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A B S T R A C T   

Large specific surface area and oxygen defects of metal oxides are the dominant factors to affect performances 
related to surface adsorption processes, and have been fully considered in the synthesis of materials. Under-
standing completely the effect of oxygen vacancies on the structure and the interaction with reactants is still 
under process. Here, for the first time, oxygen deficient two-dimensional (2D) oligo-layer molybdenum trioxide 
(MoO3-x) nanosheets with large aspect ratio of ~670, were fabricated via a convenient microwave-assisted 
exfoliation method. The effect of oxygen vacancies on the surface adsorption of molecules was comprehen-
sively investigated with experiments and DFT calculations. From the analysis of molecular dynamics and mo-
lecular electrostatic potential results, the enlarged interlayer spacings and oxygen vacancies working as the 
capture centers for negatively charged groups made 2D oligo-layer MoO3-x nanosheets promising for the 
adsorption for various organic molecules. Especially, a high value of ~1290 mg/g rarely reported before was 
achieved for the adsorption of methylene blue. Benefited from the enlarged adsorption energies to gas molecules 
and the preferential adsorption of oxygen molecules in ambient atmosphere, p-type gas sensors based on 2D 
oligo-layer MoO3-x nanosheets were fabricated, which exhibited superior gas sensing performance to ethanol, 
acetone and hydrogen sulfide at room temperature. This work proposed an effective approach for synthesis of 2D 
nanomaterials, and underscored the importance of oxygen vacancies into 2D structures for different applications.   

1. Introduction 

Development of various 2D nanomaterials during last decade has 
been widely dominated in different areas due to their nanoscale thick-
ness and exceptional properties including large specific surface area, 
quantum confinement effects and surface functionalization capabilities 
[1–3]. As one of the important members of 2D materials family, 2D 
transition metal oxides have attracted much attention in the past few 

years [4,5]. For instance, 2D transition metal oxides have shown 
exceptional potential for energy storages [6,7], owing to their large 
number of oxidation states and higher chemical stability than sulfides, 
carbides and nitrides. Additionally, benefited from their large contact 
surface area and narrow bandgap energy, 2D transition metal oxides 
have also been proven to be promising candidates for photocatalytic and 
sensor applications [8,9]. 

Multiple strategies have been explored for fabrication of 2D 

* Corresponding authors. 
E-mail addresses: lrliu@njtech.edu.cn (L. Liu), zhongjin@nju.edu.cn (Z. Jin).  

Contents lists available at ScienceDirect 

Chemical Engineering Journal 

journal homepage: www.elsevier.com/locate/cej 

https://doi.org/10.1016/j.cej.2022.140076 
Received 30 August 2022; Received in revised form 3 October 2022; Accepted 24 October 2022   

mailto:lrliu@njtech.edu.cn
mailto:zhongjin@nju.edu.cn
www.sciencedirect.com/science/journal/13858947
https://www.elsevier.com/locate/cej
https://doi.org/10.1016/j.cej.2022.140076
https://doi.org/10.1016/j.cej.2022.140076
https://doi.org/10.1016/j.cej.2022.140076
http://crossmark.crossref.org/dialog/?doi=10.1016/j.cej.2022.140076&domain=pdf


Chemical Engineering Journal 454 (2023) 140076

2

transition metal oxides [5,10–12]. For the layered transition metal ox-
ides, they specifically consist of stacked quasi-2D nanosheets held 
together by weak van der Waals interactions with strong in-plan cova-
lent bonds, allowing these materials to be exfoliated into individual 2D 
nanosheets [13]. Among various liquid-phase exfoliation techniques, 
sonication-assisted exfoliation is a widely used approach, which has 
been applied for a variety of 2D nanomaterials [14,15]. However, for 
this methodology, the process is usually time-consuming, the lateral size 
and product yield of exfoliated materials is limited from the long-time 
sonication. Benefited from the nonthermal microwave effect, 
microwave-assisted exfoliation has recently been proposed for rapid and 
efficient exfoliation of 2D layered materials with large lateral size and 
ultra-thin thickness [16,17]. Nevertheless, the microwave-assisted 
exfoliation of 2D layered transition metal oxides from bulk powders 
has not yet been reported. 

