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A B S T R A C T

2D materials with intrinsic magnetic ordering opened new grounds in spintronics and quantum information 
processing. Out of these CrSBr has been suggested to be an air stable 2D magnet. Herein, we ponder into the 
mechanisms behind structural stability and thermal oxidation of bulk CrSBr crystals in air. Our XAS and XPS 
studies show that long-time storage of this material in air produces Br vacancies as well as near-surface defective 
S and Cr atoms. Experimental AFM, XAS and XPS studies supported by DFT calculations show that heating CrSBr 
crystals produces vacancies first and then some surface-bound oxides/hydroxides, which increase the surface 
micro-roughness. In particular, fifteen minutes heating at 270 ◦C leads to Br and S vacancies as well as presence 
of sulfates at the surface but without any Cr oxides. However, 15 min heating at 330 ◦C induces oxidation of Cr 
atoms into Cr2O3 and/or Cr(OH)3. Furthermore, defective CrSBr undergoes a unique thermal oxidative etching 
with formation of sub-surface square etch pits. This leads to occasional bursts of the top-most layers once a 
maximum strain within the CrSBr membrane has been met. The DFT calculations support favorable oxygen 
incorporation underneath the top-most layers through the Br vacancies and passivation of the S vacancies in the 
top-most layer.

1. Introduction

2D materials with bulk magnetic ordering are of interest for 
magneto- and nano-electronics. Out of such materials, many studies 
have been focused on a narrow range of compounds, namely chromium 
trihalides (CrX3). They exhibit antiferromagnetic ordering between the 
layers in the case of thin crystals and ferromagnetic ordering in the case 
of bulk crystals [1,2]. Bulk CrI3 has a Curie temperature of 61 K, but 
CrX3 crystals are air sensitive and have flat electronic bands with low 
carrier mobilities, which limit their applications. Owing to highly 
dispersive bands in transition metal dichalcogenides (TMDs) a combi
nation of chalcogen and halide atoms has been proposed to improve 
such limitations. In particular, thin chromium sulfur bromide (CrSBr) 
has attracted significant interest due to its high Néel temperature of 133 
K and dispersive electronic bands [1,2]. Moreover, bulk CrSBr has a 
direct bandgap of ca. 1.3–1.5 eV [3,4] and strong photoluminescence 
emission at around 1.25 eV at room temperature [4], which make it a 
good candidate for optoelectronic applications in ambient conditions.

Knowledge of air-stability and thermally-induced oxidation 

mechanisms in 2D materials are of paramount interest for their long- 
term usage. Time-induced accumulation of defects as well as surface- 
bound oxides are expected to degrade any devices and to produce new 
functionalities [5–7]. For example, introducing crystal defects by ion 
irradiation has been found as an effective way to tune magnetic prop
erties in CrSBr [8]. In addition, calculations have shown that defects 
such as Cr interstitial defects and their complexes with vacancies pro
duce highly localized electronic states [9]. Br vacancies can also act as a 
potential donor for n-type doping of CrSBr layers [10].

So far, mechanisms of surface oxidation and etching of 2D materials 
have been studied thoroughly only in a few isolated cases, such as gra
phene [11,12] and MoS2 - the flagship TMD member. The MoS2 crystals 
were found to be relatively air stable, with only spontaneous formation 
of sulfur vacancies [13]. However, upon heating at around 300 ◦C their 
surface started to show triangular etch pits together with MoO3 oxides in 
the form of sub-nanometric clusters [14,15]. The clusters grew into 
islands, irregular patches, and amorphous layers at higher temperatures 
depending on heating conditions [6,16–18] via diffusion limited ag
gregation [19] and sublimation followed by surface reabsorption [16].
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In contrary to MoS2, air-stability of CrSBr is still questionable and its 
thermally-induced oxidation has not been thoroughly addressed. In
vestigations by optical imaging and Raman measurements showed that 
multilayered CrSBr flakes do not degrade within a month in air [20]. In 
addition, electron diffraction patterns showed that thin CrSBr flakes 
keep their symmetry after several months of air-exposure and upon 
heating at 250 ◦C [21]. However, in another study [22] it has been found 
that mechanical exfoliation of CrSBr in air degrades the quality of the 
produced monolayers and suppresses their characteristic Raman peaks. 
Moreover, 55 day air-exposure produced defect peaks in Raman spectra 
of mono- and few-layered CrSBr samples. Such peaks have been attrib
uted to Br defects in all studied samples as well as Cr and S defects found 
mostly in their monolayers [23]. Presence of such defects was also 
suggested in bulk CrSBr crystals from a non-monotonic behavior of their 
mechanical properties vs. indentation depth [24].

In this study, we shed more light on microscopic stability of CrSBr 
crystals in air as well as ponder into the mechanisms of their thermally- 
induced oxidation. We use bulk-sensitive X-ray adsorption spectroscopy 
(XAS) and surface-sensitive X-ray photoelectron spectroscopy (XPS) to 
reveal any defects and oxides onto freshly exfoliated as well as one-year 
old CrSBr crystals stored in air. Next, we expand our studies to use a 
combination of XAS, XPS and high-resolution atomic force microscopy 
(AFM) measurements to ponder into oxidation of air-heated CrSBr 
samples. Finally, we use the density functional theory (DFT) simulations 
to complement our experimental findings.

2. Materials and methods

2.1. Exfoliation and heating of CrSBr crystals

Laboratory-grade bulk CrSBr crystals were bought from HQ gra
phene, Groningen, Netherlands. Nitto tape (ELP BT-150E-KL) was used 
for mechanical exfoliation and exposure of fresh crystal surface to air. 
For heating, the samples were placed on a Si/SiO2 substrates bought 
from MicroChemicals GmbH, Germany. The substrates were ultrasoni
cally cleaned in deionized water, acetone, ethanol and finally iso
propanol for 10 min each. After each ultrasonication step, the substrate 
was dried in pure argon. Samples were heated in air for 15 min at each 
specified temperature except for the sample noted as “ 300 + 330◦C", 
which was heated first at 300 ◦C for 15 min and then at 330◦C for 
another 15 min. A standard hot plate, Thermo Scientific, product no. 
HP88854105 was used. During heating, the samples were covered with a 
quartz Petri dish to ensure a controlled atmosphere and proper distri
bution of temperatures within a heating zone. A standard thermocouple 
and a Pt thermometer were used to calibrate the temperature with a 
temperature error of ±2 ◦C.

2.2. AFM topography imaging

A Cypher S AFM was used in tapping mode with AC160TS-R3 can
tilevers (Asylum Research) for sample topography imaging. Raw data 
were treated with the Gwyddion software (v.2.51, Czech Metrology 
Institute, Brno, Czech Republic). Standard line-by-line first or second- 
order horizontal flattening together with removal of occasional 
glitches were applied.

