
www.advmat.de

© 2020 Wiley-VCH GmbH2003020 (1 of 8)

CommuniCation

Effect of Adventitious Carbon on Pit Formation  
of Monolayer MoS2

Sangwook Park, Samira Siahrostami, Joonsuk Park, Amir Hassan Bagherzadeh Mostaghimi, 
Taeho Roy Kim, Lauren Vallez, Thomas Mark Gill, Woosung Park, Kenneth E. Goodson, 
Robert Sinclair, and Xiaolin Zheng*

Dr. S. Park, L. Vallez, T. M. Gill, Prof. K. E. Goodson, Prof. X. Zheng
Department of Mechanical Engineering
Stanford University
440 Escondido Mall, Stanford, CA 94305, USA
E-mail: xlzheng@stanford.edu
Prof. S. Siahrostami, A. H. B. Mostaghimi
Department of Chemistry
University of Calgary
2500 University Drive NW, Calgary, Alberta T2N 1N4, Canada
Dr. J. Park, Prof. R. Sinclair
Department of Materials Science and Engineering
Stanford University
496 Lomita Mall, Stanford, CA 94305, USA
Dr. T. R. Kim
Stanford Nano Shared Facilities
Stanford University
476 Lomita Mall, Stanford, CA 94305, USA
Prof. W. Park
Department of Mechanical Systems Engineering
Sookmyung Women’s University
Seoul 04310, South Korea

The ORCID identification number(s) for the author(s) of this article 
can be found under https://doi.org/10.1002/adma.202003020.

DOI: 10.1002/adma.202003020

spectroscopy (XPS),[1] Raman spectro
scopy,[2] atomic force microscopy 
(AFM),[1–4] and scanning electron micro
scopy (SEM)[4]), and density functional 
theory (DFT) calculations.[5–7] The oxidized 
MoS2 monolayers frequently have pits 
due to the formation of volatile MoO3 and 
gaseous SO2 and SO3.[1–4] These defects 
are often observed near edges and grain 
boundaries of MoS2, where the stronger 
oxidative tendency is attributed to the pres
ence of a higher concentration of underco
ordinated sites.[7,8] DFT calculations also 
revealed that sulfur vacancies are prone 
to be occupied by atomic oxygen.[5,6] Nev
ertheless, all these previous studies on 
the pit formation of MoS2 monolayers by 
thermal oxidation have not considered the 
effects of adventitious carbon (C), which 
is ubiquitous and nearly impossible to 
fully remove. Adventitious C is even more 

pronounced under vacuum conditions, such as those condi
tions used for chemical vapor deposition synthesis of MoS2 and 
microscope characterization environments. On the other hand, 
carbon is known to adsorb and catalyze the dissociation of 
oxygen (O2)[9–11] and moisture (H2O),[12,13] so such interactions 
can potentially affect the oxidation process of the MoS2 mon
olayers. However, the role of adventitious C on the oxidation 
process of MoS2 monolayers has not been reported.

Herein, we combine in situ environmental transmission 
electron microscopy (ETEM) under an O2 environment and 
DFT calculation for the adsorption energy of oxygen atoms on 
different sites in the monolayer MoS2 to study the pit formation 
mechanism of a monolayer MoS2 by thermal oxidation at the 
atomic level in the presence of adventitious carbon. It should  
be noted that in situ TEM has been used to investigate the phase 
transition between 2H and 1T phases,[14] crack[15] and pit[16] for
mation, and atom[16,17] and sulfur vacancy[18] migration in MoS2 
monolayers without the presence of gas. However, there is no 
reported in situ TEM characterization of a monolayer MoS2 at 
the atomic level in the presence of gases. Similar in situ TEM 
studies of reactions between solid materials and gases often use 
a specialized holder with a window cell that has a pair of electron 
transparent membranes (e.g., SiNx, tens of nanometers thick) 
to seal the samples in between. These window cells have been 
successfully used to study the reaction between nanoparticles 
(e.g., Rh,[19] PtNi,[20] and Cu2O/Cu[21]) and gases (e.g., O2,[20,21] 