Noteworthy, abundant oxygen vacancies can be formed in 2D metal 
oxides during exfoliation process [18]. The introduction of oxygen va-
cancies is considered as an effective strategy for oxidation state modu-
lation, which can significantly change their electronic structure, 
bandgap and conductivity, greatly enhancing their performance in 
various applications [19–22]. Especially, the fact that oxygen vacancies 
on the surface of 2D metal oxides can act as active sites participating in 
surface adsorption and reaction processes has been fully demonstrated 
[23]. At the same time, some spectacular and interesting results, such as 
the change of conductive type after the introduction of oxygen vacancies 
into the semiconductor materials, the enhancement on the adsorption 
capacity of oxygen defective metal oxides to different ions charged 
organic dyes and so on, have not been clearly clarified to date [24,25]. 

In this work, using microwave-assisted exfoliation method, 2D oligo- 
layer MoO3-x nanosheets with large aspect ratio were synthesized 
conveniently and efficiently. Owing to the introduction of abundant 
oxygen vacancies, the structural characterizations as well as the 
adsorption properties of 2D MoO3-x nanosheets were comprehensively 
conducted and calculated. The effect of oxygen vacancies on the switch 
of conductive type and the improvement of the molecular adsorption 
and gas sensing properties were carried out by first-principles calcula-
tions. An ultrahigh adsorption capacity to MB was estimated, and the 
adsorption mechanisms of 2D MoO3-x nanosheets and the key role of 
oxygen vacancies in the adsorption of dye molecules were illustrated 
with positive electrostatic potential simulations and molecules dy-
namics. The gas sensor based on 2D MoO3-x nanosheets exhibited su-
perior gas sensing properties towards ethanol, acetone and hydrogen 
sulfide at room temperature, including high sensitivity, fast response/ 
recovery speed and extremely low limit of detection (LOD) on ppb level. 
This work provides a new methodology toward the development of sub- 
stoichiometric 2D transition metal oxides, and the insight into the effect 
of oxygen vacancies on the adsorption process. 

2. Measurements 

2.1. Molecules adsorption experiments 

In order to perform the adsorption experiments, 3.5 mg of 2D MoO3 
nanosheets with and without oxygen vacancies as the adsorbents were 
added into 100 ml organic dyes such as MB, congo red (RD) and methyl 
orange (MO) aqueous solution with the concentration of 25 mg/L with 
the pH value of 7.0. Then the mixture was subsequently stirred at room 
temperature (20 ◦C) in the dark conditions. The influence of tempera-
ture on the adsorption was performed at the different temperatures from 
25 ◦C to 65 ◦C with the initial concentration of 25 mg/L for organic dye 
solutions and the pH value of 7.0. The effect of pH was conducted at 
various initial pH values from 4 to 10 with the initial concentration of 
25 mg/L for organic dye solutions at 25 ◦C, and the pH values were 
adjusted by adding 0.1 M hydrochloric acid or 0.1 M sodium hydroxide 
solution. For the study of adsorption isotherm, the starting concentra-
tions of organic dye solutions were in the range of 5–35 mg/L. For each 

batch adsorption experiments, the same volume of mixture was taken for 
centrifugation of the supernatant. The concentrations of organic dye 
solution at the different adsorption time were determined using UV–vis 
spectrophotometer (JENWAY, 7315). The adsorption capacity (qt) for 
organic dyes solution was evaluated using the following equations 
[26,27]: 

qt =
(C0 − Ct) × V

m
(1)  

where C0 (mg/L), and Ct (mg/L) were the concentration at the 
commencing time, and time t, respectively. V(L) was the volume of 
organic dyes solution and m (g) was the weight of adsorbent of 2D MoO3- 

x nanosheets. 

2.2. Gas sensor fabrication and gas sensing measurements 

The chemiresistive-type gas sensor was prepared for investigation of 
the gas sensing properties of fabricated 2D nanomaterials. 10 mg sam-
ples were dissolved into 0.5 ml water to form a paste. Then the paste was 
drop-casted on ceramic thin film substrate printed with three pairs of 
Ag–Pd interdigitated electrodes using a micropipette, followed by dry-
ing at 60 ◦C. The performance of fabricated sensors to testing gases was 
conducted in a static flow system (CGS-MT, Beijing Elite Tech Co., Ltd, 
China). When the resistance of the sensor reached stable state (Ra) in the 
air, testing gases were injected on the hot evaporation stage in the 
chamber (5.0 L in volume), reaching a stable resistance (Rg), and then 
the chamber was opened to recover the resistance to its original state. 
The response of the sensor was determined as the relative change in the 
electrical resistance: R = Rg/Ra for the p-type semiconductor behavior. 
The response/recovery time was defined as the time to reach 90 % of the 
resistance change. 