2.3. XAS measurements

The chemical state and local structure of the CrSBr samples were 
examined using the near edge X-ray absorption fine structure (NEXAFS) 
measurements. NEXAFS spectra were collected at a custom-made STXM 
end station, designed by Dr. T. Tyliszczak, at the Solaris National Syn
chrotron Radiation Centre in Cracow, Poland. The beam parameters 
involved a photon energy range of 100–2000 eV with a relative energy 
resolution (ΔE/E) not worse than 0.001, beam diameter of less than 100 
nm and a photon flux at sample of 109–1012 [pH/s/100 mA]. The energy 

step size around the absorption peaks was 0.2 eV.

2.4. XPS measurements

XPS data were recorded on Kratos Axis Supra spectrometer, equipped 
with a monochromatic Al Kα radiation source (1486.7 eV) operating at 
375 W. Analyzer pass energies for the survey spectra were 160 eV and 
for all other spectra were 40 eV. The instrument work function was 
calibrated to obtain a binding energy of 84.0 ± 0.1 eV for the 4f7/2 line 
of metallic gold. The spectrometer dispersion was adjusted to yield a 
binding energy of 932.6 eV for the Cu 2p3/2 line of metallic copper. A 
flood gun was used for charge neutralization of the heated sample. The 
binding energies of the spectra were calibrated by C 1 s core line position 
at 284.8 eV. A mixed Gaussian (70%)–Lorentzian (30%) function after a 
Shirley background subtraction was used for spectra fitting. Spectra 
were analyzed using the CasaXPS software (version 2.3.26rev1.2Y).

2.5. DFT calculations

Spin-polarized calculations were done with the code VASP6 [25,26]. 
The PBE exchange and correlation functional was adopted [27], along 
with the dumped D3 force field for long-range dispersion [28,29]. The 
plane-wave basis set was truncated with a kinetic energy cutoff of 520 
eV. The reciprocal space was sampled with a Γ-centered mesh of k-points 
of 8x8x2 [30]. Tight convergence criteria were adopted for the elec
tronic (10− 5 eV) and ionic (10− 2 eV/Å) loops. The core-valence inter
action was treated with the Projector Augmented Wave approach [31], 
treating O(2 s,2p), S(3 s,3p), Br(4 s,4p) and Cr(4 s, 3d) as valence states. 
The adsorption of oxygen, and subsequent reactive steps were simulated 
on a CrSBr 2x2x2 supercell with a mesh of 4x4x1 k-points. A 25 Å-thick 
vacuum layer was included in the supercell. Dipole and quadrupole 
corrections were applied along the non-periodic direction. An A-type 
antiferromagnetic ordering was set in pristine CrSBr, in agreement with 
a previous joint computational and experimental report [1]. An initial 
4s0 3d3 electron configuration was set on each Cr atom, and almost 
retained, yielding magnetic moments close to 3 μB at the end of the 
relaxation. The formation energy of defects was calculated with respect 
to the pristine material and the most thermodynamically stable forms of 
elementary bromine (Br2 molecule) sulfur (S8 molecule) and chromium 
(bulk metallic Cr), as follows: 

E(VBr) = E(CrSBr1− x)+
1
2

E(Br2) − E(CrSBr)

E(VS) = E(CrS1− xBr)+
1
8

E(S8) − E(CrSBr)

E(VCr) = E(Cr1− xSBr)+
1
2

E(Crbulk) − E(CrSBr)

3. Results and discussion

To start ponding about changes in chemical composition of the CrSBr 
bulk crystals during their long-time storage, we performed XANES 
studies on freshly exfoliated (“fresh”) and ca. one-year air-exposed 
(“old”) samples. Then, we extended the XAS studies to the fresh samples 
heated in air. We concentrate on Cr peaks within our accessible energy 
range, i.e., the Cr L2 and L3 X-ray adsorption edges, see Fig. 1(a). We also 
notice that an instrumental peak at 592.6 eV is present on all Cr spectra. 
It is marked with an asterix and has been used as a calibration peak.

Regarding the non-heated samples, we notice that shapes of the 
obtained Cr edges are very similar to prior Cr3+ XAS spectra collected on 
CrSBr [32], as well as on other similar compounds such as CrSiTe3 
[33,34], and CrGeTe3 [35]. Therefore, the peaks at 577.4 ± 0.1 eV and 
585.6 ± 0.1 eV for the old and fresh samples in Fig. 1(a) are ascribed to 
the Cr L3 and L2 edges in CrSBr [32]. Furthermore, the XAS spectra for 
these samples are almost the same and do not show any distinguishable 
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effects of long-term storage in air.
Next, we move to the Cr XAS spectra collected on air-heated samples. 

Interestingly, the Cr spectrum after heating at 300 ◦C is still the same as 
in the case of the non-heated samples. However, by heating at 330 ◦C 
and more, the shapes and positions of the Cr L2 and L3 edges start to 
change. The most prominent changes are visible at 390 ◦C. To quantify 
them, we calculate the center of energy (COE) for the Cr L2 and L3 edges 
by an analogous formula as used for the center of mass. This is done by 
summing up the products of energies (lateral axis) and their corre
sponding intensities (vertical axis) and then dividing the result by 
summed intensities for all the points within each absorption edge. The 
obtained COEs for L2 and L3 edges are shown in Fig. 1(b). For the sample 
heated at 330 ◦C, only the COE of its L2 edge shows a noticeable in
crease. For the sample heated at 360 ◦C, both COEs have already 
increased. For the sample heated at 390 ◦C, both COEs have increased 
further. Therefore, we conclude that 330 ◦C marks an onset of the 
observed changes for the chosen here 15 min heating time. We did not 
study extensively the cumulative time and temperate effect. However, 
additive changes in the sample heated first at 300 ◦C and then at 330 ◦C 
should be more than in the samples heated separately at these temper
atures. And indeed, this is observed in the case of the sample “300◦C +
330◦C".

An increase in the COE values with temperature means that higher 
energy photons are absorbed by the Cr 2p electrons indicating that the 
outer shell electrons have been pulled away from the nucleus. Such a 
phenomenon can arise from incorporation of atoms with higher elec
tronegativity than S and Br within a close environment of the Cr atoms. 
Due to heating in air, nitrogen and oxygen containing species should be 
considered in this respect, out of which incorporations of atomic oxygen 

and OH− groups are the most likely scenarios. Therefore, the results of 
heating at 330 ◦C might indeed show some first traces of Cr oxides/ 
hydroxides.

Similar conclusions can be drawn from the evolution of the absorp
tion peaks and their shapes. On one hand, the black vertical lines in 
Fig. 1(a) mark two absorption peaks for non-heated CrSBr. They are the 
same as in the case of the samples heated at 300 ◦C. On the other hand, 
there are four major peaks in the XAS spectrum of the sample heated at 
390 ◦C. They are marked as A, B, C, D and match the XAS spectra of 
Cr2O3 and/or Cr(OH)3 in Ref. [36] Regarding the samples heated above 
300 ◦C, one can observe a gradual transition from two to four energy 
peaks, indicating a measurable presence of Cr(III) oxides/hydroxides. 
Noteworthy, the extremely small differences between Cr2O3 and Cr 
(OH)3 reported in Ref. [36] are not resolvable in our experiments. 
Therefore, we cannot distinguish between these two chemical species.

