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Redox exfoliated NbS2: characterization, stability, and oxidation 

Danilo A. Nagaokaa,b, Daniel Grasseschic, Alisson R. Cadorea, Jessica E. S. Fonsacaa,b, Ali M. 
Jawaidd, Richard A. Vaiad, Christiano J. S. de Matosa,b* 

Niobium disulfide is a layered transition metal dichalcogenide which has just begun to be exploited as a two-dimensional 

material. Although it is a superconductor at low-temperatures and demonstrates great potential to be applied as catalyst 

or co-catalyst for hydrogen evolution reaction, only few reports demonstrated the synthesis of few-layer NbS2. However, 

before applications can be pursued, it is essential to understand the main characteristics of the obtained material and its 

stability under atmospheric environment. In this work, we conducted a thorough characterization of redox exfoliated 

NbS2 nanoflakes regarding their structure and stability in oxygen-rich environment. Structural, morphological and 

spectroscopic characterization demonstrated different fingerprints associated with distinct oxidation processes. This led 

us to identify oxide-species and analyse the stability of the redox exfoliated NbS2 nanosheets in air, suggesting the most 

likely reaction pathways during the NbS2 interaction with oxygen, which agrees with our density-functional theory results. 

The mastery over stability of layered materials is of paramount importance to target future applications, mainly because 

the electronic properties of these materials are strongly affected by an oxidizing environment. 

1. Introduction 

Transition metal dichalcogenide (TMD) crystals are 

known to be formed by elements from different groups 

and families.1–3 In this scenario, niobium disulfide (NbS2), 

a group-V TMD has first emerged as an exciting material 

due to its superconductivity at low temperatures.4 

Recently, other works have demonstrated its potential 

in different areas (e.g., electronics,5,6 sensing6 and 

catalysis7,8), when obtained as nanosheets down to the 

few (FL) or monolayer (ML) thicknesses.  Due to its 

interesting electronic properties, NbS2 is a promising 

candidate to improve catalytic reactions, such as 

hydrodesulfurization and hydrogen evolution reaction 

(HER) activity,9,10 with potential to replace the most 

efficient and expensive platinum catalysts.  Other TMDs 

from group-VI (e.g., MoS2 and WS2) with semiconducting 

properties have also been evaluated to play this role.11 

The main drawback of the latter, however, is the scarcity 

of reaction sites.12 Group-V TMDs, on the other hand, 

possess a metallic character in its most stable phase,13 

and it has been shown that defects and imperfections 

cause specific rearrangements to their crystalline 

structure, which enhance adsorption/desorption 

events.7,8 These sites are more reactive than the basal 

plane and favor the catalytic activity for, e.g., HER10,11 

Moreover, it was also recently demonstrated that their 

high conductivity improves ionic mobility, facilitating 

some catalytic reactions.14 

Recently, Jawaid and co-workers reported the 

production of different TMD nanosheets, including 

NbS2, through a redox exfoliation method, which is an 

alternative procedure to obtain mono-to-few layer 

TMDs.15 Unlike most exfoliation methods via wet 

chemistry, the redox process takes advantage of in-situ 

chemical reactions. The reaction of mild oxidants with 

TMDs leads to the formation of peroxometalates, which 

further change into polyoxometalates (POMs). In view of 

their charge difference, POMs adsorb on the surface of 

the TMDs, react and subsequently exfoliate them.16 In 

this scenario,15–19 later works demonstrated the redox 

exfoliation viability in a variety of TMDs. Thereafter, this 
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method is an attractive process for the scalable 

synthesis of TMDs due to its lowcost.15 Furthermore, it 

stands out compared to other synthesis routes, 

considering the lack of strong reactants or the need for 

further treatments20 (i.e., annealing or purifications).  

 As new synthesis routes and applications emerge for 

NbS2 nanosheets, it is imperative to comprehend 

fundamental issues regarding the material stability and 

the reaction pathways when exposed to different 

environments (e.g., when dispersed or exposed to 

ambient conditions). To this end, we carried out a 

systematic study on redox exfoliated NbS2 flakes to 

clarify the material's behavior under oxidation 

processes. Spectroscopic assessments were confronted 

with thermogravimetric analysis (TGA) and density 

functional theory (DFT) results regarding the 

susceptibility of NbS2 to be oxidized and the reactions 

involved in this process. Also, a kinetic study conducted 

through UV-Vis spectroscopy led to a description of 

possible routes for the mono-to-few layer NbS2 

oxidation. The mastery over phase engineering and 

stability of novel layered materials is of paramount 

importance to target future applications. Thus, 

whenever seeking to verify the structure and integrity of 

reactive materials, understanding the mechanism in the 

involved reactions is undoubtedly essential. 