Forming pits on molybdenum disulfide (MoS2) monolayers is desirable for 
(opto)electrical, catalytic, and biological applications. Thermal oxidation is a 
potentially scalable method to generate pits on monolayer MoS2, and pits are 
assumed to preferentially form around undercoordinated sites, such as sulfur 
vacancies. However, studies on thermal oxidation of MoS2 monolayers have 
not considered the effect of adventitious carbon (C) that is ubiquitous and 
interacts with oxygen at elevated temperatures. Herein, the effect of adventi-
tious C on the pit formation on MoS2 monolayers during thermal oxidation 
is studied. The in situ environmental transmission electron microscopy 
measurements herein show that pit formation is preferentially initiated at the 
interface between adventitious C nanoparticles and MoS2, rather than only 
sulfur vacancies. Density functional theory (DFT) calculations reveal that 
the C/MoS2 interface favors the sequential adsorption of oxygen atoms with 
facile kinetics. These results illustrate the important role of adventitious C on 
pit formation on monolayer MoS2.

To date, the thermal oxidation of 2H phase MoS2 monolayers 
have been investigated through many spectroscopic and micro
scopic characterization techniques (e.g., Xray photoelectron 
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H2,[19–21] N2,[19,20] CO,[20] and CO2
[19]). However, these window 

cells are not ideal for studying ultrathin samples, such as MoS2 
monolayers, because the membranes scatter the electron beam 
and reduce the intrinsic instrumental spatial resolution. Such 
effects are more pronounced for imaging ultrathin MoS2 mono
layers (≈0.65 nm thick[22]) because of low electron acceleration 
voltage (≤80 kV) and beam dose (≤104 e− Å−2 s−1) are used to 
prevent the monolayers from electron beam damage. Instead, 
we used an aperture type ETEM (Titan 80–300)[23,24] and an  
80 kV operating voltage to study the reaction between MoS2 
monolayers and O2 in situ.
Figure 1 shows the schematic and aberrationcorrected TEM 

images of MoS2 monolayers at three different stages of the in 
situ ETEM measurement (see Supporting Information for 

details). First, before any annealing, the asgrown monolayer 
MoS2 is covered by adventitious C (Figure  1a,d). The chemical 
identity of the adventitious C is confirmed by XPS, which shows 
a characteristic CC peak at ≈284.8 eV (Figure S1, Supporting 
Information). Others also observed a similar prevalence of 
adventitious C on MoS2 monolayers.[14,17] Under ebeam irra
diation, we observed that the adventitious C moves around on 
the monolayer MoS2 (Movies S1, S2, and Figure S2, Supporting 
Information), indicating that the interaction between C and 
MoS2 is weak likely through van der Waals (vdW) forces.[17] 
Second, after hightemperature vacuum annealing without an 
electron beam, some adventitious C agglomerates into C nano
particles to minimize its surface energy, which consequently 
enlarges the area of clean MoS2 surface (Figure 1b,e,g). The TEM 

Figure 1. Schematic and aberration-corrected TEM images of MoS2 monolayers basal plane (top view). a) Schematic and d) TEM image of pristine 
MoS2 monolayers (orange arrow) with floating adventitious C (light blue arrow). b) Schematic and e,g) TEM images (e.g., 180 °C and 550 °C, respec-
tively) of vacuum annealed monolayer MoS2 at high temperature with dark gray agglomerated C nanoparticles (pink arrow) and light gray adventitious 
C (light blue arrow; (b)). c) Schematic and f,h) TEM images of oxidized monolayer MoS2 with etched pits (green arrow) right adjacent to the agglomer-
ated C nanoparticles.
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images show continuous MoS2 film (no pits) covered by adventi
tious C before thermal oxidation. We tested two annealing tem
peratures of 180 °C (Figure 1e) and 550 °C (Figure 1g) and found 
that a higher annealing temperature leads to larger and fewer 
C nanoparticles (Figure S3a, Supporting Information, 180 °C, 
number density: 129 particles per µm2, projected area per par
ticle: 30 nm2; 550 °C: 24 particles per µm2, 116 nm2). These C 
nanoparticles show lattice fringes of 2.0, 2.1, and 3.4 Å in Figure 
2a and Figure S4, Supporting Information, matching the (101), 
(100), and (002) planes of graphitic carbon (JCPDS, #560159). It 
is challenging to tell if those C nanoparticles are partially organic 
or not in nature. However, our DFT calculation illustrates that 
hydrocarbon is unlikely to contribute to the surface oxidation 
of monolayer MoS2 since hydrocarbon strongly absorbs oxygen 

atom (∆E0  =  −4.13 eV) and desorbs from the MoS2 surface 
(Figure S5, Supporting Information). Hence, we assume that 
only pure C nanoparticles are important here. Finally, after the 
monolayer MoS2 was exposed to O2 (≈5 mbar) at 300 °C for  
10 min without an electron beam, we observed that pits (or holes), 
an indication of MoS2 oxidation, are formed around the C nano
particles (Figure 1c,f,h). The sizes of the pits are larger around 
the larger C nanoparticles. It should be noted that we did not 
image the monolayer MoS2 during the oxidation process in the 
presence of O2, because the ionized oxygen beam damages the 
monolayer MoS2 (Figure S6, Supporting Information).