To complement the discussion about oxide/hydroxide formation, we 
take a careful look on the oxygen K edge, see Fig. 1(c). Therein, a peak at 
536.5–537 eV (named “b”) is visible in all spectra. Thus, we associate it 
with the surface adsorbed oxygen species. However, the sample heated 
progressively to 330 ◦C shows a strong peak at 532 ± 0.1 eV (named 
“a”), which has been observed in prior works as a strong indicator of the 
oxides [14,36]. This is another prove of the surface-bound Cr oxides/ 
hydroxides, which start to be visible at 330 ◦C.

To address whether oxides/hydroxides produce any visible 
morphological changes at a surface of the CrSBr crystals, we performed 
high-resolution AFM topography studies. Figs. 2(a-c) show the topog
raphy images of a 3 μm2 CrSBr surface after its several heating stages. 
The sample after exfoliation shows a very flat surface with the root mean 
square roughness (Sq) and the mean roughness (Sa) of only 17 and 13 

Fig. 1. XAS studies on bulk CrSBr crystals: (a) Cr L2,3 edge spectra. Black lines mark absorption peaks in unheated samples. (b) Center of energy (COE) versus 
heating temperature for Cr L3 and L2 edges. Crosses refer to old (unheated) samples and squares refer to fresh samples. The error bars arise from the law of 
propagation of errors in energy. (c) Oxygen K edge spectra.
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pm, respectively. Heating at 330 ◦C altered its surface morphology and 
increased the values of Sq and Sa up to 101 and 80 pm, respectively, 
which is six times larger than before. This is similar to previous AFM 
topography studies on thick CrSBr flakes [37]. Further heating at 360 ◦C 
roughened the surface even more to yield Sq and Sa of 300 and 226 pm, 
respectively. Figs. 2(d-f) show the same progression of heating steps on 
the same sample but over a larger area. Therein, changes in the surface 
morphology due to heating are even more visible. In particular, elon
gated grain-like features appear after heating at 330 ◦C and circular 
features with elongated rods start to be visible after heating at 360 ◦C. 
We speculate that observed roughness increases as well as new topo
graphical features appearing at 330 ◦C are related to oxide formation on 
the surface. This matches our earlier XAS findings showing Cr oxides 
forming around 330 ◦C. Moreover, quite likely due to substantial dif
ferences between crystal lattices of Cr2O3 and CrSBr, i.e., hexagonal vs. 
orthorhombic, the deposits in Fig. 2(f) are elongated and unable to 
match an underneath CrSBr structure.

Small scale topography images of the same 4 μm2 area within the 
bulk sample before and after heating at 300 ◦C are shown in Figs. 2(g,h). 
Therein, we observe only a two-fold roughness increase from the values 
of Sq and Sa being 55 and 44 pm to 102 and 82 pm, respectively. 
Comparing Figs. 2(a,b) with (g,h), one does not observe any meaningful 
change in surface morphology after heating at 300 ◦C. This is also visible 
in topography images of a bigger area, shown in Fig. S1. The small 
roughness change without any change in topography might relate to 

formation of surface vacancies. In particular, formation of Br vacancies 
is a necessary step to expose the S and Cr atoms for their oxidation.

Furthermore, we spot the sub-surface oxidative etching onto AFM 
topography images of the old CrSBr samples after heating them at 
360 ◦C, see Figs. 2(i) and S2, which according to our knowledge has not 
been previously observed. Therein, one can see two distinct features: 
bursts within the top-most CrSBr layers as well as sub-surface etch pits 
within the burst zones. The burst zones are either oval or circular and 
expose underlying circular areas with etch pits.

The square-like etch pits are well visible on the inset in Fig. 2(i). 
These pits are a sign of oxidative etching with a complete removal of the 
products. Their square-like shape is a direct reflection of the ortho
rhombic CrSBr crystal structure. For comparison, the etch pits in MoS2 
are triangular, due to its hexagonal crystal structure, and occur within 
the top-most layers. Very interestingly, we did not observe any oxidative 
etch pits on the top-most CrSBr layer. However, we have observed grain- 
like and circular top-most surface features on the oxidized CrSBr in Fig. 2
(f). We also note that in order to provoke any etching, some oxygen 
species must have penetrated underneath the sample, likely through 
defects within the top-most CrSBr layers located at the center of the 
circles. The circular shape of the zone with etch pits means that these 
oxygen species must have spread equally in all lateral directions.

In order to complement our XAS and AFM results, we conducted XPS 
studies on the CrSBr samples. We start by discussing the non-heated 
samples. Fig. 3 shows the XPS spectra of C 1 s, O 1 s, S 2p, and Cr 2p 

Fig. 2. High resolution AFM studies on bulk CrSBr surfaces: Topography images of (a-c) ca. 3 μm2-wide, (d-e) ca. 81 μm2-wide, and (g-h) ca. 3.6 μm2-wide CrSBr 
surfaces. (i) A topography image of a bulk CrSBr sample after heating at 360 ◦C. Z-scales in (a-i) are 130 pm, 797 pm, 2.3 nm, 2 nm, 2 nm, 3 nm, 394 pm, 800 pm, and 
14.6 nm, respectively. Higher colors represent higher heights. Inset in (i) shows a magnified portion of the image (marked with yellow square) with square etch pits. 
Z-scale is 5.8 nm. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

S. Sovizi et al.                                                                                                                                                                                                                                   FlatChem 59 (2026) 101114 

4 



in fresh and old samples. The fresh sample shows a small carbon peak at 
284.8 eV, which is attributed to adventitious carbon (C–C, C–H bonds) 
[15,38]. However, the old sample shows a larger adventitious carbon 
peak along with few smaller peaks at 286.3, 287.8 and 288.9 eV, which 
are attributed to carbon in C–O, C––O and O-C=O groups, respectively 
[38–40]. Regarding oxygen, the fresh sample shows a small peak at 
531.7 eV indicating surface adsorbed OH groups [17,41]. However, the 
old sample shows two considerable peaks at 531.9 and 533.3 eV. Herein, 
the peak at 531.9 eV can indicate surface adsorbed OH groups like in the 
case of the fresh sample, but based on the carbon spectra this peak can 
also be attributed to oxygen in CO groups as well as one of the oxygens in 
O-C=O group [40,42]. Finally, the 533.3 eV peak can be attributed to 

another oxygen in the O-C=O group [40,42] and physisorbed water 
[39]. The O 1 s spectrum of the old sample lacks as well any sign of 
oxygen within the Cr oxide lattice, i.e., a peak below 531 eV [43].

