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Abstract 

The interest in layered 2D nanomaterials has witnessed an impressive growth in the last few 

years, bringing to the discovery of many new species and different methods for their preparation. 

The liquid-phase exfoliation (LPE) of crystalline bulk powders is certainly the most suitable 

method for a scaled-up production, allowing also the convenient access to solution processing 

techniques for the direct utilization of the produced 2D material colloidal inks. Given the large 

number of reports on LPE processes for different 2D materials, today it is necessary to define 

in detail the results of similar investigations, so as to provide the scientific community with 

specific guidelines for identifying design rules and applying standardized procedures. In this 

work, we present a systematic study on the LPE process for a-MoO3, a very stable high band 

gap semiconductor, which in its 2D form has been employed for many purposes, ranging from 

catalysis to energy/optoelectronic devices and sensing. We investigate the effect of different 

low-toxicity solvents and instruments for the LPE of this material and provide new insights into 

the structural and electronic properties of the resulting 2D nano-inks in a joint experimental-

computational effort, which will represent a solid source of information for the future 

implementation of liquid-dispersed layered a-MoO3 nanosheets in different fields. 
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1. Introduction 

In the past years, many research efforts have been directed towards the identification of species 

that can be used in substitution of the so-called critical raw materials for different vital 

applications, with the aim of preventing a global supply crisis driven by the progressive 

increasing demand of technological items.1 In this context, metal oxide semiconductors emerge 

as a valuable platform to obtain new substitute materials, considering their chemical stability 

and ease of tunability in functional properties, achievable through different methods, ranging 

from doping to dimensional variation from the bulk to the diversified nanoforms.1  

Molybdenum trioxide (MoO3) emerges as a suitable candidate for this role: Mo is indeed a non-

critical raw material and its oxide is an interesting semiconductor, characterized by a high band 

gap, high work function and notable environmental stability.2–7 This material attracts interest 

for a very wide range of applications: there are numerous reports on its use for electro-, thermo- 

and photochromism,8–11 catalysis,12,13 Li ion batteries14,15 and solar cells,16,17 demonstrating its 

versatility in different functions.  

MoO3 can display three main crystalline phases, namely the highly stable α- and h-phases and 

the metastable β-phase. In these phases, MoO6 octahedra are always present as basic structural 

units but they differ in their relative connectivity. In the α-one, the MoO6 octahedra organize in 

order to form an orthorhombic cell that results from the overlap of different MoO3 layers, where 

they are connected by sharing oxygen corners, while these layers are held together by van der 

Waals forces. The β-phase is a metastable monoclinic phase that resemble the structure of ReO3, 

while the h-phase has a hexagonal structure where octahedra are connected via corner sharing 

oxygen atoms that form long linear chains.18,19 The α-phase is the most investigated one, due to 

its layered structured, which makes α-MoO3 similar to other layered materials, such as the 

transition metal dichalcogenides (TMDs) MoS2, WS2,  and the corresponding selenides and 

tellurides,20 making it suitable for exfoliation processes leading to the formation of the 

corresponding material in bidimensional (2D) form. 2D MoO3 is an emerging 2D material, 

together with other 2D metal oxides, investigated for similar purposes as the 3D counterpart, 

but offering more promising perspectives in terms of high surface to volume ratio, which favors 

interfacial exchanges with charges or molecules, adsorbates and other nanomaterials.21–24 

The liquid-phase exfoliation (LPE) is a particularly convenient top-down process for the 

production of 2D materials as colloidal inks, suitable for subsequent direct utilization or 

processing, which can be carried out through shear mixing (SM) or tip sonication (TS) in a 

liquid-dispersed phase.25–29  Several liquid media can be employed for this purpose, the most 
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effective generally being organic high boiling point solvents, such N-methylpyrrolidone (NMP), 
30,31 or dimethylformamide (DMF),32,33  and dimethyl sulfoxide (DMSO),34,35 which have all 

led to 2D material inks with very high concentration, but that hold considerable drawbacks 

related to the difficulties in removing them during processing and to the toxicity and high cost 

issues.36,37 For this reason, research aiming at resorting to non-toxic solvents during LPE,38 such 

as water39–42 or alcohols 43,44 is progressively attracting increasing interest from the scientific 

community. However, these green solvents, when used as the sole dispersants, have some 

limitations connected to the relatively low concentration in final 2D materials that they allow 

to reach, being often necessary to resort to the assistance of surfactants to improve their stability, 
36 which can then compromise the electronic properties of solution-processed thin films through 

their insulating effect.  

