-crystal XRD 

pattern from the (001) plane of SnSe2. The inset shows a photograph of an as-grown SnSe2 

single crystal. Panel (d) reports the Raman spectrum of SnSe2 single crystal acquired at 

room temperature with a laser with wavelength  = 632.8 nm. 

The analysis of the variation of the work function ΔΦ probed by low-energy 

electron microscopy (LEEM) could provide important insights into charge 

redistribution arising from surface oxidation (Figure 3.14a), as the total 

reflectivity threshold in electron backscattering (the MEM-LEEM transition, with 

MEM standing for mirror electron microscopy) represents a direct measurement 

of the variation of the surface potential [133]. Explicitly, we find ΔΦ to be +0.23 eV 

for the SnSe2 surface modified by 700 L O2 exposure at room temperature, while 

air exposure for 15 minutes induces a further shift in the work function, resulting 

in a total increase by +0.40 eV. The observed value of ΔΦ can be explained by 

considering the activation of surface dipoles, due to charge transfer at the 

interface from substrate to adsorbed oxygen atoms. The electronegativity of 

oxygen makes its adsorption generally associated with a charge transfer from the 

substrate to the adsorbate layer, with a subsequent increase of the work function 

[134]. Considering that the work function of pristine SnSe2 single crystal is ~4.6 eV 

[135], while that of SnO2 is known to be ~4.9 eV [136] (although its value can be tuned 

by reduction reactions [137]), both the sign and the magnitude of the experimental 

value of ΔΦ are consistent with surface oxidation, involving the formation of a 

sub-nanometric SnO2 skin. We can infer that previous experimental studies 

reporting a work function of SnSe2 of (5.0 ± 0.1) eV [138, 139] could be affected by 

surface oxidation, which generates a self-assembled SnO2/SnSe2 heterostructure 

with increased work function. To verify this statement, we calculated ΔΦ for the 

oxidation process of the pristine SnSe2 surface, finding a value of +0.52 eV in 

qualitative agreement with experimental measurements. We also note that, in the 

air-exposed sample, variations in the I-V curve associated to electron diffraction 

from a surface with crystalline order [140] are suppressed, due to the formation of 

a disordered surface oxide phase.  

Complementary information on the electronic properties of the SnO2/SnSe2 

heterostructure was achieved by the surface excitation spectrum probed by 

electron energy loss spectroscopy (EELS) (Figure 3.13). Especially, EELS 
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extended up to the ultraviolet range of the electromagnetic spectrum (Figure 

3.13), enables monitoring the surface status with a technique with probing depth 

as low as (0.9 ± 0.1) nm in our experimental conditions [141], which is lower by 

more than 102 with respect to optical techniques. Specifically, the excitation 

spectrum of the as-cleaved SnSe2 surface shows a main feature at 15.9 eV with a 

shoulder at 12.0 eV, ascribed to interband transitions from Se-4s core levels and, 

moreover, two weak losses at 7.5 and 26.8 eV. The excitation spectrum of the air-

exposed SnSe2 sample is dominated by an emerging broad mode centered around 

18 eV, with two weak peaks at 7.5 and 26.8 eV, evidently insensitive to surface 

modification. Notably, polycrystalline SnO2 films display the feature at 18.0 eV. 

Precisely, this feature was previously attributed to sub-oxide SnO2-x phases [142]. 

However, that the mode at 18.0 eV is related to a single-particle transition starting 

from O-2s band in SnO2. 

For the sake of completeness, we mention that the weak peaks at 7.5 and 26.8 

eV are ascribed to interband transitions originated by Sn-5s and Se-3s levels, 

respectively.  