3. Results and discussion 

3.1. Synthesis and characterizations of oligo-layer 2D MoO3-x nanosheets 

The synthesis of 2D oligo-layer MoO3-x nanosheets was conducted by 
microwave-assisted exfoliation with the steps of agitation-intercalation- 
exfoliation-centrifugation, and the processes were schematically illus-
trated in Fig. 1. More details of these processes and characterization 
techniques could be found in the Supporting Information. Atomic force 
microscopy (AFM) measurements were carried out to investigate the 
surface morphology and accurate thickness of 2D MoO3-x nanosheets. 
Fig. 2(a) clearly depicted the large lateral size and uniform thickness of 
2D nanosheets obtained from microwave-assisted exfoliation method. 
As presented in Fig. 2(b), the average thickness of exfoliated 2D nano-
sheets was revealed to be ~2.8 nm, which corresponded to approxi-
mately 4 fundamental MoO3-x layers. AFM analysis also showed that 2D 
MoO3-x nanosheets had the average lateral size of 2.0 μm, indicating an 
aspect ratio of around 670, which is much larger than that of previously 
reported 2D MoO3 materials obtained from other exfoliated methods 
[14,28,29]. In addition, BET nitrogen adsorption and desorption anal-
ysis in Fig. S1 of Supporting Information was performed to further study 
the specific surface area of 2D MoO3-x nanosheets, and from the results 
in Table S1 of Supporting Information, the specific surface area of 2D 
MoO3-x nanosheets was 66.122 m2/g, which indicated that the specific 
surface area was highly increased after microwave-exfoliation. 

X-ray diffraction (XRD) measurements were performed to study the 
crystal phase change for the synthesized 2D MoO3-x nanosheets, and 
commercial MoO3 powder was used for comparison. As shown in Fig. 2 
(c), XRD patterns of commercial MoO3 powder and synthesized 2D 
MoO3-x nanosheets were closely matched with orthorhombic MoO3 
(JCPDS no. 05-0508, space group Pb-nm (62)). Compared to commercial 
MoO3 powder, the intensity of 2D MoO3-x diffraction peaks were lower, 
indicating relatively poor crystallinity. In addition, the positions of the 
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(040) and (060) diffraction peaks, which attributed to the b-lattice 
plane interlayers, shifted to the lower angles, illustrating the introduc-
tion of the oxygen vacancies in 2D MoO3-x nanosheets [19,30] (Fig. S2). 
Moreover, from the digital images in the insets, the color changing was 
observed from the light green to the dark blue after the exfoliation, 
which originated from the existence of oxygen vacancies in 2D MoO3-x, 
since the different valence states of Mo show different colors and Mo5+

appears to be blue. Raman spectroscopy (Fig. 2(d)) was also used for the 
further confirmation of sub-stoichiometry of 2D MoO3-x nanosheets, 
because of each phase occupying different atomic arrangements with 
various Raman vibrational bands. Raman peaks at 138, 189, 209, 228, 
276, 332, 373, 660, 819 and 990 cm− 1 were found for both commercial 
and exfoliated 2D MoO3-x nanosheets, which agreed with the α-MoO3 
phase. However, for the 2D MoO3-x nanosheets, the peaks were broad-
ened, and their intensity was lower, which could be ascribed to the 
surface alteration from the formation of oxygen vacancies [19,31]. 
Noteworthy, the peaks below 290 cm− 1 had a downshift due to the sub- 
stoichiometric ratio [30]. Therefore, based on the XRD and Raman re-
sults obtained, 2D MoO3-x nanosheets fabricated by the microwave- 
assisted exfoliation possessed sub-stoichiometry with a certain amount 
of oxygen vacancies. 