In this work, we present a systematic investigation on the LPE of α-MoO3 crystalline powder 

in a series of green solvents characterized by relatively low boiling points without the help of 

any dispersant, allowing to define the best media to produce good quality 2D α-MoO3 nano-

inks. We also compare the effect of resorting to SM or TS exfoliating instruments and of 

protracting the process for different times and look in detail at the physico-chemical and 

morphological properties of the resulting colloids. Advanced structural analysis achieved by 

resorting to X-ray absorption spectroscopy (XAS) provides new insights into the structure of 

α-MoO3 2D nanosheets which have been never reported before, to the best of our knowledge. 

These data, combined with density functional theory (DFT) investigations, allow to shed new 

light onto the properties of this emerging 2D semiconductor45 which might serve as guidelines 

for its future implementation in energy-related or optoelectronic devices as well as for its use 

in sensing and catalysis.  

2. Materials and methods 

All chemicals were purchased from Sigma Aldrich and used without any further purification. 

a-MoO3 was synthesized using an already reported procedure developed by some of us.46 

Technical grade isopropanol was used for LPE. UV-Visible (UV-vis) absorption spectra of the 

colloidal inks were measured on a Goebel Uvikon spectrometer using a quartz cuvette of 1 cm 

optical length. Raman spectra were measured on a Bruker Senterra instrument, using a 514 nm 

laser excitation source. Samples were prepared by drop casting the suspensions over a silicon 

slide and then analyzed. Zeta Potential (ZP) was measured on a Malvern Zetasizer Nano-ZS 

device. The samples were measured in Rotilabo precision glass cuvettes with a light path of 10 

mm and a volume of 3.5 mL. High resolution transmission electron microscopy (HR-TEM) 

images and selective area electron diffraction (SAED) patterns were acquired on a FEI Tecnai 

G2 20 X Twin TEM operating at 200 kV. Powder X-ray diffraction (P-XRD) analysis was 
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performed at ambient temperature with a PANalytical B.V. X’Pert PRO diffractometer 

employing Cu Kα1 radiation. The instrument operated at 40 kV and 40 mA using a 1° 

divergence slit for the incident beam. Atomic force microscopy and Kelvin-probe force 

microscopy (AFM and KPFM) were both carried out on a MFP-3D atomic force microscope 

by Asylum Research-Oxford Instruments, using NCHV probes, of highly-doped (0.01-0.025 

W cm) n-type (An-doped) Silicon, with nominal cantilever resonance frequency of 320 kHz and 

tip apex radius of curvature of 8 nm, operated in Nap (i.e. double-pass) mode at a typical 

elevation height of 50 nm. X-ray photoelectron spectroscopy (XPS) measurements were 

performed in a custom-designed ultra-high vacuum chamber, working at base pressure of 10-9 

mbar, equipped with a non-monochromatized dual-anode DAR 400 X-ray source, a 5-

channeltrons and an Omicron EA 125 electron analyzer. The XPS data were collected at room 

temperature with an Al Kα line (1486.7 eV) using 0.1 energy steps, 0.5 s dwell time and 20 eV 

pass energy. The calibration was based on the binding energy (B.E.) of the Au4f7/2 line at 83.9 

eV with respect to the Fermi level. The standard deviation for the B.E. values was 0.15 eV. The 

reported B.E. were corrected for the B.E. charging effects, assigning the B.E. value of 284.6 eV 

to the C1s line of carbon. XAS spectra were collected at the SAMBA beamline of the SOLEIL 

synchrotron facility (Gif-sur-Yvette, France). Data were collected at Mo K-edge, using a 

Si(220) crystal monochromator for energy selection (energy resolution ca. 6·10-15). Powdered 

samples were pressed into pellets, using cellulose as binder, and measured in transmission mode, 

using Oxford ionization chambers as detectors. Samples in liquid suspension were recorded in 

fluorescence mode, exploiting a 35-elements Ge detector. 

2.1 LPE of a-MoO3 powder 

To produce the bulk a-MoO3 suspension in a liquid environment, 1 g of the powder material 

was dispersed in 100 mL of the chosen solvent (water, isopropanol/water 6:4 v/v, acetone, 2-

butanone). Then, the resulting slurry was pre-sonicated for 30 minutes in a bath-sonicator (Elma, 

Elmaosonic P) in order to disperse completely the material. This was then followed by LPE via 

SM (on an IKA T 25 digital Ultra-Turrax instrument), operating at 8000 rpm or via tip TS (on 

a Bandelin Sonopuls HD2200 instrument) operated at 80 % power using pulses of 3 s on/3 s 

off. Both operations were carried out for three different times (2, 4 and 8 hours). Once the LPE 

process was completed, liquid cascade centrifugation was applied to separate the different 

species in suspensions based on relative size and thickness, so as to isolate a final colloid 

containing the most exfoliated fractions. The resulting suspension were thus centrifuged first at 

1500 rpm (210 rcf) for 1 hour and then the supernatant was carefully removed and centrifuged 

again at 3000 rpm (837 rcf) for 1 hour. This final supernatant was recovered as the target 

colloidal ink and used for characterizations. The concentration of these final inks was calculated 
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by either drying 10 mL of the suspension in a previously weighted Petri dish and calculating 

the difference in weight or by filtering 5 mL of the suspension through a previously weighted 

PTFE filter and calculating the difference in weight after drying the filter in a vacuum oven at 

40 °C overnight.  