Regarding chromium, the Cr 2p3/2 XPS spectra of the fresh and old 
samples are shown in Figs. 3(e,f), respectively. Both raw spectra show a 
similar structure with two peaks, characteristic of Cr in various Cr(III) 
compounds [37,43]. The Cr 2p3/2 spectrum of the fresh sample is 
perfectly fitted with five peaks at 575.2, 576.2, 576.9, 577.7, and 578.5 
eV. The Cr 2p3/2 spectrum of the old sample can also be fitted with five 
peaks with the same differences in their binding energies as in the case of 
the fresh sample. The peak positions are now at 574.7, 575.7, 576.4, 
577.2, and 578.0 eV. Due to substantial carbon contaminations this Cr 

Fig. 3. XPS studies on fresh and old bulk CrSBr surfaces. (a,b) C 1S, (c,d) O 1 s, (e,f) Cr 2p, and (g, h) S 2p spectra.
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2p3/2 spectrum is more noisy and redshifted by 0.5 eV with respect to the 
fresh sample. Finally, a new peak at 579.2 eV emerged for the old 
sample, and we ascribe it to defective Cr atoms at higher oxidation states 
than +3.

Regarding sulfur in Figs. 3(g,h), two peaks at 162.1 and 163.3 eV are 
visible in the fresh sample, which are attributed to S 2p3/2 and S 2p1/2 in 
CrSBr, respectively. In the case of the old sample, these peaks are located 
at 161.6 and 162.8 eV showing a similar red-shift discussed above for 
the Cr spectrum. However, two new peaks at 163.4 and 164.6 eV emerge 
in the spectrum of the old sample. Their necessity is further discussed 
within supporting information and Fig. S3. They are attributed to 
defective sulfur, which could be S atoms bonded to surface adsorbed 
species. Such an outcome becomes possible only after creation of Br 
vacancies to expose the S atoms. Thus, it is an indirect prove for the 
presence of the Br vacancies. Finally, the shape of the Br XPS spectra is 
the same for both samples, see Fig. S4 in the supporting information. 
Moreover, the Br spectrum of the old sample shows the same slight red- 
shift as described earlier in Cr and S spectra, which confirms the C 
contamination origin of this shift.

In order to confirm the presence of Br vacancies as well as check for 
the potential sulfur vacancies, Br/Cr and S/Cr ratios have been calcu
lated based on Cr 2p, S 2p, and Br 3p at.% detected in XPS survey 
spectra, see Fig. S5. The calculated Br/Cr ratios in the fresh and old 
samples are 12.9 and 3.3, respectively, which indicates a substantial 
increase in the number of Br vacancies upon air-exposure. However, the 
calculated S/Cr ratios in the fresh and old samples are 2.8 and 3.0, 
respectively, indicating no measurable change in the number of sulfur 
vacancies.

Now, we discuss the XPS spectra obtained on the heated samples, see 
Fig. 4. We start with the ones collected after heating at 270 ◦C. First, the 
S 2p spectrum in Fig. 4(a) shows two previously observed peaks from 
S2− in CrSBr at 162.0, 163.2 eV, as well as two new peaks at 168.8 and 
170.0 eV, which are associated with S6+ in sulfates [44–46]. Second, the 
O 1 s spectrum of this sample, see Fig. 4(b), shows a peak at 531.4 eV, 
which can be attributed to surface-adsorbed OH groups and oxygen in 
sulfates [44]. Third, the Cr 2p3/2 spectrum of this sample shows a similar 
double-peak structure as in the fresh CrSBr, see a blue arrow in Fig. 4(c). 
Consequently, we fit this spectrum with five peaks with almost the same 
positions as in the fresh CrSBr. These are at: 575.0, 576.0, 576.7, 577.5, 
and 578.3 eV. In addition, a sixth peak at 579.1 eV emerged for this 
sample, which can be ascribed to defective Cr atoms as in the case of the 

non-heated old sample as well as some traces of Cr sulfates. Finally, the 
Br/Cr and S/Cr atomic ratios are calculated from the XPS survey spectra, 
see Fig. S6. Br/Cr and S/Cr ratios are 0.9 and 0.7, respectively. These 
ratios are considerably lower than in the fresh sample, which indicates 
formation of both Br and S vacancies upon heating.

Next, we discuss the XPS results from the sample heated at 330 ◦C, 
which we found earlier as the onset temperature for Cr oxide/hydroxide 
formation. The S 2p spectrum of this sample is presented in Fig. 4(d). 
Comparing with the sample heated at 270 ◦C, it shows the same four 
peaks but now at 162.3, 163.5, 169.2 and 170.4 eV. The former two are 
from S2− in CrSBr and latter two originate from S6+ in sulfates. However, 
the S6+/S2− ratio has increased with temperature. The O 1 s spectrum 
presented in Fig. 4(e) clearly shows two peaks at 532.3 and 530.5 eV. 
The peak at 532.3 eV can originate from oxygen in sulfates [44,47], 
while a new peak at 530.5 eV is ascribed to oxygen in Cr2O3 and/or Cr 
(OH)3 [43]. Regarding the Cr 2p, the sample heated at 330 ◦C lacks any 
sign of the multiplet structure, see Fig. 4(f), but rather shows a broad 
peak at 577.3 eV. In comparison to all previous studied samples, this 
peak is shifted to higher energy. The peak broadness and its position 
match the Cr(OH)3 at 577.3 eV [43] and/or Cr2O3 at 576.6–577.2 eV 
[43,48]. In addition, we show the absence of nitrogen within this heated 
sample, see Fig. S7. Finally, the old sample from Fig. 3 was also heated at 
330 ◦C and investigated by XPS. The results are in Fig. S8 and show the 
same qualitative oxidation outcomes as discussed above.

Overall, the XPS data for both non-heated samples lack any Cr ox
ides. Furthermore, the old sample shows an increased number of Br 
vacancies but not S vacancies with respect to the fresh sample. The old 
sample displays as well some defective Cr and S atoms. Regarding the 
effects of heating, the sample heated at 270 ◦C still does not have any Cr 
oxides but shows some sulfates and defective Cr atoms. Moreover, 
heating at this temperature produces some Br and S vacancies. However, 
the sample heated at 330 ◦C presents some surface Cr(III) oxides and/or 
hydroxides as well as higher amounts of sulfates. In addition, we also 
show that heating in air up to 330 ◦C does not provoke any nitrogenation 
of the CrSBr, which is similar to MoS2 and implies that harsher condi
tions such as plasma or lithographic treatments are needed for their 
possible nitrogenation [5,49].