XPS analysis was carried out to evaluate the oxygen vacancies 
amount in synthesized 2D MoO3-x nanosheets. As presented in Fig. 2(e), 
the Mo 3d core level spectrum could be deconvoluted, with the 
spin–orbit splitting of 3.2 eV for two oxidation states of Mo. The high 
intensity doublet peaks at 235.8 eV (3d 5/2) and 232.6 eV (3d 5/2) were 
ascribed to Mo6+ oxidation state [32], while the low intensity doublet 
peaks at 234.6 eV (3d 5/2) and 231.4 eV (3d 3/2) corresponded to Mo5+

oxidation state [31]. The emergence of Mo5+ oxidation state proved the 
presence of oxygen vacancies in fabricated 2D MoO3-x nanosheets. 
Considering the integral areas of Mo6+ and Mo5+ peaks, the value of x in 

sub-stoichiometric 2D MoO3-x was calculated as 0.121. Significantly, the 
EPR spectra of 2D MoO3-x in Fig. S3 showed two distinct peaks at the g 
value of 1.93 and 1.99, confirming the presence of oxygen vacancies in 
2D MoO3-x nanosheets. In addition, amount of oxygen vacancies from 
the integral calculation was about 0.123, similar with the result from 
XPS analysis. From the O 1s spectrum of 2D MoO3-x in Fig. 2(f), three 
characteristic peaks attributed to the different oxidation states were 
resolved centered at 530.3 eV, 531.6 eV and 532.4 eV, respectively, 
which belonged to the lattice oxygen (OL) of 2D MoO3-x, oxygen va-
cancies (OV) of 2D MoO3-x and carbon-involved oxygen species (Oc) on 
2D MoO3-x nanosheets [33,34]. 

3.2. Molecules adsorption performance 

The key role of oxygen vacancies in the improvement of the 
adsorption of molecules was investigated, as shown in Fig. S4 that 2D 
MoO3-x nanosheets exhibited excellent adsorption capability to different 
organic dyes, such as MB, CR and MO. Taking MB as the example to 
further study the adsorption mechanisms of molecules on the surface of 
2D MoO3-x nanosheets, firstly, control experiments of the influence of 
various interfering factors such as pH and temperature on the MB 
adsorption behavior were carried out. It was clear from the results in 
Fig. S5 (a) that the adsorption capacity kept almost the same from pH 4 
to 8, but then the adsorption capacity decreased with further increase of 
pH from 8 to 10. From Fig. S6, Zeta potential of 2D MoO3-x nanosheets 
was negative in the pH range of 2–10, indicating the good adsorption 
capability to cationic dyes. The decreased adsorption capacity with pH 
increasing from 8 to 10 was probably due to that the excess OH− ion 
formed complex with cationic dye, which reduced the adsorption on the 
surface of 2D MoO3-x nanosheets [35]. Furthermore, the increase of 
temperature from 20 to 60 ◦C led to the decrease of the adsorption 

Fig. 1. A schematic diagram of the synthesis processes for sub-stoichiometric 2D MoO3-x nanosheets.  

Fig. 2. (a) AFM image and (b) thickness measurement of exfoliated 2D MoO3-x nanosheets. (c) High-resolution X-ray diffraction patterns and (d) Raman spectroscopy 
for bulk MoO3 and exfoliated 2D MoO3-x nanosheets. Core-level spectra of (e) Mo 3d and (f) O 1s. 

Z. Wei et al.                                                                                                                                                                                                                                      



Chemical Engineering Journal 454 (2023) 140076

4

capacity, illustrating that the MB adsorption is an exothermic process 
[36] (Fig. S5(b)). 

Moreover, the effect of contact time on the MB adsorption was 
thoroughly studied. Fig. 3(a) depicted that with increase of the contact 
time, the density of the absorption spectra at 664 nm decreased, indi-
cating that MB had been adsorbed by 2D MoO3-x nanosheets, and the 
maximum adsorption capacity of 2D MoO3-x as high as 695.04 mg/g was 
obtained in Fig. 3(b) when the adsorption reached to equilibrium state 
after 220 mins. After non-linear curve fitting by MATLAB using pseudo- 
first-order and pseudo-second-order models that can be expressed as fol-
lows [37]: 

qt = qe
(
1 − e− k1 t) (2)  

qt =
k2q2

e t
1
M + k2qet

(3)  

where qt and qe (mg/g) represented the amounts of MB adsorbed at 
contact time t (min) and at equilibrium time, respectively. k1 (min− 1) 
and k2 (g/mg/min) expressed the kinetic adsorption rate constants, a 
chemisorption adsorption process was verified, because of the highly 
consistent results between experimental values and the simulation re-
sults from pseudo-second-order model in Table S2. 