2.2 Computational analysis of bulk and 2D a-MoO3 

The a-MoO3 3D orthorhombic crystal structure was considered as input structure for ab initio 

calculations carried out at the DFT periodic protocol within the PWscf package of the Quantum 

Espresso 5.1 program.47 Geometry optimization was performed with scalar relativistic 

pseudopotentials,48 with the PBEsol functional,49 together with a wavefunction and density 

cutoff of 50 and 400 Ry, respectively. A 18 x 6 x 18 k-sampling was considered for the analysis 

of the first Brillouin zone, and band structures, density of states (DOS) and work function shift 

analyzed. From the optimized 3D a-MoO3 structure, a 2D slab has been extracted and the 

geometry optimized at the same level of theory, with now a 18 x 1 x 18 k-sampling (the y-axis 

has been considered as the direction normal to the plane of the slab). 

For the ab initio X-ray Absorption Near Edge Structure (XANES) calculations, the parallel 

version of the FDMNES package was used.50,51 The FDMNES code features real-space 

monoelectronic calculations. The final state was calculated using the finite different method 

(FDM) of the FDMNES code; this method is a full potential one and introduces no 

approximation on the shape of the potential. The XANES contributions of the Mo sites were 

calculated using a cluster radius of 7 Å. A convolution procedure was applied to the calculated 

spectra to account for the core-hole lifetime and multi-electron excitations.  

3. Results and discussion 

In previous works, different conditions for the LPE of a-MoO3 were reported, employing 

different solvents such as NMP,52 various alcohols14,53 and water/surfactant mixtures.54,55 It is 

possible to predict the LPE suitability of a solvent by resorting to several models, such as by 

considering the surface tension compatibility and the Hildebrand parameters.56 However the 

mostly used and reliable way is to apply the Hansen solubility parameter (HSP) theory, 

commonly employed in polymer chemistry to predict the solubility, but demonstrated to work 

well also for LPE 2D materials.56–59 The HSP theory states that the smaller is the interaction 

radius between the material and the solvent, the better will be the stability (Eq. 1):60  

 

𝑅" = 	%4(𝛿)* − 𝛿),) + /𝛿0* − 𝛿0,1 + (𝛿2* − 𝛿2,)    (Eq. 1) 
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Where δd2 is the dispersive component for the material chosen, 𝛿),	the dispersive component 

for the solvent, 𝛿0* and 𝛿0,the polar components for the material and the solvent respectively 

and 𝛿2* and 𝛿2, the hydrogen bonding part of the two. 

Therefore, in order to minimize the Ra value and then increase the compatibility between a 

solvent and a material, the dispersive, polar and hydrogen-bonding parameters has to be as close 

as possible to each other. Based on this theory, in this work a pre-screening of different solvents 

was performed to ascertain the relative a-MoO3 compatibility and determine which solvent 

should perform better. Among the examined solvents, water, a mixture of isopropanol (IPA) 

and water, acetone and butanone were selected. The first one was chosen mainly for its absence 

of toxicity and to test the possibility to exfoliate a-MoO3 directly in water without the use of 

any surfactant, while the other ones were chosen because of low Ra ratio, with 2-butanone being 

the most promising one (see Table 1 for a summary of the HSPs for the here investigated 

solvents and for a-MoO3, as well as the calculated Ra values).  

 

Table 1. Hansen Solubility Parameters for the different solvent used in this work and for a- 

MoO3 and relative Ra calculated between each solvent and the oxide employing Eq. 1 

Solvent/material 𝜹𝒑 𝜹𝒅 𝜹𝒉 Ra 

H2O 18.1 17.1 16.9 13.8 

IPA/H2O (6:4 v/v) 16.7 10.5 16.6 10.6 

2-butanone 16 9 5.1 4.0 

acetone 15.5 10.4 7 5.2 

α-MoO3 17.8 8 6.5 / 

 