2. Materials and Methods 

The samples studied in this work were prepared 

following prior procedures.18,21 In brief, 0.625 mmol (100 

mg) of NbS2 (Alfa-Aesar) was added to an argon filled 3-

neck round bottom flask, followed by 5 mL of anhydrous 

acetonitrile (CH3CN, Sigma-Aldrich). After equilibrating 

the temperature at 0°C (ice bath), 3 mmol of cumene 

hydroperoxide (562 µL of 80% CHP) was added dropwise 

to the NbS2 suspension over the course of 15 minutes, 

and then the temperature was raised to 25°C to conduct 

the oxidation.   After stirring for 24 hours, the sediment 

was collected. The redox step consisted of re-

equilibrating the wet sediment to 0°C and adding a total 

of 125 µL of 0.010 M hydroquinone (Sigma-Aldrich) in 

CH3CN in by aliquots over 2 hours.  After 24h hours at 

0°C, the solution was stirred for an additional 24 hours 

at 25°C. The mechanisms involved in the exfoliation 

process were thoroughly described in previous 

publications.18,21 In summary, the mild oxidation, 

produced by CHP, charges the surface of the NbS2 

crystal, favoring interaction with in-situ produced 

polyoxometalates (POMs), which increases Coulombic 

repulsion and facilitates exfoliation. Finally, exfoliated 

flakes were collected by initially allowing the largest 

flakes to settle without stirring, centrifuging (10k RPM, 

30 minutes) the collected supernatant, and redispersing 

the sediment in anhydrous solvent.  Centrifugation and 

re-suspension were conducted 3-times. The top 2/3rds 

of the final supernatant contained few-to-monolayer 

NbS2 flakes. X-ray diffraction (XRD), atomic force 

microscopy (AFM) and transmission electron 

microscopy (TEM) confirmed that the size distribution 

was similar to those in previous reports.18,21 Also, x-ray 

photoelectron spectroscopy (XPS) was performed 

confirming oxidation after environment exposure. 

Samples were analyzed under two different forms: (i) 

drop casted on different substrates and (ii) in a stable 

acetonitrile (ACN) suspension. The first sample, after 

drop casting onto SiO2/Si substrates, naturally dried 

NbS2 nanosheets were characterized by Raman 

spectroscopy, AFM, SEM, XRD and thermogravimetric 

analysis (TGA). To compare with the obtained redox 

exfoliated material, the bulk NbS2 precursor was also 

mechanically exfoliated down to few layer NbS2 using 

the scotch-tape method. Raman spectra were acquired 

using an Alpha300R confocal Raman spectrometer 

(Witec) with 532 nm excitation wavelength. For each 

spectrum, the integration time was set to 5 seconds with 

10 accumulations. To control the sample exposure to 

the environment during the Raman analysis, nitrogen 

(N2) gas purge was used to  reduce the oxidation rate 

(except for when the oxidation was desired). To analyze 

the oxidation process in the drop casted material, the N2 

purge was turned off, and spectra were acquired with 

intervals of 5 minutes. To avoid thermally or optically 

induced degradation of samples a low laser power was 

used (500 µW) with 4 accumulations and 1 second 

integration time.  
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The AFM measurements on drop casted samples were 

taken using a Bruker Dimension Icon AFM in non-contact 

soft-tapping mode. Si substrates were prepared by UV-

O treatment and drop-casting a dilute NbS2 suspension 

(~1 mM) and drying under inert atmosphere. Average 

dimensions reflect ~100 flakes analyzed with the 

Nanoscope Analysis software. SEM images were 

obtained using a scanning electron microscope (JEOL-

JSM 7800F) with 10 kV, secondary electrons were 

collected using a lower electron detector (LED). XRD 

measurements of the prepared samples drop casted on 

quartz substrates were carried out using a Rigaku 

Miniflex II system, with λCuKα radiation and a 

monochromator and slits with 30 kV and 15 mA. For the 

TGA measurements, flakes were drop casted directly 

and dried on the alumina cup kits (~1 mg) in an inert 

(Argon) atmosphere. The data were acquired using a TA 

Instruments TGA/DTA SDT Q600 system. A heat ramp of 

5 °C/min was used, up to 1000 °C, in synthetic air 

environment.  