To further understand the interaction between MB and the adsorp-
tion sites of sub-stoichiometric 2D MoO3-x nanosheets, the adsorption 
isotherm experiments were conducted with the MB concentration 
changing up to 35 mg/L with increment of 5 mg/L. From the Fig. 3(c), it 
can be observed that the adsorption capacity of 2D MoO3-x significantly 
depended on the starting MB concentration and with the rise of initial 
MB concentrations, qe increased. The maximal adsorption capacity was 
as high as 1290 mg/g, which was found to be significantly greater than 
that of recently reported adsorbents summarized in Table 1. Two equi-
librium isotherm models, the Langmuir isotherm and Freundlich 
isotherm were used to simulate the experimental data to figure out the 
surface property and affinity of adsorbent. Two equilibrium isotherm 
models of Langmuir isotherm and Freundlich isotherm were descried as 
follows [38]: 

qe =
qmKLCe

1 + KLCe
(4)  

qe =
KF

M
C1/n

e (5)  

where qe (mg/g) was the adsorption capacity of MB at equilibrium, Ce 
(mg/L) was the concentration of MB when the sorption process reached 
equilibrium; qm (mg/g) and KL (L/mg) were the maximum adsorption 
capacity and adsorption constant according to the Langmuir isotherm 
model; KF (L/mg) and n were the adsorption constant and linearity index 
according to Freundlich isotherm model. From the two isotherm model 
parameters fitted by MATLAB and summarized in Table S3, the 
Freundlich isotherm model fitted the experimental data better than the 
Langmuir isotherm model, indicating that the MB adsorption process 
was dominated heterogeneous adsorption on the surface of 2D MoO3-x 
nanosheets [45,46], which might probably result in a multilayer MB 
adsorption behavior and consequently a superior adsorption capacity. 
Moreover, the characteristic constant of 1/n is related to adsorption 
favorability [46], and the value of 1/n from the Freundlich isotherm 
model was between 0 and 0.5, illustrating that this adsorption on 2D 
MoO3-x nanosheets is a favorable adsorption process. 

Furthermore, the mechanism of the adsorption of molecules on 2D 
MoO3-x nanosheets was further investigated by molecular electrostatic 
potential (MEP) and ab-initio molecular dynamics (AIMD) simulations. 
The MEP map of MB in Fig. 3(d) present that MB was mostly a positive 
electrostatic potential except of a small negative electrostatic potential 
at the S group. For 2D MoO3 nanosheets and 2D MoO3-x nanosheets, it 
can be observed that the surface of 2D MoO3 nanosheets was prone to be 
in negative electrostatic potentials, while the oxygen vacancy on the 
surface of 2D MoO3-x nanosheets had a positive electrostatic potential. 

Fig. 3. (a) UV–vis adsorption spectra of MB for 2D MoO3-x nanosheets, (b) non-linear fitting curves of pseudo-first order and pseudo-second order models for 2D 
MoO3-x nanosheets, (c) non-linear fitting curves of Langmuir and Freundlich models for 2D MoO3-x nanosheets, (d) molecular electrostatic potential of MoO3, MoO3-x 
and MB. 

Table 1 
The comparison of adsorption capacity of the different adsorbents for MB.  

Adsorbents Equilibrium 
time 

qm (mg/ 
g) 

Refs 

2D MoO3-x nanosheets 220 mins 1290 This 
work 

Defective alumina microspheres 300 mins 349.5 [27] 
PAA/CNS 120 h 2100 [38] 
PANI/TiO2 120 mins 458.1 [39] 
Loofah sponge-based activated 

carbon 
120 mins 210.97 [40] 

HPC-3 90 mins 630.1 [41] 
WOx 3 mins 550.7 [26] 
Fe-Mn binary oxide nanoparticles 120 mins 72.32 [42] 
MoO3 60 mins 152.0 [43] 
1T-MoS2 ~100 mins 785 [44]  
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Therefore, the positively charged MB can be absorbed on the surface of 
2D MoO3 nanosheets, and oxygen vacancies on the surface of 2D MoO3-x 
nanosheets specially worked as the capture centers for negatively 
charged S group, which can be further proved by the XPS results 
(Fig. S7) that the ratios of Ov peaks to all the oxygen peaks were 
decreased from 35 % to 23 % for 2D MoO3-x nanosheets after adsorption 
of MB. The mechanism that oxygen vacancy is helpful for the adsorption 
of negatively-charged group can also explain that 2D MoO3 nanosheets 
have no obvious adsorption capability to MO, which had a strong 
negative electrostatic potential in SO3 group in Fig. S8(b), while the 
adsorption capacity of 150.8 mg/g was estimated for 2D MoO3-x nano-
sheets (Fig. S8). However, the big difference of adsorption capacities 
between 2D MoO3 nanosheets and 2D MoO3-x nanosheets in Fig. S8 was 
ascribed to the enlarged interlayer spacing of 2D MoO3-x nanosheets 
from the molecular dynamics results in Fig. S9, which provided more 
adsorption area for removal of MB and promoting the faster adsorption 
of MB [47]. 