Next, we zoomed in to inspect the relationship between 
C nano particles and pits using the aberrationcorrected 
highresolution TEM (see Supporting Information for details). 

Figure 2. Aberration-corrected high-resolution TEM images of the oxidized single crystalline MoS2 monolayers. a,b) Agglomerated C nanoparticle 
centered in (a) and on the edge of (b) a triangular pit. The corresponding FFT of the monolayer MoS2 is located on the top right (a) and bottom left 
(b) side of the TEM images. The red, blue, and green lines on the lattice fringe of TEM images correspond to the same colored circles in the cor-
responding FFT image. c) Agglomerated C nanoparticles, long pits, and S-vacancies exist on the basal plane of the monolayer MoS2 after oxidation. 
d) FFT image of the monolayer MoS2 in (c). e) Magnified false-color TEM image of S-vacancies on the basal plane of a monolayer MoS2 from the red 
dashed square window in (c). The corresponding positions of Mo (blue circle) and S (yellow circle) atoms are partially marked. All the samples were 
annealed at 180 °C and P < 10−6 mbar for 8 h, and oxidized at 300 °C and P ≈ 5 mbar (O2) for 10 min.
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We studied C nanoparticles at two representative positions of 
the monolayer MoS2: one on the singlecrystalline domains 
(Figure  2) and the other on the grain boundaries (Figure 3). 
When C nanoparticles are on the single crystalline domain of 
MoS2, we observed three types of pits: several small pits (2–7 nm) 
surrounding a C nanoparticle (Figure 2a), a triangular shape pit 
sharing an edge with a C nanoparticle (Figure 2b), and a long pit 
sharing an edge with a C nanoparticle (Figure 2c). Some edges 
of those pits approximately align with the (100) planes of MoS2, 
which are marked as the red, blue, and green parallel lines in 
Figure  2a,b. Some pits propagate into irregular shapes as the 
oxidation progresses and the C nanoparticles move (Figure 2c, 

Movies S8–S10, and Figure S7i–l, Supporting Information). The 
(100) planes are confirmed by both the aberrationcorrected 
highresolution TEM images and the fast Fourier transform  
(FFT) that shows a lattice constant of 2.7 Å, matching the 
dspacing of (100) planes in MoS2 (JCPDS #371492).[25,26] The 
long pit in Figure  2c has one end bordering with the C nano
particle, and the other end appears to be triangular with edges 
parallel to the (100) planes (yellow dot triangles) of MoS2 (FFT 
is shown in Figure 2d). The formation of this long pit appears 
to start at the yellow dot triangle region, and then the weakly 
bonded C nanoparticle most likely moves away while promoting 
the oxidation along its path, forming the long pit.

Figure 3. Aberration-corrected high-resolution TEM images of grain boundaries of polycrystalline MoS2 monolayers. a) Agglomerated C nanoparticles 
align along a grain boundary (orange dash line) of a monolayer MoS2 after annealing. b) Formation of pits by oxidation initiates right adjacent to the  
C nanoparticles on the grain boundary (orange dash line) of a monolayer MoS2. c) Pits propagate and form gaps along the grain boundaries (orange 
dash lines) of a monolayer MoS2 by oxidation. Long pits (yellow dot arrows) are also generated from the grain boundary and right adjacent to  
the C nanoparticles after oxidation. The corresponding FFT images show grain domains on different sides of the orange dash lines, where the different 
orientations of every single crystalline grain of the monolayer MoS2 marked with the same colored arrows and circles (red, blue, or green).
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Similar triangular pits with (100) edges are frequently 
observed for oxidized MoS2