NbS2 samples were also studied directly in ACN 

suspension, being characterized by means of UV-Vis 

spectroscopy. The UV-Vis measurements were carried 

out using a UV-3600i Plus (Shimadzu) 

spectrophotometer, in a low volume (0.7 mL) quartz 

cuvette with a lid to avoid solvent loss through 

evaporation. To induce the oxidation of the otherwise 

protected NbS2 flakes in the ACN suspension, an oxygen 

(O2) purge (0.2 bar) was performed with a needle 

pinched through the cuvette lid. The NbS2 flakes in the 

suspension were kept in the closed cuvette to avoid 

solvent evaporation during 1-minute O2 purge cycles. 

UV-VIS spectra were then acquired between purge 

cycles, until the end of the reaction (i.e., no detectable 

change in the spectra) was verified (which occurred after 

15 minutes).  

DFT calculations22 were performed with the Quantum 

Espresso 6.4.1 simulation package using a plane-wave 

basis set with an energy cutoff of 400 eV.23,24 Precision 

standard solid-state pseudopotentials (SSSP) were used 

for all atoms.24,25 The generalized gradient 

approximation described the exchange-correlation 

functional with Perdew-Burke-Ernzerhof (PBE) 

parameterization, considering 12 points K (x,y). 22 We 

first modelled ML-NbS2 and ML-NbO2, using hexagonal 

unit cells and periodic boundary conditions. A vacuum 

spacing of 20 Å was added to avoid interaction between 

the periodic layers. Structural optimization was 

performed with force tolerance of 10-5 eV/Å. Phonon 

modes were calculated using the equilibrium structure 

from the self-consistent calculation. The phonon 

frequencies were calculated by diagonalization for the 

dynamical matrix. The intensities of each mode were 

obtained through the Placzek approximation.26 All input 

files are in the Support Information. For modelling O2 

adsorption we used the Gaussian09 utilizing the same 

functional parametrization n previous describe above. 

A 4x4 supercell was constructed using the relaxed 

structure for NbS2, and this structure was used as a finite 

cluster. Three different scenarios were analyzed, the O2 

adsorption on the basal plane (O2@NbS2-b), on the edge 

(O2@NbS2-e), and a sequential adsorption first on the 

edge and then on the basal plane ((O2)2@NbS2). 

3. Results and Discussion 

Initial Characterization: drop casted samples 

Images of the redox exfoliated NbS2 nanosheets were 

obtained using SEM to verify the samples aspect after 

drop casting, these are shown in Figure S1.  Lateral 

dimensions of the flakes ranged from 50-300+ nm.  AFM 

height measurements were 2.1 nm +/- 0.5 nm, 

corresponding to 1-2 layers per flake with a distribution 

up to 5-6 layers (~7-9 nm). 15,18 The discrepancy between 

AFM measurements and crystallographic layer thickness 

is in line with deviations due to tip-surface interaction 

and surface-surface interactions, especially in atomically 

thin, two-dimensional materials.27,28 Next, by using XRD 

diffractograms we were able to compare the exfoliated 

material and its bulk precursor as depicted in Figure S2, 

with clear differences between the samples. The peaks 

observed in the bulk sample confirm NbS2’s 3R phase 

(JCPDS: 03-065-3655). As expected, the well-defined 

and sharp peaks, present in the bulk NbS2 sample, 

broaden or disappear indicating a decrease in the 

number of crystalline planes. However, it is interesting 

to note that the peak related to the interlayer stacking, 

(0 0 3) plane close to 14° degrees, is always present, 
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indicating the maintenance of the lamellar 

characteristic. Also, a small shift to lower angles can be 

seen in this peak for the exfoliated material, due the 

increase of distance between layers.  

The Raman spectra of a representative redox exfoliated 

NbS2 nanosheet (blue) and of a mechanically exfoliated 

flake (red) is presented in Figure 1 together with a 

Raman spectrum of the bare substrate (dashed black). 

Overall, the acquired Raman spectra for the NbS2 

samples agree well with each other (indicating negligible 

impact to crystallinity by the chemical reactions involved 

in redox exfoliation) and with those in previously 

reported chemical vapor deposition (CVD) NbS2.5,8,14  

Assuming that the crystals do not undergo phase 

changes during exfoliation, we use the 3R phase mode 

assignment for the FL samples.  