3.3. Gas sensing properties 

Based on the result that oxygen vacancies on the surface of 2D MoO3- 

x nanosheets can promote the capture of negatively-charged group of 
molecules, the gas sensing performance of 2D MoO3-x nanosheets to 
various gas molecules was studied. Fig. 4(a-c) depicted that 2D MoO3-x 
nanosheets based gas sensors can detect different gases such as ethanol, 
acetone and hydrogen sulfide in a short response time of around 20 s at 
room temperature, and the gas responses to 200 ppm ethanol, acetone 
and hydrogen sulfide were 5.1, 2.4 and 2.1, respectively. Specially, the 
sensors resistances increased after exposure to the gases, and then 
decreased after removal of gases, exhibiting a typical p-type semi-
conductor behavior, and the Hall coefficient of as-fabricated 2D MoO3-x 
nanosheets obtained from Hall Effect measurement in Table S4 further 
confirmed their p-type conductivity [48,49]. 

The dynamic response and recovery characteristics of the sensor 
based on 2D MoO3-x nanosheets toward different gas concentrations of 
1.0 to 1000 ppm were also studied, taking ethanol as the example here, 
and the results were presented in Fig. 4(d). It can be observed that the 
sensor’s resistance showed an ascending stepwise distribution with the 
increase of ethanol concentration, and correspondingly, the gas 
response values rose gradually. The response curve in Fig. 4(e) depicted 
great linearity of the sensor’s responses to the measured concentrations 

range from 1.0 to 200 ppm, and the theoretical limit of detection as 
estimated according to the standard definition by International Union of 
Pure and Applied Chemistry at the signal-to noise ratio of 3 to be about 
250 ppb [50,51]. In addition, long-term stability of the sensors is also 
important for practical applications, so the sensor’s responses to 200 
ppm ethanol were continuously recorded over a period of 60 days. It can 
be observed in Fig. 4(f) that the sensor’s response to ethanol kept nearly 
constant during the whole long-term period with a relative standard 
deviation of about 8.3 %. The superior gas sensing performance of 2D 
MoO3-x nanosheets at room temperature with high response, fast 
response and recovery speed, low LOD on ppb level and long-term sta-
bility illustrated the promising potential application in flexible and 
wearable monitoring systems, which was impossible for commercialized 
metal oxide sensors currently, due to their high working temperature of 
over 100 ◦C [52]. 

To explore the effect of oxygen vacancies on the gas sensing mech-
anisms, the comparative DFT calculations were conducted on 2D MoO3 
nanosheets with and without oxygen vacancies for the study on their 
electronic properties and adsorption behaviors of gas molecules, as 
shown in Fig. 5. For calculation, a (3× 3× 1) supercell for 2D MoO3 
nanosheets in Fig. 5(a) was used and the oxygen vacancy from terminal 
oxygen was introduced to build 2D MoO3-x nanosheets (Fig. 3(d)), due to 
the lowest formation energy among three nonequivalent oxygen atoms 
(Table S5). The formation of terminal oxygen vacancy in Fig. 3(b, e) 
introduced a gap state at around − 0.31 eV below the conduction band 
edge, and reduced the indirect bandgap from 1.79 eV to 0.15 eV, which 
was consistent with experimental results of the decreased optical 
bandgap from 3.85 eV to 2.45 eV in Fig. S10. The value differences 
between the experimental and simulation results are from the under-
estimating bandgaps of the calculation methods [53]. Besides, after the 
introduction of oxygen vacancy, the Fermi energy of 2D MoO3-x nano-
sheets distinctly shifted to the conduction band edge in comparison with 
2D MoO3 nanosheets, which suggested that more carriers can be effec-
tively transferred to the conduction band minimum of 2D MoO3-x 
nanosheets. The increased charge density was favorable for the 
adsorption of target gas molecules [54], which can be further confirmed 
from the increased adsorption energies (Fig. S11 and Table S6) of target 
gas molecules on the surface of 2D MoO3-x nanosheets, implying those 
gas molecules were more easily adsorbed on the oxygen vacancies sur-
face. Those explained that 2D MoO3 nanosheets exhibited no response to 
target gas molecules at room temperature (Fig. S12), but an improved 