In addition to varying the liquid medium, also the type of instrument (either SM or TS) and the 

exfoliation time (2, 4, 8 h) were tuned, to perform a systematic study and identify the optimal 

conditions for the LPE of a-MoO3. Figure 1 summarizes the overall process and different 

conditions applied: powder bulk a-MoO3 produced via hydrothermal synthesis46 dispersed in 

the selected liquid media undergoes LPE in the different established conditions and the final 

mixture after exfoliation is subjected to multiple  steps of liquid cascade centrifugation at 

increasing speed to selectively precipitate the non-exfoliated products (pellets) before obtaining 

a final colloidal ink of the most exfoliated a-MoO3 material, used for further characterizations 

(see experimental details of this process in the methods section). 
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Figure 1. Schematic representation of the LPE process for a-MoO3 described in this work and 

parameters whose effect was investigated, namely type of exfoliating instrument, liquid 

medium and exfoliation time.  

Table 2 summarizes different data obtained for the various prepared LPE inks. By first looking 

only at the final colloid concentrations, it is possible to highlight different trends in relation to 

the instrument and solvent employed. For the samples exfoliated in water, shorter LPE times 

resulted to be more suitable in yielding higher concentration inks. For the ketones (acetone, 2-

butanone) instead, the final ink concentrations increase with LPE time for almost all samples; 

however, this concentration is always lower compared to that obtained for the water exfoliated 

sample (for certain samples in 2-butanone, the concentration was too low to be effectively 

measured by weighting the dried residue). These values should be compared to other literature 

data: Hanlon et al.52 reported an optimal yield of 0.17 mg/mL for LPE a-MoO3 in pure IPA, 

while Dutta et al.53 reported a yield of 0.33 mg/mL in ethanol/water. These numbers appear to 

be in perfect agreement with the order of magnitudes for LPE yield found by us, with some of 

ours even exceeding them slightly (for example SM H2O). 

Zeta potential (ZP) data, also summarized in Table 2, allow to estimate the colloidal stability 

of each final LPE MoO3 ink. By examining them, it is possible to state a good match with the 

HSP theory used to actually select the liquid media. Indeed, ZP for 2-butanone and acetone 

suspensions have the highest values, between -30 and -45 mV, indicating long-term stable 

colloids, while ZP values for water are in the range between -25 and -40 mV, indicating a 

medium/short-term stability and those in IPA/water have values lower than -20 mV, hinting at 

relatively low-stability colloids prone to coagulation in a shorter timeframe. 

Table 2. Summary of the different LPE a-MoO3 inks, exfoliation time, employed instrument 

and relative concentrations, zeta potentials and Egap. 



8 
 

Solvent 1 

(v/v) 

Solvent 2 

(v/v) 

LPE 

Time 

LPE 

Method 

Concentration 

(mg ml-1) 

ZPa 

(meV) 

Egapb 

(eV) 

H2O / 2 h TS 0.27 -39 ± 1.2 3.62 

H2O / 4 h TS 0.34 -34 ± 2.1 3.64 

H2O / 8 h TS 0.24 -36 ± 1.6 3.68 

IPA (6) H2O (4) 2 h TS 0.36 -19 ± 2.9 3.07 

IPA (6) H2O (4) 4 h TS 0.24 -16 ±0.9 3.05 

IPA (6) H2O (4) 8 h TS 0.13 -9 ±0.6 3.05 

2-butanone / 2 h TS / -42 ± 8.5 2.90 

2-butanone / 4 h TS 0.015 -47 ± 0.8 3.00 

2-butanone / 8 h TS 0.045 -42 ± 2.8 3.17 

acetone / 2 h TS 0.06 -30 ± 2.1 3.06 

acetone / 4 h TS 0.015 -35 ± 1.5 3.04 

acetone / 8 h TS 0.045 -49 ± 1.9 2.97 

H2O / 2 h SM 0.57 -43 ±3.4 3.60 

H2O / 4 h SM 0.47 -27 ± 1.7 3.61 

H2O / 8 h SM 0.40 -32 ±1.6 3.65 

IPA (6) H2O (4) 2 h SM 0.19 -16 ± 1.0 3.05 

IPA (6) H2O (4) 4 h SM 0.21 -15 ± 0.3 3.06 

IPA (6) H2O (4) 8 h SM 0.19 -11 ± 0.7 3.07 

2-butanone / 2 h SM / -33 ± 1.6 3.05 

2-butanone / 4 h SM / -37 ± 1.7 3.09 

2-butanone / 8 h SM / -31 ± 0.6  3.12 

acetone / 2 h SM 0.02 -31 ± 0.4 3.00 

acetone / 4 h SM 0.02 -15 ± 0.5 2.99 

acetone / 8 h SM 0.07 -25 ± 0.6 3.00 
a Values here reported are an average of three different measurements. b Calculated from the Tauc Plot 
derived from UV-Vis absorption spectra reported in Figure 2. 