[2,7] because the (100) planes of MoS2 
have the lowest energy thermodynamically.[27,28] Hence, the 
shapes of the pits are determined largely by their thermody
namic energy, rather than the initiation mechanism that is dic
tated by the location of the pits. Importantly, no pit formation is 
observed on the clean parts of MoS2 (Figure 2c, red dot square 
window), which contain many intrinsic Svacancies that were 
possibly created from the synthesis and transfer processes of 
MoS2 monolayers for the TEM sample preparation (Figure  2e 
and Figure S8a,b, white dot circles; Table S1, Supporting Infor
mation). Figure  2e and Figure S8a,b, Supporting Informa
tion, are falsecolor aberrationcorrected highresolution TEM 
images, which makes Svacancies (green color) more visible 
from the bluish background of the original S atom positions.[29] 

These results show that the interfaces between C nanoparticles 
and MoS2 are more preferred sites than only Svacancies for 
pit formation. The similar dynamics of pit formations on MoS2 
monolayers was also observed in the presence of O2 gas using 
a low electron dose rate of 100 e− Å−2 s−1 (Movies S3–S10 and 
Figure S7, Supporting Information).

We further examined the scenarios when C nanoparticles are 
located at the grain boundaries of the MoS2 monolayers. We 
observed a similar phenomenon of pits forming only around C 
nanoparticles (Figure  3). After vacuum annealing (180 °C, 8 h),  
many C nanoparticles are aligned in nearly straight lines as 
shown in Figure 3a (see larger area TEM images in Figure S9a, 
Supporting Information). The FFT analysis in Figure  3a shows 
that those lines correspond to grain boundaries because two 
sides of the line exhibit different crystal orientations. The grain 

Figure 4. DFT calculation of three sequential oxygen atoms adsorption energy for three different model structures. a) Model structures of pristine 
(red), S-vacancy (blue), and C nanoparticle on 5S-vacancies (black) of MoS2 monolayer basal plane are described in the first column, respectively. The 
sequential three oxygen atom adsorptions (1O*, 2O*, and 3O*) in each model structure are described in a row. Color code: S, yellow; Mo, cyan; C, gray; 
O, red. b) The adsorption energy of three oxygen atoms for progressive oxidation in each model structure shown in (a) is calculated.
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boundaries of MoS2 monolayers contain many undercoordi
nated sites[28,30,31] and the calculated diffusion barrier for C nano
particles is ≈4.7 eV on undercoordinated sites, such as Svacancy. 
Hence, once C nanoparticles diffuse to the grain boundaries, they 
are trapped and align along these grain boundaries in straight 
lines. After exposing MoS2 to the oxidation condition (300 °C,  
10 min, and ≈5 mbar of O2), again, pits are formed around 
those C nanoparticles (Figure 3b, see larger area TEM images in  
Figure S10, Supporting Information). Those pits connect and form 
straight gaps across the grain boundaries (Figure 3c), and the C 
nanoparticles have migrated from the grain boundaries to the two 
edges of the gaps. A few branched pits are also observed adjacent 
to the grain boundary (Figure  3c, yellow dot arrows) and they 
are likely caused by the movement of the C nanoparticles, like 
the long pit in Figure 2c. Also, we did not observe any pit forma
tion when exposing the monolayer MoS2 to 300 °C without O2  
(Figure S9b, Supporting Information), confirming that pit forma
tion is associated with the oxidation process. In short, the TEM 
images in Figures 13 show that pits (i.e., oxidation of MoS2) are 
preferentially formed around C nanoparticles, regardless of their 
locations. Besides, the C nanoparticles are mobile on the surface 
of the MoS2 and their movement leads to elongated pits.

We further carried out DFT calculations using the climbing 
image nudged elastic band (CINEB) method to compare the 
oxygen adsorption behavior on different sites to understand the 
role of C nanoparticles on pit formation. Of note, our DFT cal
culations show that the physisorbed C nanoparticles on MoS2 
have a negligible diffusion barrier, which supports the experi
mentally observed movement of adventitious C. However, when 
carbon clusters are trapped in the Svacancies of the basal plane 
of the monolayer MoS2, they have a very high diffusion barrier 
≈4.7 eV. This suggests that carbon impurities tend to agglom
erate in the Svacancies.