For simplicity, we call the modes by their bulk irreducible 

representation names (even for the FL samples). 3R NbS2 

(𝐶3𝑣
5  space group) exhibits 4 active Raman modes: 2A1 + 

2E. In Figure 1, we indicate the positions of E1, E2 and A1 

modes, according to previous literature assignments. 

Comparison between the mechanically and redox 

exfoliated samples shows that the former exhibits a 

more well-defined A1 peak, which may be due to a better 

conservation of the crystal’s basal plane29,30. The E1 peak 

was found to vary from flake to flake in redox exfoliated 

flakes, possibly due to small structural and/or thickness 

variations. Note that this mode is also visible in the 

mechanically exfoliated sample, but with a smaller 

amplitude and with a larger Raman shift.  The 

assignment of the band observed at around 150 cm-1 is 

still controversial in the literature. While Kitaura and 

colleagues relate it to a two-phonon scattering 

process,31 Redwing and co-workers attribute this band 

to a defect mode in the 3R phase.32 

Oxidation in drop casted samples 

For studying oxidation in redox exfoliated NbS2, 

individual flakes were monitored under the confocal 

Raman spectrometer for 4 hours with time intervals of 5 

minutes. Selected Raman spectra for various exposure 

times are depicted in Figure 2. One can easily identify 

changes in the Raman spectra over the monitored time. 

Besides an overall intensity decrease of the NbS2 Raman 

modes (not shown, as each spectrum was normalized by 

its highest peak), a change in their relative intensity as 

well as the appearance of new modes are noteworthy. 

In fact, in the last recorded spectrum (red/top solid line 

in Figure 2), the modes associated to the substrate 

(dashed/bottom curve) were more evident than those 

of the sample. The significant changes in the spectrum 

indicate the material’s instability when exposed to 

ambient conditions (i.e., O2 and H2O). While the initial 

spectrum is consistent with several reports in the 

literature for NbS2 and is similar to the spectrum shown 

in Figure 1, after approximately 30 minutes of 

environmental exposure the shape of the identified 

peaks exhibit clear changes. Interestingly, after 200 

Figure 1.  Raman spectra of mechanically (red) and redox (blue) exfoliated NbS2 

flakes. A spectrum of the bare substrate (SiO2/Si) is also presented for comparison 

(dashed, black). 

Figure 2. Selected Raman spectra of NbS2 obtained at the indicated times during 

exposure to room environment. Dashed: Raman spectrum of the substrate; 

vertical dotted lines indicate the position of the assigned NbS2 modes 
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minutes the appearance of a new peak close to 408 cm-

1 is noticeable. It is important to emphasize that, even 

though a mode near 408 cm-1 has sometimes been 

reported and assigned to NbS2
33,34 the fact that, in our 

case, it only emerges after some reaction time indicates 

possible association to oxidation. Also, it matches a 

mode observed in our simulations and associated to the 

first stage of niobium dioxide (NbO2), as will be 

addressed ahead. In the last acquired spectrum, in red, 

the decrease in intensity of all Raman peaks associated 

with the sample is probably caused by amorphization of 

the crystal after reaction with the environment. 

It is known that phase-transition of 2D materials might 

be prompted by a variety of factors35 (e.g., surface 

modification, high pressure, high temperature, etc.). As 

the changes in the spectrum are only observed in the 

redox exfoliated NbS2 after environmental exposure, we 

postulate that they are triggered by oxidation processes, 

which up to this date has not been studied in detail for 

NbS2 nanomaterials. A few studies14,36 reported on the 

oxidation of CVD grown, non-stoichiometric, Nb1+xS2 

samples. It is believed that non-stoichiometry increases 

the density of active sites on the basal plane, increasing 

reactivity. 

Note that, in our experiments, the peaks that emerge 

over time are sometimes weak and/or transient. For 

better clarification we provided in Figure S8 the time 

dependent spectra evolution without any treatment. 

We attribute this to the fact that uncontrolled oxidation 

leads to an amorphous structure, with significant site-

to-site structural and compositional variations. If this is 

the case thermal annealing would induce a more 

uniform crystallization. To further investigate this 

possibility, we carried out a thermal treatment on a drop 

casted NbS2. For this purpose, a sample exposed to 

ambient environment for hundreds of minutes was 

annealed at 1000°C under an inert (Argon) environment 

for 15 minutes. Optical images of the sample before and 

after the thermal treatment are presented in Figure S3. 