 

In order to characterize further the obtained LPE a-MoO3 colloids, we carried out additional 

analyses, namely Raman and UV-Vis absorption spectroscopy and TEM/AFM. Raman 

scattering is widely employed to ascertain changes into phonon modes when a dimensional 

reduction is carried in a layered material progressing from the pure 3D to the 2D form. In many 

2D materials such as MoS2,61,62 WS263 and graphene64,65 Raman spectroscopy has demonstrated 

to be one of the most powerful tools to state the number of layers present in a sample. However, 
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for the characterization of layered MoO3, this technique does not provide significant 

information to distinguish the 2D form from the bulk. A comparison between the bulk α-MoO3 

powder Raman spectra and those of some representative exfoliated samples is reported in 

Figure S1 of the Supporting Information (S.I.). In these spectra, the signals at 996, at 666 cm-1 

and at wavenumbers < 400 cm-1 show a slight red shift following dimensional reduction, which 

could be however within the Raman error, although it has been theoretically predicted45 (the 

attribution of the signals to the different Raman modes is clarified in Table S1). Normalization 

on the most intense symmetric stretching mode of the terminal oxygen atoms or the doubly 

connected bridge–oxygen Mo–O–Mo at 818 cm-1 does not also highlight any change in relative 

intensity ratios with other modes, thus confirming that Raman for this specific layered material 

is not the suitable technique to ascertain the dimensional reduction, as it was shown before.13,66 

UV-Vis absorption spectra were acquired for all the LPE α-MoO3 colloidal inks, as summarized 

in Figure 2, to verify whether a change in the energy of optical band gap (Egap) of the a-MoO3 

can be detected following exfoliation, applying the Tauc method46,67 to calculate its value at the 

absorption onset (all Egap values are reported in Table 1).  
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Figure 2. a-h) UV-Vis absorption spectra of the different LPE a-MoO3 inks produced in this 

work employing multiple liquid media and SM or TS as the mechanical exfoliation method. 
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The spectrum of bulk a-MoO3 was measured on the solid powder through reflectance 

spectroscopy and it is reported in every graph for the sake of comparison. 

In TMDCs, this technique normally allows to follow the blue shift of the excitonic transition 

during exfoliation, in agreement with the quantum confinement effect;68,69 however, a-MoO3 

does not present any excitonic absorption whose position can be probed by UV-Vis. Despite 

that, UV-Vis can still be used to determine the band gap and its shift. The as-synthesized bulk 

a-MoO3 has a measured indirect band gap of 2.8 eV while all the LPE suspensions show an 

increase in this value from hundreds of meV up to almost 1 eV (Table 1). This indicates that 

possibly some samples might have undergone a dimensional reduction (for example the samples 

in pure H2O, Figure 2a-b), while others might feature a quasi-2D structure (such as those in 

butanone, Figure 2e-f), as also previously reported in the literature.70  To further investigate the 

variation in the electronic properties of a-MoO3 following LPE, KPFM was performed to probe 

the work function (WF) of the material. KPFM data on the samples with the largest optical band 

gap (colloids in H2O and IPA/H2O) show an average value for the WF of 4.56 ± 0.56 eV, which 

appears to be decreased as compared to the values obtained from the bulk material,46 i.e. 5.11 

± 0.50 eV, indicating a shift of the Fermi level towards the vacuum level, as expected following 

quantum confinement towards the 2D form.71  

Despite the wide band gap of some of the prepared LPE a-MoO3 inks (namely the ones in pure 

H2O and IPA/H2O mixture), remarkable changes in the color to the naked eye result depending 

on both solvent and instrument employed for the LPE. Figure 3a shows the two significant cases 

of the inks produced in IPA/H2O via TS and in H2O via SM, respectively: while the latter is a 

transparent, in line with the expectations considering the band gap of the material, the former 

presents a blue coloration. Since no significant traces of an absorption in the red zone of the 

visible spectrum are detected in the optical absorption spectra (Figure 2d), we expect that this 

coloration might be due to the presence of a relatively low quantity of Mo(V) moieties/oxygen 

vacancies, which can anyway contribute to change drastically the color of the ink.72,73  In order 

to state the presence of Mo(V) in the blue-shaded ink, XPS measurements were performed 