 

 

To estimate the amount of the charge 

transfer between the SnSe2 substrate and 

the SnO2 skin, we calculated the charge 

density distribution of: (i) one SnO2 layer 

over two layers of SnSe2 (to model the 

SnO2/SnSe2 heterostructure); (ii) a free-standing SnO2 single unit; and (ii) a bilayer 

of SnSe2. Then, we calculated the difference between the charge densities of the 

whole SnO2/SnSe2 interface and those one of its components (single SnO2 unit and 

bilayer SnSe2). The obtained charge density difference (Figure 3.14b) illustrates 

charge redistribution following the formation of SnO2/SnSe2 interface. The 

 
Figure 3.13: Excitation spectrum, probed for 

a primary electron beam energy of 300 eV, for 

as-cleaved SnSe2 and the same surface 

exposed to air for 15 minutes. For the sake of 

comparison, we also report data for bulk 

SnO2. 
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integration of the charge density difference along the c axis provides information 

regarding the charge transfer between the SnSe2 substrate and the SnO2 skin. 

Note that the formation of the SnO2/SnSe2 interface provides changes in charge 

density difference not the only in the outermost SnSe2 layer, but also in the 

subsurface area, namely the second SnSe2 layer. Definitely, the charge transfer is 

estimated to be 0.56 e- per SnO2 unit. 

 

 

Figure 3.14: (a) LEEM-IV curves at the MEM-LEEM transition for the as-cleaved sample 

(black curve), after a dosage of 700 L of O2 (blue curve) and after air exposure for 15 

minutes (pink curve). The shift of the MEM-LEEM transition, characterized by the sharp 

decrease in intensity, indicates an oxidation-induced modification of the surface 

potential. (b) Changes of the charge density after the formation of the interface between 

SnSe2 substrate and SnO2-skin. Sn, Se and O atoms are represented by dark blue, light 

green and red balls, respectively. 

While the adsorption of O2 with further decomposition is energetically 

favorable on SnSe2 (negative values of ΔG and ΔHdec), as well as on SnSe1.88 and 

SnSe (Table VI), our theoretical model indicates that water does not adsorb on 

SnSe2. The energy cost of water adsorption is lowered in the presence of Se 

vacancies (SnSe1.88) up to ~3 kJ/mol, although water adsorption (as well as 

decomposition) remains energetically unfavorable. Similarly, also SnSe shows 

outstanding chemical inertness toward water. 

On the other hand, the SnO2/SnSe2 heterostructure shows superior chemical 

reactivity towards ambient species with respect to SnSe2. On the pristine SnSe2 
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surface, the local rearrangement of chemical bonds around each adsorbed water 

molecule originates a redistribution of the charge density in the surface layer of 

SnSe2 with a charge transfer of 0.17 e- per water molecule (Figure 3.15a). Hence, 

we conclude that pristine SnSe2 is stable in humid environment and, 

consequently, it is unsuitable for humidity sensing, contrarily to conclusions in 

Refs. [143-145]. On the other hand, adsorption of H2O on SnO2/SnSe2 (Figure 3.15b) 

is energetically favorable even above room temperature. The values of 

transferred charge from H2O to the SnO2 skin are 0.43 and 0.30 e- for one and two 

H2O molecules per supercell, respectively. Correspondingly, DOS (Figure 3.15c) 

is modified with a direct correlation with the coverage of the adsorbate, hence 

proving the appropriateness for humidity sensing also at low concentrations of 

H2O. 

Note that decomposition of water molecule on the SnO2-skin-terminated 

SnSe2 is an exothermic process (see Table VI), although the energy gain from this 

process is moderate (-121.31 kJ/mol) and further water splitting is unfavorable, 

supporting the possible reversibility of the process. 

 

 

Table VI: Differential enthalpy ΔHads , differential Gibbs free energy of physisorption ΔG 

and differential enthalpy of decomposition ΔHdec for molecular oxygen and water on 

pristine SnSe2, SnSe1.88 and SnSe surfaces. For oxygen decomposition, the table also 

displays the differential enthalpy of the oxidation of whole surface with formation of 

SnO and SnO2-like layers (in parenthesis). 