From this figure, it is possible to see the modification of 

the sample’s morphology, from a more uniform 

coverage of the substrate, Figure S3a, to two types of 

localized clusters of different sizes, Figures S3b and S3c. 

Subsequently, we repeated the Raman characterization 

and Figure 3 depicts the two types of Raman spectra 

observed in the final material. The smaller (Figure S3b) 

and larger clusters (Figure S3c) respectively yield the red 

and blue Raman spectra in Figure 3, respectively. 

Analysis demonstrates clear differences between these 

spectra and, even more apparent, from those observed 

in pristine (Figure 1) and naturally oxidizing (Figure 2) 

NbS2 flakes. Comparison with the literature (as well as 

simulations to be show below) reveal that the spectra in 

Figure 3 can be associated with two different niobium 

oxide (NbxOy) species: NbO2 (red) and Nb2O5 (blue). The 

spectrum in blue can be assigned to Nb2O5, since it 

presents a broad band centered at around 700 cm-1, 

characteristic of the amorphous phase of Nb2O5.36,37 The 

two bands at lower energies (139 cm-1 and 264 cm-1) are 

related to vibrations of the distorted NbO6 octahedral, 

which corresponds to the T-Nb2O5 phase38 

(orthorhombic). The spectrum shown in red, on the 

other hand, resembles the data available in the 

literature for NbO2, with the characteristic bands at 140 

cm-1, 297 cm-1, 407 cm-1, 893 cm-1, and 920 cm-1.37,39 It is 

interesting to notice that the appearance of a peak at 

407 cm-1 for NbO2 closely matches both a peak observed 

in the naturally oxidized sample (at 408 cm-1 for 200 

minutes in Figure 2) and simulation data obtained (to be 

discussed below). These results are in line with the 

assumption that NbS2 oxidizes to an amorphous stage 

Figure 3. Representative Raman spectra (λ = 532 nm) of the annealed (1000°C for 

15min in Argon) drop casted oxidized NbS2 samples. The red line is related to the 

spectrum in a smaller NbO2 cluster (Figure S3b), whereas the blue line to a larger 

cluster predominantly Nb2O5 (Figure S3c). Asterisks indicate modes associated 

with substrate. 
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that, after annealing, crystalizes into different niobium 

oxide species. 

Next, seeking to evaluate the steps involving in the 

oxidation process, we further assess the behavior of our 

NbS2 material under thermal treatment in an oxidizing 

medium by performing TGA analysis in a synthetic air-

controlled atmosphere (see Methods for details). The 

weight loss percentage curve is depicted in Figure 4, 

along with differential thermal analysis (DTA). Figure S4 

also presents the differential scanning calorimetry (DSC) 

results obtained. In Figure 4 it is possible to identify 

different processes during the TGA measurements. The 

first one is related to the solvent evaporation, 

corresponding to approximately 1.44% in mass between 

30-120oC. Subsequently, it is noticeable a gain of mass 

at 335°C, suggesting the incorporation of O2 by the NbS2, 

therefore generating an unstable compound. Shortly 

after that, there is a loss of sulfur dioxide (SO2), 

approximately 2.7%, which takes place from 335°C to 

450°C.40,41 These two events indicate the formation of 

intermediate species, such as NbSO, corroborating the 

obtained DSC curve (Figure S4), which exhibits a wide 

exothermic event, in accordance with the solvent 

oxidation and loss, followed by an endothermic event at 

around 400oC. That is in line with adsorption processes, 

attesting O2 incorporation in this step.42,43 At higher 

temperatures (450°C to 600°C), a weight loss of 7% 

could be attributed to the complete removal of S and a 

stable oxide crystal formation. The residual mass (~80%) 

could be attributed both to Nb2O5, which should melt 

just at 1400oC,42,44 and/or to NbO2, which has a melting 

point of about 1900oC.44 To verify this assumption, the 

resultant solid was taken to Raman analysis, and the 

obtained spectrum is depicted in Figure S5. The 

apparent similarities to spectra red and blue, previously 

discussed in Figure 3, attest that the final residue is 

possibly a mixture of NbO2 and Nb2O5. 

So far, the presented results identify that redox 

exfoliated NbS2 experiences oxidation under different 

conditions, undergoing pathways that may lead to 

distinct species (i.e., Nb2O5, and NbO2). The possible 

pathways, however, are vast and complex, and other 

species could also be involved (e.g., NbO and NbSO), as 

discussed in our TGA analysis. Thus, to validate and 

understand our experimental results, we carried out ab 

initio simulations of ML-NbS2 and verified how the 

adsorption of O2 molecules take place on its surface. For 

this purpose, we used DFT, and the results will be 

discussed next. 