Raman measurements were also performed on fresh, old and heated 
samples to examine the structural stability of bulk CrSBr. All the samples 
showed characteristic A1

g, A2
g and A3

g Raman peaks at 114.9, 245.8 and 
343.9, respectively, see Fig. S9. No unique sign of oxides or defect peaks 

Fig. 4. XPS studies on heated CrSBr samples. (a and d) S 2p, (b,e) O 1 s, and (c,f) Cr 2p of the bulk CrSBr samples after heating at 270 and 330 ◦C for 15 min, 
respectively.
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were observed in old and heated samples. Since the Raman signal comes 
from many layers, it shows that the defects and oxides observed in XPS 
and XAS studies were not extended to the inside of the bulk CrSBr 
samples.

DFT calculations on a CrSBr bilayer strengthen our experimental 
observations, and permit to complement them with some mechanistic 
insight. At first, we report that oxygen molecules are only weakly 
physiosorbed on the outer surface of the defect-free CrSBr, with a 
respective formation energy of Eads = − 0.11 eV, see Fig. 5(a). The 
intercalation of an O2 molecule in the interlayer spacing is even endo
thermic with a formation energy of +0.86 eV, see Fig. 5(b). Hence, the 
O2 molecule is so weakly adsorbed that it would interact with the outer 
surface only at very low temperature. On the contrary, dissociative 
adsorption of O2 leads to a thermodynamically stable structure, Fig. 5
(c), where O atoms are bridging Cr and S sites. The dissociative 
adsorption, however, is hindered by a very large kinetic barrier of 2.61 
eV, see the surface pristine path in Fig. 6. Since penetration in the 
interlayer is thermodynamically hindered, one can thus infer that 
defect-free CrSBr is scarcely prone to oxidative etching, in particular in 
the sub-surface region.

The picture, however, is quite different on defective CrSBr. The 
calculated formation energies of single point vacancies on the outer 
CrSBr surface are: 2.50 eV for Br vacancy (VBr), 2.86 eV for S vacancy 
(VS) and 3.46 eV for Cr vacancy (VCr). These values almost do not change 
if the same point defects are created on the inner surface, and we get 
2.61 eV for VBr, 2.90 eV for VS and 3.44 eV for VCr. Thus, one observes 
that formation of Br and S vacancies is much more favorable than in the 
case of Cr vacancies, both in the outer and inner surfaces. For this 
reason, we did not consider Cr vacancies in the oxidation process. The 
possibility of aggregation of single vacancies into larger defect com
plexes, as observed after electron beam irradiation [9], cannot be 
entirely ruled out. According to DFT calculations on a twice larger 

supercell, see Table S1 in the supporting information, the formation of a 
double vacancies is almost thermo-neutral with respect of the formation 
of two single vacancies. A strong energy gain for defects clusterization 
was reported only when the creation of an unfavorable VCr is accom
panied by the removal of some of the surrounding S and Br anions. 
However, such formation energies for all kinds of combined defects are 
much above the formation energy of a single VCr and therefore we do not 
consider them in further oxidation analysis.

The adsorption of oxygen on a VBr site on the outer CrSBr surface 
yields − 1.82 eV formation energy, see Fig. 5(d). The O2 molecule is 

Fig. 5. Ball-and-stick view of DFT calculated structures with respective formation energies. (a) O2/CrSBr, top-most (outer) surface, (b) O2/CrSBr, inner surface. (c) 
Dissociative adsorption on CrSBr . (d-e) O2 splitting and etching on the surface of CrSBr1-x. (f-g) O2 splitting and etching on the sub-surface of CrSBr1-x. (h-i) O2/CrS1- 

xBr. The energies, Eads, are reported with respect to CrSBr and gas-phase O2 molecule. Br: brown, S: yellow, Cr: blue, O: red. (For interpretation of the references to 
colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 6. Calculated energetic pathways for surface and sub-surface oxidative 
etching on pristine and Br-vacant CrSBr.
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bound at the defect and strongly activated since the O–O distance is 
increased to 1.32 Å with respect to 1.23 Å in the gas phase. One can 
envisage that this structure is the starting point for two different 
oxidation pathways, leading either to surface or sub-surface oxidative 
etching. Surface etching, where the oxygen molecule fully dissociates 
and one O atom displaces a Br atom from a neighboring lattice site, Fig. 5
(e), implies a remarkable thermodynamic gain of − 2.69 eV with respect 
to the reactants. The kinetic barrier is 1.54 eV, see the surface VBr 
pathway in Fig. 6, which also is substantially smaller compared to the 
pristine CrSBr. Alternatively, starting from an O2 molecule adsorbed on 
the VBr site, Fig. 5(d), one could envisage an oxygen diffusion through 
the CrSBr layer. This leads to a stable intermediate with a formation 
energy of − 3.02 eV, see Fig. 5(f), where an S atom is initially displaced 
from its lattice site. This structure is reachable through a comparable 
kinetic barrier of 1.64 eV, see the sub-surface VBr pathway in Fig. 6. A 
further diffusion step could lead the O atom to occupy a Br lattice site, 
− 2.55 eV in Fig. 5(g), overcoming a moderate barrier of 1.20 eV, see 
Fig. 6. Notably, the interlayer distance increases from 2.30 Å in pristine 
CrSBr to 2.76 Å in the presence of an extra-lattice/displaced bromine 
atom like in Fig. 5(g). This certifies the remarkable strain exerted on the 
topmost CrSBr layer in the sub-surface diffusion scenario.

A VS site on the outer surface is also a favorable trapping site for O2 
molecules with Eads = − 3.03 eV with respect to CrS1-xBr and gas-phase 
O2, see Fig. 5(h). The elongation of the O–O distance (2.45 Å) is even 
larger compared to the case of an O2 molecule on VBr. A remarkable 
energy gain of 0.97 eV (− 4.00 eV with respect to CrS1-xBr and gas-phase 
O2) is associated with the splitting of the adsorbed oxygen molecule, 
leaving an O atom in the previous VS site, Fig. 5(i). The second O atom is 
trapped in the CrSBr layer. Different to the VBr case, no feasible path has 
been identified toward any further transfer of the O species to a Br lattice 
site, and the release of Br species in the interlayer.

We thus conclude that VBr sites are the most likely type of defects 
acting as an initial gateway to oxygen penetration and sub-surface 
oxidative etching. The VS sites, on the contrary, will most likely be 
poisoned by the incoming atmospheric oxygen, without promoting any 
further structural changes and sub-surface etching. This aligns with 
experiments where the sub-surface oxidative etching was observed by 
AFM only on the old sample after heating at 360 ◦C and not the fresh 
sample after the same heating procedure. As showed by XPS studies only 
the number of Br vacancies was increased at room temperature due to 
air storage.