Surface Adsorbant Physisorption Decomposition 

ΔHads [kJ/mol] ΔG [kJ/mol] ΔHdec [kJ/mol] 

SnSe2 

O2 -17.46 -3.16 -42.28 (-161.58 / ~ -40.2) 

H2O -13.27 +18.03 +220.91 
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SnSe1.88 

O2 -37.58 -26.28 -135.67 (-99.05 / -406.65) 

H2O -27.93 +3.37 +175.61 

SnSe 

O2 -11.53 -0.23 -236.03 (-323.10/ +95.4) 

H2O -8.12 +23.18 +82.22 

SnO2-skin H2O -119.70 -106.67 -121.31 

 

Figure 3.15: Changes of the charge density after adsorption of one water molecule on (a) 

SnSe2 and (b) SnO2-skin-terminated SnSe2. Panel (c) represents the DOS of SnO2-skin-

terminated SnSe2 (black curve) and of the same system modified by the adsorption of 

one (red curve) and two (blue curve) water molecules. The Fermi level is set at 0. 
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Recently, different authors [143-145] have reported the outstanding 

performances of SnSe2 in humidity sensing devices. Our findings elucidate the 

key role of the surface oxide skin in the interaction with humid environment. On 

the other hand, in Refs. [143-145] surface oxidation was not assessed, thus the 

mechanism ruling humidity sensing discussed therein should be re-interpreted. 

Theoretical results were validated by surface-science techniques. In 

particular, high-resolution electron energy loss spectroscopy (HREELS) 

experiments on water-dosed Sn-based selenides (SnSe, SnSe1.4, SnSe1.7, SnSe2) 

indicate the absence of chemisorbed water-derived species, as indicated by the 

lack of O-H stretching at 408-425 meV (molecular water) and 445-460 meV 

(hydroxyl groups) in spectra in Figure 3.16 (see Ref. [146] for more details). These 

findings are consistent with the positive differential Gibbs free energy of 

adsorption (corresponding to energetically unfavorable water adsorption) in 

Table VI. For the sake of comparison, we report in Figure 3.16 also vibrational 

data obtained after having exposed to the same dose of H2O (105 L) at room 

temperature the surface of other metal chalcogenides, which instead enable the 

stable adsorption of water molecules (PtTe1.6) and hydroxyl groups (InSe). The 

absence of reactivity toward water of Sn-based chalcogenides makes them 

suitable for catalysis (especially, photocatalytic water splitting [43] and hydrogen 

evolution reaction [147]) and drug delivery [148] (also considering that neither Sn nor 

Se are toxic). Congruently, SnSe2 was used as a co-catalyst in combination with 

TiO2 for hydrogen evolution reaction [54]. 

Further information on the surface chemical bonds is gained by the 

inspection of core levels via X-ray photoelectron spectroscopy (XPS) experiments. 

Figure 3.17 shows the Sn-3d and Se-3d core levels of the SnSe2 single-crystal 

surface cleaved in ultra-high vacuum and for the same surface modified by O2 

and H2O dosage with a total dose of 105 L. The as-cleaved surface shows the Sn-

3d5/2 core level at a binding energy (BE) of 486.8 eV (Figure 3.17b). Congruently, 

the Se-3d5/2 core level had a single component at BE=54.1 eV, in agreement with 

previous results for SnSe2 [149] and with a shift by +0.4 eV compared to the case of 

SnSe. Surface treatments, i.e. 105 L of O2 and H2O exposure, only induce slight 

changes in Se-3d core levels. A novel doublet appeared in Se-3d (BE=53.7 eV for 

3d5/2), whose total spectral area is 5.4% (for O2 dosage) and 2.6% (for air exposure), 

arising from Se(0) segregation [150]. Especially, from the analysis of Se-3d core-
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level spectra (Figure 3.17c), we can infer the absence of O-Se-O bonds, which 

would have a BE of ~59-60 eV [109, 110, 151]. Congruently, the intensity of the O-1s 

peak is especially small in SnSe2 exposed to both oxidative and humid 

environment (Figure 3.17a). 

 

Figure 3.16: HREELS spectra in the region of 

the O-H band acquired after having exposed to 

105 L of H2O at room temperature the surfaces 

of different Sn-based chalcogenides: SnSe2 

(orange curve), SnSe1.7 (black curve), SnSe1.4 

(green curve), and SnSe (blue curve). To 

provide a straightforward comparison, the 

figure also displays data for H2O-dosed InSe 

(red curve) and PtTe1.6 (brown curve) surfaces 

(105 L at room temperature). The impinging 

energy is 4 eV. 