Density Functional Theory study 

The structures used to generate our simulated data are 

presented in Figures 5a-b, being relative to ML-NbS2 and 

ML-NbO2, respectively. Simulations initially considered 

periodic boundary conditions, so that an infinite 

monolayer plane was modelled. In both cases, 

simulations started with the P6/mmc space group45 and 

the structures were allowed to relax. Although we also 

speculate indications of Nb2O5 formation in the final 

steps of NbS2 oxidation, calculations could not be 

performed with this structure because of hardware 

limitations.   

Figure 5. Relaxed crystalline structures obtained by DFT simulation in Quantum Espresso: 

(a) ML-NbS2 and (b) ML-NbO2. Top panels illustrate the top view, whereas the bottom 

panel depict the lateral view of the structures. 

Figure 4. Thermogravimetric analysis (TGA) and differential thermal analysis (DTA) of 

mono-to-few layer NbS2 (in air). The black line (TGA) demonstrates the different events 

of mass loss and gain along the temperature range. The blue dashed line is the first 

order. 
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The electronic band dispersion and the projected 

density of states (PDOS) of the NbS2 structure are 

presented in Figure S6. They agree with the results 

from41,42, thus validating our data and allowing NbS2 to 

be used as a starting material for further simulations. 

NbS2 shows a metallic behavior with the valence band 

crossed by the Fermi level. The PDOS demonstrates the 

contribution of the d orbitals from Nb, implying that the 

electronic properties are mainly from the metallic atom 

(Nb). After identification of the optimized NbS2 

structure, we computed its active phonon modes at the 

Γ point. Our calculations demonstrated the existence of 

three Raman-active modes as shown in the Table 1. The 

comparison between the calculated NbS2 phonon 

modes and the experimental Raman modes is also 

shown in Table 1.  

Overall, the experimental and theoretical mode showed 

a good agreement, mainly for the E2 and A1 modes. 

Figure S7 shows the band dispersion and PDOS for the 

simulated NbO2 structure, which exhibits a similar 

characteristic to that of NbS2, with a half-filled valence 

band and a metallic characteristic. As in the NbS2 

analysis, Nb atoms have the highest contribution for the 

PDOS of the valence states. Our theoretical observations 

for the oxide are also in agreement with previous 

studies. 46,47 Next, we calculated the phonon modes at 

the Γ point for the optimized NbO2 structure. Eight 

Raman-active modes were numerically observed, as 

shown in the Table 1. Five of these modes agree well 

with those shown by the red line in Figure 3, which 

corroborates our assumption that the small clusters 

obtained after annealing correspond to NbO2 

crystallites. The experimentally obtained frequencies 

are also shown in Table 1. Our theoretical model 

assumes a perfect crystal; therefore, slight numerical-

experimental discrepancies are observed. Those can 

either reflect the polycrystallinity of NbO2, or some 

imperfections in the crystal lattice. Otherwise, the 

Raman modes at 407 cm-1, 483 cm-1, 893 cm-1 and 922 

cm-1 are in good agreement.37,48 In summary, it is 

possible to compare the materials and establish a good 

match among our experimental and simulation study, as 

well as with previous reports.37,45 

Table 1. Comparison between DFT simulated and experimental Raman modes. 

 

 

 

 

 

 

 

Next, to shed light onto the oxidation reaction dynamics, 

NbS2 nanoflakes were numerically modelled (as the 

edges are known to be important active sites). We used 

a 4x4 supercell with zig-zag edges and calculated the 

adsorption energy (Eads) of O2 molecules onto the NbS2 

surface and edges. O2 molecules were found to adsorb 

on Nb atoms, which is reasonable, considering the hard-

soft acid-base characteristics of oxygen and sulfur, 

favoring the reaction with Nb. As mentioned before, 

three different scenarios were analyzed: O2 adsorption 

on (i) the basal ML-NbS2 plane (NbS2@O2-b); (ii) the ML-

NbS2 edges (NbS2@O2-e), and (iii) the basal ML-NbS2 

plane after oxygen adsorption to the edge (NbS2@(O2)2). 