Fig. 4. (a-c) Responses of gas sensor based on 2D MoO3-x nanosheets to 200 ppm ethanol, acetone and hydrogen sulfide at room temperatures, (d) dynamic resistance 
change and (e) corresponding gas response to the different ethanol concentration at room temperature (f) long-term stability test to 200 ppm ethanol at the room 
temperature. 
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gas response for 2D MoO3-x nanosheets. 
Besides, analysis results from Fig. S13 and Table S7, showed that 

among environmental gas molecules, oxygen molecules were more 
easily adsorbed on the surface of 2D MoO3-x nanosheets, and from Fig. 5 
(c), there was a depletion of electrons in the oxygen molecule and 
electrons accumulation in the oxygen atoms for 2D MoO3 nanosheets, 
while a electrons accumulation around oxygen molecule and a depletion 
of electrons from Mo atoms for 2D MoO3-x nanosheets can be seen in 
Fig. 5(f). Based on the Bader charge analysis, the oxygen molecule 
donated around 0.02 e per molecule to 2D MoO3 nanosheets, but the 
oxygen molecule accepted around 0.29 e per molecule from 2D sub- 
stoichiometric MoO3-x nanosheets, causing 2D MoO3-x nanosheets a p- 
type conductive behavior. The adsorption of oxygen molecules on 2D 
MoO3-x nanosheets can further improve the adsorption of ethanol with 
the adsorption energy of − 1.13 eV (Fig. S14 and Table S8), resulting in 
the highest response of ethanol, which was in agreement with the 
experimental results. The dynamic adsorption process of gas molecules 
on the surface of 2D MoO3-x nanosheets in Fig. 5(g) illustrated that the 
hole accumulation layer was formed from the adsorption of oxygen 
molecules on the surface of 2D MoO3-x nanosheets, and then when the 
sensing material was exposed to electron donor gases of ethanol, acetone 
and hydrogen sulfide, electrons can be generated and be released to 

sensing material, resulting in the educement of the hole accumulation 
layer and the increasement of resistance of 2D MoO3-x nanosheets. 

4. Conclusions 

Sub-stoichiometric 2D oligo-layer MoO3-x nanosheets with high yield 
of 50 %, large aspect ratio of around 670, uniform thickness of ~2.8 nm 
and large lateral sizes of ~2.0 μm were successfully fabricated for the 
first time by microwave-assisted exfoliation method in the short irra-
diation time of 30 mins. The enlarged interlayer spacing and the capture 
centers for negatively charged groups from oxygen vacancies brought 
about the promising potential of 2D MoO3-x nanosheets in the adsorp-
tion of various organic molecules. An ultra-high adsorption capacity of 
1290 mg/g for MB adsorption was realized, which was in a good 
agreement with pseudo-second-order model and the Freundlich adsorp-
tion isotherm model. The introduction of oxygen vacancies during the 
synthesis process of 2D MoO3-x nanosheets increased the adsorption 
energies to various gas molecules, and the preferential adsorption of 
oxygen molecules leaded to the p-type conductivity of 2D oligo-layer 
MoO3-x nanosheets, inducing superior gas sensing properties for 
various gas molecules at room temperature, paving the way for devel-
opment of metal oxides-based sensors in the application of flexible and 

Fig. 5. Side view, top view, band structure, density of states (DOS) and charge redistribution after adsorption of oxygen molecules for (a-c) 2D MoO3 nanosheets and 
(d-f) 2D MoO3-x nanosheets. The blue (yellow) region in (c,f) represented depletion (accumulation) of electrons. (g) A schematic illustration of the gas sensing 
mechanism of 2D MoO3-x nanosheets at room temperature. 
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wearable electronics. We believe the controlled oxygen vacancies can be 
tunned during synthesis process for the further enhancement of prop-
erties, and the investigations sheds light on the mechanisms of oxygen 
vacancies for different applications including but not limited to gas 
sensors and organic dyes adsorbents. 
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