To further compare with experiment, we suggest that the few oxygen 
atoms underneath the surface in a confined environment are an effective 
etchant at sufficiently increased temperature. This is particularly plau
sible in the case of Br atomic vacancies in the inner layer. Their presence 
is suggested in our DFT results and has been experimentally confirmed 
in Ref. [9] At the same time, more numerous oxygen atoms at the surface 
produce oxides at increased temperature. However, we did not observe 
any square etch pits on the CrSBr surface. A tentative explanation could 
involve some analogies to MoS2 oxidative etching in air. In that case, the 
etch pits (triangular therein) were obtained only at relatively low tem
peratures, e.g., usually 300 ◦C. In contrary, MoS2 samples heated above 
500 ◦C did not show any etch pits, but only irregular patches containing 
MoO3 [6]. The latter was attributed to vigorous oxidation with accu
mulation of surface oxides, which blocked the reaction progress along 
preferential crystallographic directions. The former was attributed to 
slower oxidative etching where any produced oxides left the surface and 
did not block formation of etch pits [6]. Therefore, by analogy, we 
suggest that surface CrSBr oxidation proceeds faster and with creation of 
some surface-bound oxide molecules hindering the etch pit formation, 
while the sub-surface etching proceeds slower and with oxides being 
able to detach from the developing etch pits.

Finally, we concentrate on the mechanistic insight into the surface 
bursts, which are the consequence of the sub-surface etching, see Fig. 2
(i). We suggest that such bursts originate from gases, which accumulated 
underneath the surface and were later released once the inside pressure 

surpassed a mechanical threshold. To get a simple estimate of such in
side pressure we assume a complete etching of one CrSBr layer within 
the bubble. Noteworthy, this would yield an asymptotic upper limit 
since such a complete etching would result in one large etch pit covering 
a total area underneath the bubble. For calculations, we consider the 
unit cell of CrSBr having two Br, two Cr, and two S atoms within an 
orthorhombic structure with lateral lattice constants a = 0.35 nm, and b 
= 0.47 nm [50]. Based on CrSBr chemistry and our XPS studies we as
sume that the gases are Br2 and SO2. Thus, for a central burst area of 
14.84 μm2 in Fig. 2(i), we obtain 14.84 × 10− 17 mol of Br2 and 29.68 ×
10− 17 mol of SO2. They are confined in a cylindrical volume with 
thickness of 1.2 nm, which is one etched CrSBr layer and a van der Waals 
gap of half the layer [51]. The pressure, p, of these trapped gases is 
obtained from the van der Waals equation: p = nRT

V− nb −
an2

V2 . Therein, n is 
the number of gas moles, V is the volume, T is the absolute temperature, 
R is the universal gas constant of 8.3144 J⋅mol− 1⋅K− 1, and a, b are 
substance-specific constants. We get tabular values of a as 9.75 and 
6.865 bar⋅L2⋅mol− 2 and of b as 0.0591 and 0.05679 L⋅mol− 1 for Br2 and 
SO2, respectively [52]. Considering V of 17.81 × 10− 21 m3 and T of 633 
K, the obtained upper limit of the inside pressure is 1.46 GPa. However, 
this value is unphysical since at such conditions the Br2 is already at a 
supercritical regime [53]. Moreover, we did not even consider any solid 
Cr2O3, which would further increase the aforementioned pressure.

Fast pressure increase within the bubble would cause it to rupture 
much before the CrSBr layers within it are completely etched, which we 
also experimentally observed. Therefore, we estimate the rupture pres
sure utilizing the membrane mechanics and the maximum strain, which 
a given membrane can sustain. In this regard, the inside pressure within 
a membrane can be obtained from the Hencky's model [54,55], which 
calculates the pressure difference, ΔP, between inside and outside of the 
membrane as: ΔP = Et 2

1− v
h3

a4. In this formula, E is the Young's modulus, t 
is the thickness, v is the Poisson's ratio, h is the height of the bubble, and 
a is its radius. To calculate the membrane rupture pressure, ΔPmax, we 
need to obtain the value of h just before the bubble rupture, which could 
not be measured directly. Therefore, we estimate it from the maximum 
mechanical strain inside the membrane. This in turn can be estimated by 
Föppl–von Kármán equation assuming that the bubble edge is fully 
clamped at the bubble substrate [54]. Therein, the maximum radial (εr) 
and circumferential (εθ) strains present at the top of the bubble are the 
same and calculated as εmax = εr=0 = εθ=0 = h2

4a2 (3 − v). Supposing that 
thin CrSBr membranes can sustain similar maximum strain and have the 
same Poisson's ratio as MoS2, we can calculate the membrane rupture 
pressure. Using εmax = 0.11 [56], v = 0.3 [57], as well as ECrSBr = 45 GPa 
[24] yields ΔPmax of 0.01 GPa for the bubble burst in Fig. 2(i) with a =
2.17 μm and t = 2.4 nm (3 layers). Similarly, ΔPmax of 0.03 GPa is ob
tained for the burst in Fig. S2 with a = 1.5 μm and t = 4.8 nm (6 layers). 
On one hand, these values are still about 100 times more than atmo
spheric pressure. On the other hand, they are at least two orders of 
magnitude lower than typical tensile strengths of 2D materials and our 
previously estimated maximum pressure within the bubble. The latter is 
expected due to an incomplete sub-surface etching and diffusion/escape 
of the produced gases.

4. Conclusions

In this work, we have addressed the long term structural stability and 
thermally-induced oxidation of bulk CrSBr crystals in air. The XAS and 
XPS analyses were performed on fresh and ca. one-year air-exposed 
CrSBr crystals. Neither fresh nor old samples showed any oxides, but the 
old samples became contaminated with carbon-based species. Through a 
careful analysis, we found that prolonged air exposure substantially 
increased the number of Br vacancies without the change in the number 
of S vacancies. Furthermore, it also induced defective sulfur and chro
mium sites. Defective sulfur are probably S atoms bonded to surface 
adsorbed species, which became possible only after formation of VBr. 
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Defective Cr has been ascribed to Cr atoms at higher oxidation states 
than +3.

Next, AFM, XAS and XPS measurements were performed on the 
CrSBr samples to ponder into any morphological and chemical changes 
upon their heating. Based on the substantial roughness increase in the 
AFM topography associated with almost no morphology changes, we 
proposed that thermal etching of CrSBr had to start with formation of Br 
vacancies at or below 270 ◦C. These vacancies increased the surface 
roughness and opened a possibility for formation of sulfates but yet 
without any Cr oxides at this temperature, as confirmed by XPS. Heating 
at 330 ◦C increased surface roughness even more and induced sub
stantial morphological changes within the sample surface. Such 
behavior suggested oxidation of elemental Cr and S atoms at this tem
perature as confirmed by differences in XPS and XAS spectra. In this 
regard, evolutions of XPS and XAS spectra showed formation of Cr2O3 
and/or Cr(OH)3 as well as sulfates. DFT simulations strengthened these 
conclusions and showed that Br vacancies are more favorable than any 
other single atoms vacancies such as S and Cr vacancies. The simulations 
confirmed as well the key role of Br vacancies in further oxidative 
processes. In particular, the Br vacancies have lowered the activation 
energy for an initial step of surface oxidation, i.e., dissociative adsorp
tion, from 2.61 eV to 1.54 eV. The former refers to adsorption onto 
neighboring Cr and S atoms, while the latter to adsorption onto neigh
boring Cr atoms, one with the Br vacancy.