The results are expressed in Figure 6. The configuration 

NbS2 NbO2 

Theoretical Experimental Theoretical Experimental 

Frequency (cm-1) Frequency (cm-1) Frequency (cm-1) Frequency (cm-1) 

207 244 284 249 

290 288 394 407 

378 382 483 483 

    565 - 

    764 - 

    800 - 

    874 893 
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corresponding to isolated O2 molecule and NbS2 

nanoflake (left-most) is taken to be the energy 

reference. The second left-most configuration is the 

result for NbS2@O2-b, with Eads = 1.7 eV, indicating a non-

spontaneous adsorption. In other words, energy is 

required so that it can occur, characterizing an 

endothermic process. On the other hand, for the third 

simulated configuration, NbS2@O2-e, Eads = -1.45 eV, 

indicating a spontaneous and exothermic reaction. 

Indeed, it is expected that the material’s edges or 

imperfections would be the preferred reaction site for 

interactions. The results agree well with our TGA results 

(Figure 4) that showed the incorporation of O2 in the 

structure as the temperature rises through an 

endothermic event (Figure S4). Finally, we considered a 

fourth configuration, NbS2@(O2)2, takes place after the 

first O2 adsorption onto the edge, in which case we can 

see that Eads for basal plane adsorption drops to -1.60 eV, 

indicating that the adsorption becomes spontaneous. 

Therefore, our DFT simulations suggest that a mildly 

oxidizing environment could constrain the reaction to 

the edges. This phenomenon agrees with the redox 

exfoliation procedure once this process uses mild 

oxidant.15,18 Thus, by controlling the chemical potential 

during the synthesis, the basal plane of the material is 

preserved. Additionally, these results reveal that the 

NbS2 oxidation should be an autocatalytic process, 

where oxidating spots at the crystal’s edges decrease 

the activation energy for the subsequent oxidation of 

the basal plane. 

Oxidation in suspension: a kinetic study 

Aiming at thoroughly tracking the oxidation process, we 

carried out a systematic study of the kinetics involved in 

the NbS2 degradation under a controlled environment. 

More specifically, we induced the oxidation of otherwise 

stable NbS2 suspensions in ACN and monitored it 

through UV-Vis analysis. Figure 7a presents the UV-Vis 

extinction spectra collected at different O2 exposure 

times (see Methods for more details).  

Initially, the redox exfoliated NbS2 dispersion has a 

largely featureless spectrum (Figure 7a, black) that is 

typical of a metallic character, with extinction steadily 

increasing towards the UV. This trend might be related 

to different processes, such as photon absorption 

followed by nonradiative decay (e.g., electron-electron 

scattering) or Rayleigh scattering.49 Also, as 

demonstrated in our simulated data (Figure S7), the 

energy difference between the valence and conduction 

bands allows for the existence of interband transitions 

within the UV.37,47 

As O2 reacts with the dispersed NbS2, a peak in the 225-

260 nm region appears (marked by the square in Figure 

7a) and a peak at around 278 nm (indicated by the 

diamond) stands out from the broadband extinction 

trend. In addition, the existing UV extinction seems to 

red shift, developing a peak at just above 200 nm 

(indicated by the asterisk). All these features can 

tentatively be attributed to the formation of Nb oxides, 

which would corroborate our previously discussed 

results. Based on the evolution of each peak over time, 

kinetic curves were prepared aiming at shedding more 

light onto NbS2 oxidation and assign the specific rate 

constants (k) to each identified mechanistic stage. It is 

important to mention here that although the measured 

spectra express extinction, encompassing absorbance as 

well as scattering processes, for kinetic analysis we 

assumed the spectra to be dominated by absorbance 

Figure 6. Adsorption energy (Eads) diagram of O2 on nanosized ML-NbS2. First 

configuration (left-most): pre-adsorption situation, used as the energy reference. 

Second configuration: adsorption of O2 to the ML-NbS2 basal plane, leading to a 

positive adsorption energy (non-spontaneous reaction). Third configuration: 

adsorption of O2 to the ML-NbS2 edge, leading to a negative adsorption energy 

(spontaneous reaction). Fourth configuration (right-most): adsorption to the basal 

plane after edge oxidation, in which case Eads is negative, demonstrating that the edge 

functionalization catalyses oxidation of the basal plane sulphur atoms can be replaced 

by the atmospheric O2. 
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(At) in order to fit the obtained data. In fact, the 