 

Contrariwise, we observed well-

distinct peaks in SnO2/SnSe2-x exposed to 

humid environment (outermost spectra in 

the various panels of Figure 3.17). Specifically, a Sn-3d doublet with J = 5/2 

component is present at BE = 487.8 eV, due to SnO2 (relative amplitude of 54%), 

consistently with previous reports for this system [152, 153]. Remarkably, no trace of 

O-Se-O bonds is present, as suggested by the lack of Se-3d components at 59-60 

eV [151]. This result confirms theoretical expectations that Se is only involved in a 

metastable oxide phase, which represents a precursor for SnO2 formation. 

The analysis of O-1s core-level spectra (Figure 3.17a) for SnSe2 exposed to 

humid environment shows new components arising from -OH groups and H2O 

at a BE of 531.6 and 533.6 eV, respectively [154-156]. We also exposed the SnO2/SnSe2 

heterostructure to the humid environment, with the corresponding O-1s 

spectrum displaying the SnO2 component at a BE of 531.5 eV [157, 158], overlapped 

with the -OH component. 
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Figure 3.17: (a) O-1s, (b) Sn-3d and (c) Se-3d core levels for the pristine surface of SnSe2 

cleaved in situ in ultrahigh vacuum conditions and its alteration after exposure to O2 (105 

L) and to H2O (105 L). The photon energy is 800 eV. We also report in each panel the 

corresponding spectrum for SnO2/SnSe2-x exposed to humid environment. 

Conclusions 

In conclusion, in this section the modifications of surface properties 

whenever pristine SnSe2 assumes a sub-nanometric SnO2 skin upon interaction 

with oxidative environments and the subsequent implications for chemical 

sensors are investigated. Definitely, the oxidation process has a direct effect on 

the work function, which is increased by +0.4 eV, owing to the charge transfer 

between the substrate and the SnO2 skin of 0.56 e- per SnO2 unit. Though the SnSe2 

surface is inert to water at room temperature, upon surface oxidation the 

SnO2/SnSe2 interface shows a remarkable sensitivity to humidity. Definitely, 

these results prove the significant influence of humid environments on the 

electrical response of the SnO2/SnSe2 heterostructure. 
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Chapter 4  

4Conclusion 

In conclusion, in this thesis issues related to technology transfer of 2D 

materials beyond graphene were addressed. 

Specifically, a solution for the reduction of costs in the state-of-the-art 

production of GO was identified. Additionally, we demonstrate that Polarclean 

represents a unique green candidate solvent for large-scale and scalable 

production of functional inks based on 2D materials, which naturally enables 

expanding the use of 2D materials in several application fields, such as agri-food 

and desalination industries, which are expected to take advantage of the unusual 

properties of 2D materials in terms of both efficiency and selectivity. 

Furthermore, newly discovered 2D materials belonging to the class of metal 

chalcogenides (PdTe2, NiTe2, GaSe, SnSe2) were introduced in the industrial 

world, by engineering prototypes of catalytic devices, gas sensors and IR/THz 

imaging systems based on these innovative materials, with competitive 

performances with the state-of-the-art systems since their first implementation. 

Specifically, for bulk NiTe2 and PdTe2 we demonstrate that they are ambient-

stable materials with diverse applications. These materials are also stable in air, 

except the formation of a sub-nanometric TeO2 skin in surfaces exposed to air. 