Thermal oxidation of long-term air-exposed CrSBr crystals resulted 
in appearance of occasional microscopic bursts of their top-most layers. 
This is a new phenomenon, related to the sub-surface oxidative etching, 
which according to our knowledge has not been previously observed in 
2D materials. The bursts must have originated from accumulation of 
gases resulting from oxidative etching of the underlying layers. Applying 
the membrane theory showed that a determining factor for a bubble 
rupture was the maximum strain within the CrSBr membrane. Inter
estingly, the DFT studies showed poisoning of the S vacancies by oxygen 
atoms and radicals formed after dissociative O2 splitting. However, they 
supported favorable oxygen incorporation underneath the top-most 
layer through the Br vacancies. In such a case an activation energy of 
1.64 eV was obtained, which was comparable to oxygen incorporation 
on the CrSBr surface with Br vacancies as well. The sub-surface oxidative 
etching produced square-like etch pits due to an orthorhombic crystal 
lattice of the CrSBr. Such etch pits were not observed on the top-most 
layer, suggesting some kind of its passivation by surface-bound oxides. 
Overall, our work confirms that bulk CrSBr crystals are not prone to form 
oxides but are susceptible to defect formation in ambient conditions.
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[35] M.D. Watson, I. Marković, F. Mazzola, A. Rajan, E.A. Morales, D.M. Burn, 
T. Hesjedal, G. Van Der Laan, S. Mukherjee, T.K. Kim, C. Bigi, I. Vobornik, 

M. Ciomaga Hatnean, G. Balakrishnan, P.D.C. King, Direct observation of the 
energy gain underpinning ferromagnetic Superexchange in the electronic structure 
of CrGeTe3, Phys. Rev. B 101 (20) (2020) 205125, https://doi.org/10.1103/ 
PHYSREVB.101.205125.

[36] Z. Wang, L. Alrehaily, J. Joseph, J.C. Wren, J. Wang, T.K. Sham, Scanning 
transmission X-ray microscopy studies of chromium hydroxide hollow spheres and 
nanoparticles formed by gamma radiation, Can. J. Chem. 95 (11) (2017) 
1146–1150, https://doi.org/10.1139/CJC-2017-0142.

[37] S. Sovizi, M. Strawski, R. Szoszkiewicz, Thermochemical nanolithography and hot- 
plate heating of 2D MoS2 and CrSBr flakes in air, J. Phys. Chem. Lett. 17 (4) (2026) 
1136–1146, https://doi.org/10.1021/acs.jpclett.5c03187.

[38] L.H. Grey, H.Y. Nie, M.C. Biesinger, Defining the nature of adventitious carbon and 
improving its merit as a charge correction reference for XPS, Appl. Surf. Sci. 653 
(2024) 159319, https://doi.org/10.1016/J.APSUSC.2024.159319.

[39] B.P. Payne, M.C. Biesinger, N.S. McIntyre, X-ray photoelectron spectroscopy 
studies of reactions on chromium metal and chromium oxide surfaces, J. Electron 
Spectros. Relat. Phenomena 184 (1–2) (2011) 29–37, https://doi.org/10.1016/J. 
ELSPEC.2010.12.001.

[40] G. Beamson, D. Briggs, High Resolution XPS of Organic Polymers the Scienta 
ESCA300 Database; Toronto, 1992.

[41] L. Qi, B. Cheng, J. Yu, W. Ho, High-surface area mesoporous pt/TiO2 hollow chains 
for efficient formaldehyde decomposition at ambient temperature, J. Hazard. 
Mater. 301 (2016) 522–530, https://doi.org/10.1016/J.JHAZMAT.2015.09.026.

[42] B.P. Payne, M.C. Biesinger, N.S. McIntyre, The study of polycrystalline nickel metal 
oxidation by water vapour, J. Electron Spectros. Relat. Phenomena 175 (1–3) 
(2009) 55–65, https://doi.org/10.1016/J.ELSPEC.2009.07.006.

[43] M.C. Biesinger, C. Brown, J.R. Mycroft, R.D. Davidson, N.S. McIntyre, X-ray 
photoelectron spectroscopy studies of chromium compounds, Surf. Interface Anal. 
36 (12) (2004) 1550–1563, https://doi.org/10.1002/SIA.1983.

[44] Wahlqvist, M.; Shchukarev, A. XPS spectra and electronic structure of group IA 
sulfates. J. Electron Spectrosc. Relat. Phenom. 2007, 156–158, 310–314. doi:https 
://doi.org/10.1016/J.ELSPEC.2006.11.032.

[45] N. Andreu, D. Flahaut, R. Dedryvère, M. Minvielle, H. Martinez, D. Gonbeau, XPS 
investigation of surface reactivity of electrode materials: effect of the transition 
metal, ACS Appl. Mater. Interfaces 7 (12) (2015) 6629–6636, https://doi.org/ 
10.1021/AM5089764.

[46] T. Lei, Y. Xie, X. Wang, S. Miao, J. Xiong, C. Yan, TiO2 feather duster as effective 
polysulfides restrictor for enhanced electrochemical kinetics in lithium–sulfur 
batteries, Small 13 (37) (2017) 1701013, https://doi.org/10.1002/ 
SMLL.201701013.

[47] A.R. Brooks, C.R. Clayton, K. Doss, Y.C. Lu, On the role of Cr in the passivity of 
stainless steel, J. Electrochem. Soc. 133 (12) (1986) 2459–2464, https://doi.org/ 
10.1149/1.2108450/XML.

[48] H.A. Bullen, S.J. Garrett, Epitaxial growth of CrO2 thin films on TiO2(110) 
surfaces, Chem. Mater. 14 (1) (2002) 243–248, https://doi.org/10.1021/ 
CM0105256.

[49] S. Sovizi, M. Pisarek, R. Szoszkiewicz, Nitrogenation of microscopic MoS2 surfaces 
by oxidation scanning probe lithography, J. Chem. Phys. 165 (1) (2026) 014704, 
https://doi.org/10.1063/5.0337848.

[50] T.X. Qian, J. Zhou, T.Y. Cai, S. Ju, Anisotropic Electron-hole excitation and large 
linear dichroism in the two-dimensional ferromagnet CrSBr with in-plane 
magnetization, Phys. Rev. Res. 5 (3) (2023) 033143, https://doi.org/10.1103/ 
PhysRevResearch.5.033143.

[51] C. Hu, H. Cheng, J. Zhou, K. Zhang, X. Liu, Y. Jiang, Layer dependence of complex 
refractive index in CrSBr, Mater 17 (14) (2024) 3430, https://doi.org/10.3390/ 
MA17143430.