(spectra of the molybdenum zone are reported in Figure 3b-d). From the XPS analysis it is 

possible to clearly highlight that in the bulk a-MoO3 material some Mo(V) moieties were 

already present (Figure 3b). However, after LPE with the two different exfoliating devices (SM 

or TS), the quantity of Mo(V) sites slightly increases in the SM experiment (Figure 3c), but 

their concentration is perhaps not high enough to show their typical coloration in the resulting 

colloid. On the contrary, in the TS case (Figure 3d) a considerable increase in Mo(V) 

contribution in the photoemission spectrum is detected, thus explaining unambiguously the blue 
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color of the suspension. Such an increase in the number of defect sites is most likely related to 

the harsher LPE conditions that result from the use of the TS method, known to cause flakes 

breaking other than exfoliation only,74,75 compared to the milder SM. It is particularly 

interesting to notice that such a blue coloration emerges as a predominant effect only at very 

high quantities of Mo(V) moieties in the materials, meaning that the nanostructures in 

suspensions can withstand a high degree of Mo(V) atoms (or oxygen vacancies). In addition, 

the coloration results more intense in alcohol-based mixtures: this can be explained by the 

slightly reducing character of the alcohol that likely promoted the formation of reduced 

species76,77 during the exfoliation process (this phenomenon seems to increase when the 

samples are left in light, which might trigger the further Mo(VI) reduction by means of IPA).  

 

Figure 3. a) Pictures of the LPE a-MoO3 colloids in pure H2O prepared via SM (left) and 

IPA/H2O prepared via TS (right). XPS analysis of b) as synthesized a-MoO3 powder, c) LPE 

MoO3 in H2O prepared via SM and d) LPE MoO3 in IPA/H2O prepared via TS.  

To compare the variation in electronic properties studied through UV-vis absorption with the 

effective nanomorphology of the resulting LPE a-MoO3 colloids, HR-TEM analysis was 

performed to understand the size and dimension of the particles in suspension. Representative 

ink samples were selected to perform this analysis (see Figure 4 and Figure S2), based on their 

higher concentration with respect to other inks and optical band-gap opening (either large or 

small). From the TEM images, it can be seen that the sheet lateral size can reach dimensions up 

to 1 μm and that the material has been successfully exfoliated in some samples (see Figure 4a-

b), especially in the H2O LPE samples, which are also those reporting the highest opening of 

the optical band gap (Table 2). From a closer look at the images at high magnifications from 



13 
 

Figure 4, it is possible to highlight the atomic morphology of the nanosheets planes: particularly 

in Figure 4a, showing the aspect of the LPE samples in H2O, atomic order appears to be altered 

compared to what should be expected from the starting crystalline a-MoO3, hinting at a partial 

loss in crystallinity after LPE and at the concomitant formation of an amorphous phase in 

certain zones of the 2D nanosheets. Also, in the IPA/H2O ink, this amorphous phase seems to 

be partially present (Figure 4b), together with crystalline domains, pointing at an amorphization 

of the material in the presence of water during LPE. On the other hand, the TEM images of the 

LPE sample in butanone (Figure S2) clearly show that the low Egap increase with respect to the 

bulk a-MoO3 is due to a non-efficient production of few-layered species. The presence of an 

amorphous component can be further detected by carrying out P-XRD analysis of the LPE a-

MoO3 dried material: Figure S3 show a comparison between the diffractograms of bulk a-MoO3 

and of the exfoliated samples in H2O (SM 8 h) and in IPA/H2O (TS 4 h), from which, in the 

two latter samples, the emergence of the typical a-MoO3 reflexes from a large amorphous 

background is clearly detected which is not present at all in the former. On the other hand, 

SAED analysis carried out locally on individual nanosheets on the TEM grid shows the 

presence of crystalline features (Figure S4), although these reflexes are coincident with high 2q 

value reflexes in the P-XRD patterns of a-MoO3, while the main material reflexes remain 

buried in the central part of the SAED pattern and thus are not distinguishable. 

 

Figure 4. HR-TEM images of representative LPE a-MoO3 colloids. a) Samples in H2O 

obtained via SM for 8 h and b) samples in IPA/H2O obtained via TS for 4 h.   

Once the information about the dimension and morphology of the LPE materials was obtained 

through TEM, the investigation was focused on understanding the thickness of the nanosheets, 
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and to this aim atomic force microscopy (AFM) analysis was performed (results are displayed 

in Figure S5 in the S.I.). Through this analysis, it was possible to track nanosheet thicknesses 

varying within a narrow range, from bilayers (≈ 1.8 nm) to 5-6 layers (≈ 5-6 nm), further 

demonstrating that in the case of the colloidal samples in H2O and IPA/H2O the LPE was 

successful. 