Figure S11b, Supporting Information, compares the oxidation 
tendency of adsorbing a single oxygen atom on nine different 
sites on MoS2 (see Supporting Information for details). Experi
mentally observed MoS2 oxidation, or pit formation, involves 
adsorption of multiple oxygen atoms, so we further calculated 
the oxygen adsorption energy for successive addition of atomic 

oxygen up to three; 1O*, 2O*, and 3O*. Due to the high compu
tational cost, we considered three structures (Figure 4a): pristine 
MoS2 as a reference, a single Svacancy on the basal plane, and a  
C nanoparticle supported on five Svacancies. The latter two 
structures were shown to strongly adsorb a single oxygen 
atom (Figure S11b, Supporting Information). Figure  4b plots 
the sequential oxygen adsorption energy on these three model 
structures. First, we found that none of the three oxygen atoms 
bind strongly to pristine MoS2 (∆Gads.  ≈  −0.5 eV), indicating 
unfavorable oxidation. Second, for the single Svacancy, the first 
oxygen atom is strongly adsorbed, but the subsequent adsorp
tion of the second and third oxygen becomes significantly less 
favorable with adsorption energies ≈  −0.5 eV. This suggests 
that a single Svacancy can be easily filled by oxygen, but it 
also inhibits further oxidation. Third, when a C nanoparticle is 
present, all three oxygen atoms show strong adsorption at the 
interface between C nanoparticle and MoS2 (∆Gads. of −2.5 eV, 
−2.5 eV, and −1.25 eV), which is about ten times stronger than 
that on the C nanoparticles (Figure S12, Supporting Informa
tion, ∆Eo: −0.21 to 1.50 eV). These DFT results also suggest that 
progressive oxidation is thermodynamically more favorable 
when C nanoparticles are present. Also, the calculated poten
tial energy diagram shows that O2 dissociation is barrierless 
and downhill at the interface between C nanoparticle and 
monolayer MoS2 (Figure S13, Supporting Information). This 
indicates the facile oxidation process in the interface of the C 
nanoparticle and MoS2 substrate. Finally, the experimental 
observations and theoretical calculations suggest the following 
oxidation mechanism of monolayer MoS2 (see Supporting 
Information for details). The oxidation is initiated at the inter
face between C nanoparticle and MoS2, which forms gaseous 
SOx and solid MoOx. SOx leaves and MoOx moves, forming 
pits on MoS2 monolayers. MoOx is difficult to observe in TEM 
due to its sensitivity to the electron beam[32] but the formation 
of MoOx was confirmed by SEM, Auger electron spectroscopy 
(AES), and XPS analysis of ex situ thermal oxidation of MoS2 
monolayers (Figure S14, Supporting Information).

Last, we demonstrated the application of MoS2 monolayers 
with pits as electrocatalysts for hydrogen evolution reaction 

Figure 5. Comparisons of HER activity between the pristine monolayer MoS2 and monolayer MoS2 with pits. a) Linear sweep voltammograms (LSV). 
b) Corresponding Tafel plots of the polarization curves in (a). Electrolyte: 0.5 M H2SO4. For both cases, MoS2 monolayers were supported on Au-coated 
Si wafers. The pits were formed on monolayer MoS2 samples by sequential thermal annealing under Ar at 1 atm at 180 °C for 8 h, and at 300 °C for  
10 min under the O2 partial pressure of ≈5 mbar with the Ar balance.
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(HER). The formed pits on MoS2 contain active edge sites for 
HER[33] and thus HER activity of MoS2 should increase after pit 
formation, which is supported by our experimental data shown 
in Figure 5.

In summary, we conducted the first in situ ETEM study on 
the pit formation process of MoS2 monolayers by thermal oxi
dation. We found that MoS2 monolayers unavoidably contain 
adventitious C and it agglomerates into C nanoparticle under 
annealing conditions. Our experiments show that the oxidized 
MoS2 monolayers contain pseudotriangular shaped pits. Those 
pits prefer to form at the interface between C nanoparticles and 
MoS2 monolayers, rather than at other places, including single 
Svacancy sites. Our DFT results show that a single Svacancy 
can be easily filled by oxygen that inhibits its further oxidation. 
Instead, when a C nanoparticle is present on the monolayer 
MoS2, progressive oxidation is thermodynamically favorable, 
which supports our experimental results. Our results illustrate 
the importance of adventitious C on promoting the pit forma
tion of a monolayer MoS2 by thermal oxidation. These results 
suggest that controlling the amount of adventitious C, per
haps other impurities as well, on MoS2 monolayers and other 
ultrathin materials, will facilitate the pit formation for their 
diverse applications such in electronics,[2,34,35] catalysis,[7,33] and 
biology.[36]

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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