[52] Van der Waal's Constants for Real Gases - Chemistry LibreTexts https://chem.lib 
retexts.org/Ancillary_Materials/Reference/Reference_Tables/Atomic_and_Molec 
ular_Properties/A8%3A_van_der_Waal's_Constants_for_Real_Gases.

[53] B. Grinbaum, M. Freiberg, Bromine, in: Kirk-Othmer Encyclopedia of chemical 
technology, 2011, https://doi.org/10.1002/0471238961.0218151310010311. 
a01.pub3.

[54] Z. Liu, Y. Jiang, D. Wang, J. Lai, H. Zhou, J. Deng, C. Ke, Kinetics of monolayer 
MoS2-encapsulated nanobubbles on hexagonal boron nitride substrates, Appl. 
Phys. Lett. 125 (11) (2024) 113103, https://doi.org/10.1063/5.0224361.

[55] D.A. Sanchez, Z. Dai, P. Wang, A. Cantu-Chavez, C.J. Brennan, R. Huang, N. Lu, 
Mechanics of spontaneously formed Nanoblisters trapped by transferred 2D 
crystals, Proc. Natl. Acad. Sci. U. S. A. 115 (31) (2018) 7884–7889, https://doi. 
org/10.1073/PNAS.1801551115.

[56] S. Bertolazzi, J. Brivio, A. Kis, Stretching and breaking of ultrathin MoS2, ACS 
Nano 5 (12) (2011) 9703–9709, https://doi.org/10.1021/NN203879F.

[57] R.C. Cooper, C. Lee, C.A. Marianetti, X. Wei, J. Hone, J.W. Kysar, Nonlinear elastic 
behavior of two-dimensional molybdenum disulfide, Phys. Rev. B 87 (3) (2013) 
035423, https://doi.org/10.1103/PhysRevB.87.035423.

S. Sovizi et al.                                                                                                                                                                                                                                   FlatChem 59 (2026) 101114 

10 

https://doi.org/10.1002/ADMI.202100328
https://doi.org/10.1002/ADMI.202100328
https://doi.org/10.1021/ACS.NANOLETT.3C00303
https://doi.org/10.1021/ACS.NANOLETT.3C00303
https://doi.org/10.1016/J.APSUSC.2024.160578
https://doi.org/10.3390/MA13143067
https://doi.org/10.1021/acs.jpcc.7b05405
https://doi.org/10.1021/ACSNANO.2C01151
https://doi.org/10.1021/ACSNANO.2C02896
https://doi.org/10.1021/ACSNANO.2C02896
https://doi.org/10.1038/s41563-022-01245-x
https://doi.org/10.1038/s41563-022-01245-x
https://doi.org/10.1002/ADFM.202211366
https://doi.org/10.1002/ADFM.202211366
https://doi.org/10.1016/J.JPCS.2025.112589
https://doi.org/10.1016/J.JPCS.2025.112589
https://doi.org/10.1103/PhysRevB.47.558
https://doi.org/10.1016/0927-0256(96)00008-0
https://doi.org/10.1103/PhysRevLett.77.3865
https://doi.org/10.1103/PhysRevLett.77.3865
https://doi.org/10.1063/1.3382344
https://doi.org/10.1063/1.3382344
https://doi.org/10.1002/jcc.21759
https://doi.org/10.1103/PhysRevB.13.5188
https://doi.org/10.1103/PhysRevB.50.17953
https://doi.org/10.1002/ADFM.202309335
https://doi.org/10.1002/ADFM.202309335
https://doi.org/10.1063/5.0069885/40725
https://doi.org/10.1088/2053-1583/AC7B96
https://doi.org/10.1088/2053-1583/AC7B96
https://doi.org/10.1103/PHYSREVB.101.205125
https://doi.org/10.1103/PHYSREVB.101.205125
https://doi.org/10.1139/CJC-2017-0142
https://doi.org/10.1021/acs.jpclett.5c03187
https://doi.org/10.1016/J.APSUSC.2024.159319
https://doi.org/10.1016/J.ELSPEC.2010.12.001
https://doi.org/10.1016/J.ELSPEC.2010.12.001
http://refhub.elsevier.com/S2452-2627(26)00124-8/rf0200
http://refhub.elsevier.com/S2452-2627(26)00124-8/rf0200
https://doi.org/10.1016/J.JHAZMAT.2015.09.026
https://doi.org/10.1016/J.ELSPEC.2009.07.006
https://doi.org/10.1002/SIA.1983
https://doi.org/10.1016/J.ELSPEC.2006.11.032
https://doi.org/10.1016/J.ELSPEC.2006.11.032
https://doi.org/10.1021/AM5089764
https://doi.org/10.1021/AM5089764
https://doi.org/10.1002/SMLL.201701013
https://doi.org/10.1002/SMLL.201701013
https://doi.org/10.1149/1.2108450/XML
https://doi.org/10.1149/1.2108450/XML
https://doi.org/10.1021/CM0105256
https://doi.org/10.1021/CM0105256
https://doi.org/10.1063/5.0337848
https://doi.org/10.1103/PhysRevResearch.5.033143
https://doi.org/10.1103/PhysRevResearch.5.033143
https://doi.org/10.3390/MA17143430
https://doi.org/10.3390/MA17143430
https://chem.libretexts.org/Ancillary_Materials/Reference/Reference_Tables/Atomic_and_Molecular_Properties/A8%3A_van_der_Waal&tnqh_x2019;s_Constants_for_Real_Gases
https://chem.libretexts.org/Ancillary_Materials/Reference/Reference_Tables/Atomic_and_Molecular_Properties/A8%3A_van_der_Waal&tnqh_x2019;s_Constants_for_Real_Gases
https://chem.libretexts.org/Ancillary_Materials/Reference/Reference_Tables/Atomic_and_Molecular_Properties/A8%3A_van_der_Waal&tnqh_x2019;s_Constants_for_Real_Gases
https://doi.org/10.1002/0471238961.0218151310010311.a01.pub3
https://doi.org/10.1002/0471238961.0218151310010311.a01.pub3
https://doi.org/10.1063/5.0224361
https://doi.org/10.1073/PNAS.1801551115
https://doi.org/10.1073/PNAS.1801551115
https://doi.org/10.1021/NN203879F
https://doi.org/10.1103/PhysRevB.87.035423

	Structural stability and thermal oxidation of CrSBr crystals in air studied at microscopic scales
	1 Introduction
	2 Materials and methods
	2.1 Exfoliation and heating of CrSBr crystals
	2.2 AFM topography imaging
	2.3 XAS measurements
	2.4 XPS measurements
	2.5 DFT calculations

	3 Results and discussion
	4 Conclusions
	CRediT authorship contribution statement
	Declaration of competing interest
	Acknowledgements
	Appendix A Supplementary data
	Data availability
	References