To gain further insights into the atomic arrangement of the obtained LPE a-MoO3 colloids 

produced via LPE in different liquid media, XAS measurements were performed at the SAMBA 

beamline of the SOLEIL synchrotron (Gif-sur-Yvette, France) directly on the colloidal inks and 

on the solid material obtained after drying the ink in H2O produced via SM, being this one the 

most promising in term of 2D aspect ratio, and the results were compared to those obtained for 

the a-MoO3 precursor in solid form and also for the precursor of this last one, namely 

ammonium heptamolybdate (AHM). Next, the XANES spectra are first discussed, allowing to 

unravel the atomic configuration around the Mo atoms, i.e. their coordination sphere in the 2D 

nanosheets as compared to the bulk material. The recorded spectra are shown in Figure 5 for 

both the colloidal inks and the dried powder, in comparison with the a-MoO3 precursor and 

AHM, being both these references known to feature an octahedral coordination geometry 

around the Mo atoms. The liquid suspensions in Figure 5a show features similar to those of 

bulk a-MoO3, in particular a pre-edge feature at around 20.07 keV representing the forbidden 

1sà4d transition in Mo atoms.78 This transition becomes more pronounced when there is an 

overlap between O p-orbitals and Mo d-orbitals, with a high degree of distortion greatly 

improving such overlap and subsequently the intensity of the pre-edge feature. By comparing 

this peak across the different samples, it is possible to evidence that those obtained by LPE in 

H2O and IPA/H2O show a less intense pre-edge feature, indicating the existence of a higher 

symmetry compared to the reference compounds a-MoO3 and AHM, while that in butanone 

gives rise to a more intense signal in the same zone, indicating a more distorted structure. By 

analyzing the main edge feature, information on the type of Mo site can be gathered: in general, 

octahedrally coordinated Mo features 3 main peaks, indicated in Figure 5 as A (20.025 keV), B 

(20.037 keV) and C (20.055 keV). These originate from MoO6 octahedra (a structure composed 

of four long Mo-O bond and two shorter Mo=O bonds) sharing edges, and their relative 

intensity differs depending on different Mo sites present in these polyoxoanion structures.79 

These sites are called 1, 1’ and 2: the first two represent a Mo atom sharing the edges with three 

other Mo atoms, with a slightly difference in Mo-O bond length, while the site 2 represents a 

Mo atom surrounded by 6 MoO6 octahedra.79 For this latter site in particular, the intensity of 

peak B is much less intense as compared to sites 1 and 1’. Specifically, in the spectra presented 

here it is possible to notice how the LPE samples in H2O feature an increase in intensity and 
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small shift towards lower energy in peak B, in direct relation to the absence of type 2 sites, and 

a decrease in intensity in peak C, which is connected both to the Mo coordination but also to 

the second O shell around Mo. Those two variations altogether account for a decrease of type 

2 sites and a decrease in long range interactions between different Mo and O, which can be 

related to a decrease in dimensionality. In addition, this sample also show a slight shift of the 

absorption edge position towards lower energies, compatible with the presence of the Mo(V) 

moieties detected via XPS. The presence of these reduced species has an even more profound 

effect on the sample in IPA/H2O prepared via TS, since the edge position is also shifted but, 

more relevantly, feature B is strongly shifted and overlaps with peak A. 

 

Figure 5. XANES spectra of a) LPE a-MoO3 colloidal inks with b) relative zoom in the post-

Mo-edge features. c) XANES spectra of LPE a-MoO3 powder obtained after drying the ink 

produced in H2O after 8 h SM with relative zoom on the post-Mo-edge features in d). In all the 

spectra, also an internal comparison with the spectra of the precursors a-MoO3 and AHM are 

reported (measured as powders) for the sake of comparison.  

Comparison has to be made then with the XANES spectra of a dried powder obtained from the 

best 2D colloid available among the here analyzed (namely the H2O 8h SM, Figure 5d), where 

it is possible to observe, upon drying, a clear change in the spectrum: the pre-edge and edge 

features resemble those in the AHM spectra, rather than the a-MoO3, indicating distorted 

octahedra around the Mo(VI) centers. Compared to the crystalline a-MoO3, peak A slightly 

increases in intensity, while peak C decreases: those combined observations suggest a change 

in ratio between site 1 and 1’ (see the different computed site contributions in Figure S6), overall 

pointing to a partial restacking of the 2D nanosheets once they are not anymore in the colloidal 

state.  
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The extended X-ray absorption fine structure (EXAFS) part of the XAS spectrum was further 

analyzed for the dry sample (for the inks this was not possible given the too low signal to noise 

ratio). This analysis provides information about bond lengths around the scattering atom and 

changes in those lengths are detected for the here investigated materials when going from bulk 

a-MoO3 to the 2D MoO3 nanosheets (see Figure 6 and Table S2 in the S.I. for a list of the 

estimated bond lengths). While the first coordination shell resulted similar to the bulk oxide in 

terms of Mo-O lengths, in the second coordination sphere both Mo-O and Mo-Mo bonds are 

considerably shorter in the 2D LPE a-MoO3 powder compared to the bulk material. A similar 

effect can be attributed to a certain strain existing within the 2D nanosheets, as evidenced 

previously also for TMDs,80  and provides new interesting insights into the structure of few-

layers a-MoO3 which can have an effect on the optical and electronic properties of this low-

dimensional material, as it has been highlighted previously for 2D TMDs.81  

 