Their surfaces are inert toward H2O and CO, enabling the possibility to fabricate 

CO-tolerant electrodes for electrocatalysis that would be stable in an aqueous 

environment. Therefore, the growth of high-quality single crystals with 

minimized Te vacancies is crucial to favor the technological exploitation of this 

novel class of transition-metal dichalcogenide hosting type-II Dirac fermions. It 

has also been shown that undefected PdTe2 is thermally stable in the temperature 

range usually employed for most applications (even above 500 K). Conversely, 

surface TeO2 phases are thermally unstable, due to temperature-induced 

reduction, which also implies changes in the electronic properties. 
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As mentioned above, TMDs can also host topologically protected electronic 

states. As an example, MoTe2 is a type-II Weyl semimetal, while PtTe2 and PdTe2 

are type-II Dirac semimetals. Their Ni-based counterpart, NiTe2, has also been 

predicted to be a type-II Dirac semimetal. Notably, the abundance on Earth of Ni 

compared to Pt and Pd makes NiTe2 more economic and, correspondingly, more 

suitable than PtTe2 and PdTe2 for large-scale technological applications. 

For GaSe we determine that the oxidation into Ga2O3, promoted by 

exfoliation in nanosheets or by the presence of defects in sub-stoichiometric 

crystals, plays a key role in the recently reported improved performance of 

electrochemical and photocatalytic reactions upon exfoliation of GaSe in 

atomically thin layers.  Therefore, our results elucidate the role of surface oxides 

in electrocatalysis and photocatalysis based on nanosheets of III-VI layered 

semiconductors. These findings pave the way for a novel generation of efficient 

and cost-effective (photo-) electrocatalysts, based on self-assembled 

heterostructures formed by taking advantage on the natural interaction of sub-

stoichiometric van der Waals semiconductors with air. Furthermore, we expect 

that these concepts could be extended to any other process ruled by surface 

chemical reactions, such as gas sensing and adsorption-assisted distillation 

processes. 

Finally, for SnSe2 we studied the modification of surface properties upon 

exposure to humid environment. The oxidation process has a direct effect on the 

work function, which is increased by +0.4 eV. Though the SnSe2 surface is inert 

to water at room temperature, upon surface oxidation the SnO2/SnSe2 interface 

shows a remarkable sensitivity to humidity. These results prove the significant 

influence of humid environments on the electrical response of the SnO2/SnSe2 

heterostructure. The stability over six months of the SnO2/SnSe2 heterostructure 

was addressed, congruently with the formation of a passivated sub nanometric 

skin of SnO2, which remains stable in air. Moreover, the self-assembled 

heterostructure enabling ultra-sensitive gas sensing without the need of 

encapsulation. Our findings also imply that recent reports on humidity sensing 

with SnSe2 should be reinterpreted, considering the pivotal role of the oxide skin 

in the interaction with water molecules. 
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Appendix 

A. Calculation of the density of defects 

Table A.1 report a detailed comparison in terms of I(D)/I(G) ratio and density 

of defects nD for graphene obtained with LPE using Polarclean and other 

solvents: NMP  [1, 2] and cyrene [1]. Precisely, the estimation of the density of 

defects, according to the method presented in Ref. [3], also consider the laser 

wavelength λL used for Raman measurements, following: 

 

Table A.1: Comparison of I(D)/I(G) ratios and density of defects, calculated from raw 

data of Raman spectra of Figure 1.8. For I(D)/I(G) of NMP and cyrene, we report the 

value that we estimate from the analysis of raw data, together with the declared value 

in the related literature papers. 

Solvent used for 

LPE 

Laser Wavelength 

[nm] 

I(D)/I(G) ratio 

 

Density of defects 

[defects/cm-2] 

Polarclean [This Work] 633 0.07 ± 0.01 (8 ± 2) · 109 

NMP [2] 
633 

0.52 ± 0.01 

(~ 0.4) 
(6 ± 2) · 1010 

NMP [1] 
514 

0.22  0.08 

(0.29 ± 0.08) 
(6 ± 2) · 1010 

Cyrene [1] 
514 

0.21  0.06 

(0.20 ± 0.06) 
(5 ± 2) · 1010 
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B. X-Ray Diffraction (XRD) 

X-ray diffraction is the most widely used powerful technique to identify the 

crystal structure and the atomic array of materials. It is based on constructive 

interference of monochromatic X-rays and a crystalline sample. The interaction 

of the incident X rays with the sample produces constructive interference when 

conditions satisfy Bragg's Law    

𝑛𝜆 = 2𝑑 𝑠𝑖𝑛𝜃  

This law relates the wavelength of electromagnetic radiation to the diffraction 

angle and the lattice spacing in a crystalline sample. 