absorption process has been shown to be prominent 

over scattering.49 

By monitoring the absorbance evolution at λ = 203 nm 

over time (Figure 7b), a classical first order profile could 

be observed. In fact, the kinetic analysis was successfully 

carried out by fitting the obtained data by a pseudo-first 

order model (equation S1), leading to a rate constant of 

k1 = 6.9×10-3 s-1 and R2 values higher than 0.99. We now 

analyze the evolution of the extinction peak in the 225-

260 nm region, which starts later and exhibits a more 

complex profile, as observed in Figure 7c (plotted for 

248 nm). To describe the obtained profile, the data was 

fitted (R2 higher than 0.99) with an equation based on 

the biologistic model of Meyer50 that was recently 

reported to outline the growth of gold nanoparticles 

(Equation S2).51 This model assumes two populational 

growth processes, in which the second starts before the 

first one is finished, at a different rate. Adapting this 

model to our results, we were able to identify an initial, 

slower, pseudo-first order reaction process (k2 = 2.5×10-

4 s-1), followed by two different rate processes. From 

Equation S2, Δt1 and Δt2 are related to the duration of 

the respective formation stages, which corresponded to 

a slower process (185.9 s) and a faster one (15.5 s). In 

this sense, it is interesting to highlight that the two 

sigmoidal processes resemble a multi-step autocatalytic 

mechanism, in which a product acts as the catalyst for 

its own formation,50 in accordance with our DFT results. 

For instance, these data could suggest that, in the 

beginning (pseudo-first order stage), the catalyst builds 

up until the required product is sufficient for the 

autocatalysis to happen in the next steps (sigmoidal 

stages). All kinetic parameters obtained from fitting with 

Equation S2 are given in Table S1. 

Finally, based on the results discussed in this work, we 

may assume that the mechanism of NbS2 oxidation 

follows a process that is similar to that observed for 

black phosphorus (BP) degradation.52 Indeed, the 

chemisorption of O2 (in the air or dissolved) on BP 

generates a more hydrophilic surface that catalyzes BP’s 

degradation (oxidation). Here, we can speculate that O2 

is chemisorbed onto NbS2 edges through exothermic 

and slow kinetic (k1 and k2) processes until NbSO is 

formed, as indicated by DFT, TGA, and kinetics analysis. 

After O2 anchors onto NbS2, further oxidation is 

facilitated, as suggested by DFT, and the autocatalytic 

processes begin, until reaching the final oxidation 

product which, according to our TGA and Raman results, 

would be a mixture of NbO2 and Nb2O5. In fact, the 

extinction peak in the 225-260 nm region can tentatively 

be attributed to Nb2O5 formation, which has been 

reported to have strong absorption in the UV light 

region.49 Besides, the broad range of this band could be 

a result of a mixture of different morphologies of the 

formed material or a mixture of Nb-oxides (including 

NbO2).53 It is important to mention that the band 

observed at around 278 nm (diamond in Figure 7a) could 

not be analyzed once the extinction (absolute value) 

actually drops with time. Thus, a kinetic fitting could not 

Figure 7. (a) UV-Vis spectra at different reaction times for NbS2 oxidation. Kinetic profiles obtained by monitoring extinction (At) at (b) 203 

nm and (c) 248 nm. Red lines correspond to fits based on equations S1 and S2 (see SI), respectively. 
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be obtained in this case. Note that our current work 

considers NbS2 flakes with a relatively narrow dispersion 

of lateral size and thickness. A thorough study as a 

function flake size and thickness would be elucidating 

but is beyond the scope of this work. 

4. Summary and conclusions 

In summary, we experimentally and theoretically 

investigated the NbS2 stability under oxygen-rich 

environments. Structural, morphological and 

spectroscopical characterization of redox exfoliated 

NbS2 flakes demonstrated different fingerprints 

regarding the oxidation mechanisms in both a solid 

(dried film over a substrate) and as a suspension (in 

acetonitrile) sample.  Our theoretical analyses helped 

the elucidation of the mechanisms behind a most likely 

autocatalytic pathway for the oxygen-NbS2 reaction. 

This process was in accordance with our kinetic study 

based on UV-Vis analysis. Finally, our theoretical Raman 

analysis was fundamental to identify new (and yet 

unknown) modes that emerged as a consequence of 

phase transition and oxidative processes. The proposed 

path of oxidation might be applied to different liquid-

assisted exfoliation methods, since it is suggested that 

the material stability is closely related to its dimensions, 

instead of the method itself. Therefore, our study 

broadens the NbS2 material understanding, which can 

contribute to its practical use in a range of 2D 

applications. 
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