Figure 6. a) EXAFS spectra and b) not-corrected Fourier Transformed EXAFS spectra of LPE 

a-MoO3 powder obtained after drying the ink in H2O prepared through 8h SM. The internal 

comparison with the spectra of the precursors a-MoO3 and AHM is also reported. c) Details of 

the a-MoO3 crystal structure highlighting the atomic distances probed by the EXAFS analysis 

(left: view along the a-axis; right: view along the c-axis).  
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To gain deeper insight into the experimental data, computational analyses on the 3D bulk 

structure of a-MoO3 and the 2D slab were performed, and the results are reported in Figure 7. 

After geometry optimization of both bulk and slab structures, very similar bond length as 

measured by EXAFS were obtained, with a maximum error of 0.23 Å for the Mo-O1 distance 

in the bulk and of 0.62 Å for the Mo-O3 distance in the slab. Since this bond distance is in the 

direction of the vacuum in the slab, it should not strongly affect the electronic properties here 

reported. Interestingly, we observe only slight variation in the DOS going from bulk to slab, 

with a main decrease in intensity rather than energy position. Yet, a band opening of around 50 

meV was obtained at the Gamma point, from a value of 2.79 eV for the bulk to 2.85 eV for the 

slab. The bandgap opening in is excellent agreement with the measured UV data. The 

discrepancy between some experimental values and the computation arises from two factors, 

namely that all the calculations were performed in vacuum, for a single layer structure, and 

without considering the effect of the different solvents on the electronic properties.  

Nevertheless, a large shift in the work function value has been computed, with value of 5.36 

and 4.96 eV going from bulk to slab, which is again in excellent agreement with the measured 

values, and suggests a shift towards the vacuum for the slab, as well as the low importance of 

the solvent nature in determining the electronic properties of the slab (the solvent is important 

for LPE, but does not affect the gap or WF shift).  This is directly related to the quantum 

confinement effect which rises when the dimensionality of a system is decreased, thus shifting 

the Fermi level towards the vacuum.71  
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Figure 7. a) Total density of states for the bulk (black line) and slab (red line) of a-MoO3. The 

horizontal lines refer to the eigenvalues. b) band structure along the first Brillouin zone for both 

bulk and slab a-MoO3. 

3. Conclusions 

In this work, we describe a detailed analysis of the LPE process for the layered oxide a-MoO3, 

a wide band gap semiconducting material that is attracting increasing attention for a variety of 

functional purposes, ranging from (opto)electronics to electrochromism, energy storage and 

catalysis.45 Considering such attention that is progressively receiving by the scientific 

community active in the field of 2D materials research, it is timely to provide a comprehensive 

study as the present one, in which the parameters for the efficient LPE of a-MoO3 targeting the 

production of its 2D colloids in low-environmental impact liquid media are thoroughly explored, 

allowing to identify the best operating conditions. The use of water-based solvents results to be 

the right condition to ensure the formation of few-layers nanosheets, correlated to an opening 

of the optical band gap and a shift in the Fermi level in direction of vacuum, being both 

electronic peculiarities of the dimensional reduction.82 The yield in LPE 2D material is still 

relatively modest, but it could be improved by resorting to pre-treatments on the bulk a-MoO3, 
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such as the pre-intercalation of water molecules followed by a series of freeze-thaw cycles that 

cause water freezing expansion, as it has been reported previously by Li et al.83   

In parallel to this characterization, for the first time we report here the results of a XAS 

investigation that compares the bulk and 2D form of a-MoO3, allowing to evidence extremely 

precise structural parameters at the atomic level. This points out at the potential of this technique 

to probe the local environment in 2D nanosheets, suggesting how this could be in the future 

more widely implemented also on other 2D materials to shine better light on structure-to-

property relationships. Finally, through theoretical investigation, we strengthen the validity of 

the experimental results, effectively clarifying such relationships in the here analyzed a-MoO3 

with different dimensionalities. 

This work will serve as a valuable tool in the hand of other investigators interested at applying 

2D a-MoO3 nanosheets in functional applications, resorting to this material as a colloidal ink, 

a pre-requisite for enabling in the future large-area processing and industrial scale 

implementation.41 
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