C. Calculation of phonon modes 

Phonon dispersion calculations were performed within the “frozen-phonon” 

method using the projector augmented wave (PAW) pseudopotentials and a 

plane basis set as implemented in VASP [4-6]. The cut-off for the plane wave basis 

is set to 500eV and a Γ-centered 12x12x8 k-grid was used for the Brillouin zone 

integration [7].  

The exchange correlation part of the potential was treated within the local 

density approximation (LDA) [8].  All the structures were properly relaxed until 

the force on each atom become vanishingly small. 

Below, we have tabulated the phonon frequencies of bulk NiTe2 in cm-1 at the 

Γ-point, indicating their infrared or Raman activity based on our DFT 

calculations. The modes corresponding to ~ 87 cm-1 and ~ 150 cm-1 are Raman 

active. 

 

Table A 2: Phonon frequencies of bulk NiTe2 at the Γ-point. 

Branch 

number 

Frequency 

[cm-1] 

Symmetry  Infrared (I) / Raman 

(R) activity  
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a

) 

b

) 

1-2 0.00 Eu - 

3 0.00 A2u - 

4-5 87.76 Eg R 

6 150.30 A1g R 

7 211.58 A2u I 

8-9 227.66 Eu I 

 

Thus, in NiTe2 there are 9 phonon modes, three acoustic and 6 optical. Only 

Eg and A1g are Raman active. In Figure A1 we show a sketch of the displacements 

of the atoms, corresponding to these phonon modes. 

 

 

Figure A 1: Schematic representation of the (a) Eg and (b) A1g modes. Grey and golden 

spheres indicate Ni and Te atoms, respectively. 
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D. Survey XPS spectrum of the as-cleaved 

samples of NiTe2 and PdTe2 

 

Figure A.2: Survey XPS spectrum of as-cleaved PdTe2. Photon energy is 800 eV. 

 

 

Figure A.3: Survey XPS spectrum of as-cleaved NiTe2. Photon energy is 1000 eV. 

 

E. Determination of the thickness of the oxide 

skin 

Assuming an ideal situation in which a uniform layer of oxide is formed, we 

estimated the thickness of the surface oxide phase, d (Å) from the core-level 

spectrum. The intensity ratio between oxidized species (Io, area of oxide 
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component in the core level spectra) and pristine surfaces (Im, area of the pristine 

material component), using the following equation [9, 10]: 

 

𝑑 (Å) = λosinθ ln (
NmλmIo

NoλoIm
+ 1) 

where λo and λm are the effective attenuation lengths (EALs) of oxide and 

pristine material, respectively.  

The peak intensities, Io and Im, were obtained from XPS data analysis of core 

level, while the EAL values at the experimental electron energy of were 

calculated with QUASES-IMFP-TPP2M Ver. 3.0, based on the Tanuma, Powel, 

Penn TPP-2M formula [11].  Nm and No are the volume densities of material atoms. 

θ is the angle between the sample surface and the axis of the electron analyzer, 

as depicted in Figure A.4. 

 

Figure A.4: Geometry used for XPS measurements. 
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F. Survey XPS spectrum of the as-cleaved 

samples of GaSe and InSe 

 

Figure A.5: Survey XPS spectrum of as-cleaved sample of GaSe measured with a photon 

energy of 830 eV, acquired at BACH beamline Elettra synchrotron. 

 

 

Figure A.6: Survey XPS spectrum of as-cleaved sample of InSe measured with a photon 

energy of 830 eV, acquired at BACH beamline Elettra synchrotron. 

 



90 

 

G. Survey XPS spectrum of the as-cleaved 

sample of SnSe2 

 

Figure A.7: Survey XPS spectrum of SnSe2 single crystal with a photon energy of 800 eV, 

acquired at APE-HE beamline Elettra synchrotron. 
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