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Abstract Electron beam-induced damage and struc-

tural changes in MoO3 and MoO3-x single crystalline

nanostructures were revealed by in situ transmission

electron microscopy (TEM) examination (at 200 kV)

after few minutes of concentrating the electron beam

onto small areas (diameters between 25 and 200 nm)

of the samples. The damage was evaluated recording

TEM images, while the structural changes were

revealed acquiring selected area electron diffraction

patterns and high resolution transmission electron

microscopy (HRTEM) images after different irradia-

tion times. The as-received nanostructures of ortho-

rhombic MoO3 were transformed to a Magnéli’s phase

of the oxide (c-Mo4O11) after *10 min of electron

beam irradiation. The oxygen loss from the oxide

promoted structural changes. HRTEM observations

showed that, in the first stage of the reduction, oxygen

vacancies generated by the electron beam are accom-

modated by forming crystallographic shear planes. At

a later stage of the reduction process, a polycrystalline

structure was developed with highly oxygen-deficient

grains. The structural changes can be attributed to the

local heating of the irradiated zone combined with

radiolysis.
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Introduction

Molybdenum is known to form MoO2 and MoO3

oxides, and well-defined suboxides denoted with the

general formula MonO3n-1 (e.g., Mo4O11, Mo5O14,

Mo8O23, Mo9O26), known as Magnéli’s phases of the

molybdenum oxide (Magnéli 1953; Vincent and

Marezio 1989). MoO3 has a layered orthorhombic

structure with layers parallel to the (010) lattice plane

bonded together by van der Waals forces. Each layer

consists of two interleaved planes of distorted MoO6

octahedra held together by covalent forces (Henrich

and Cox 1994). Only oxygen ions are exposed on the

surface of these layers resulting in a quite chemically

inert surface at room temperature. However, when the

MoO3 (010) surface is exposed to electron or ion
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beams, even of relatively low energy, or to near-

bandgap ultraviolet photons (Fleisch et al. 1986), the

surface becomes reduced. The ease of reduction

occurs because of the many molybdenum suboxides

(Magnéli’s phases) that are stable in the bulk. Most

studies reporting on structural changes of MoO3 under

irradiation in an electron microscope concluded that

the MoO2 oxide was the product of reduction (Bursill

1969; Bertrand and Dufour 1980). Surface oxygen

defects are induced by the incidence of the electron

beam. These oxygen vacancies are proposed to be

consumed in the formation of crystallographic shear

(CS) planes forming oxygen-deficient superlattices.

At higher electron beam currents, tiny MoO2 crystals

were detected as the product of MoO3 reduction

(Bursill 1969), where topotactic mechanisms of phase

transformation from MoO3 to MoO2 have been

suggested by Bertrand and Dufour (1980) and Delan-

nay (1982). In recent years, Su (2002) reported an

unknown phase of molybdenum oxide with cation

valence lower than ?4. Wang et al. (2004) reported the

transformation of MoO3 to MoO2 induced by an

electron beam at low current density (*1.3 A/cm2)

while MoO with a rock-salt structure was suggested to

be the final phase in the MoO3 reduction at high

current density (*57.6 A/cm2). These reports were

based on the study of MoO3 in the bulk form

(commercial powder of MoO3) as the starting mate-

rial. However, studies on the reduction and phase

transformations of MoO3 crystalline nanostructures

due to the electron beam irradiation have not been

reported. Diaz-Droguett et al. (2008a) reported the

effects of the electron beam on MoO3 amorphous

nanoporous structures which lead to crystallization of

the material in few minutes with no destruction of the

porous morphology. The knowledge of electron beam-

induced structure changes helps to understand the

differences in the reduction behavior, phase stability

and phase transition routes of MoO3 nanostructures as

compared to its bulk form. Moreover, the generation

of molybdenum suboxides nanostructures by electron

irradiation and the knowledge of the resulting struc-

tures may be important in catalysis. Molybdenum

oxide-based catalysts are used extensively in the

selective oxidation of hydrocarbons where the cata-

lytically active phase is neither MoO3 nor MoO2

but rather a partially reduced molybdenum oxide

(Grasselli 1999; Bettahar et al. 1996; Haber and Lalik

1997).

This study reports on the structural transformations

of MoO3 and MoO3-x crystalline nanostructures

induced by electron beam irradiation when examined

under a transmission electron microscope (TEM). The

study was performed on individual nanostructures

recording TEM images, selected area electron diffrac-

tion (SAED) patterns and energy dispersive X-ray

spectra (EDS) at different irradiation times.

Experimental

Preparation of MoO3 and MoO3-x nanostructures

The nanostructures were grown in a simple one-step

process by evaporating MoO3 from a tungsten resis-

tive boat in an atmosphere of either helium (AGA,

99.995%, O2 \ 5 ppm and H2O \ 2 ppm) or hydro-

gen (AGA, 99.995%, O2 \ 5 ppm and H2O \ 4 ppm)

at a pressure of 600 Pa. The tungsten boat was heated

to temperatures between 650 and 950 �C. The samples

grown in vapor phase were deposited on a collecting

surface cooled with liquid nitrogen and it located

75 mm above the tungsten boat. Each preparation

condition is determined by the type of gas and the boat

temperature which define the evaporation rate. The

preparation condition of each sample will be repre-

sented by the nomenclature ‘‘condition’’ (gas, tungsten

source temperature), which will be used throughout

the article.

The experimental set up and the procedure for the

preparation of the nanostructures have been already

detailed elsewhere (Diaz-Droguett et al. 2008a, b;

Diaz-Droguett and Fuenzalida 2010).

Characterization

The study of the electron beam effects on the

molybdenum oxide nanostructures were performed

in two transmission electron microscopes (TEM/

HRTEM JEOL 2010 and FEI TECNAI F20 G2

TEM) both operating at 200 kV and under diffraction

and phase contrast modes. These TEMs were equipped

with EDS and SAED. The electron irradiation on

individual nanostructures was performed concentrat-

ing the electron beam on circular areas with diameters

between 50 and 200 nm depending on the size of the

nanostructure examined. The beam intensity was kept

constant varying the irradiation times and the electron
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doses depending on the areas illuminated by the beam.

The operating conditions of the TEM in a typical

experiment of irradiation were the following: emission

current * 67 lA; extraction voltage = 3,800 V; gun

lens = 3; aperture C2 = 200 lm.

The effects caused by the electron beam exposition

were monitored recording TEM images (multi beam

and bright/dark field images) at different irradiation

times; the sequential changes of the structure of

the samples were studied by SAED patterns and

high resolution transmission electron microscopy

(HRTEM) images; and the chemical changes of the

reduction process were monitored acquiring in situ

EDS spectra after different irradiation times.

For the TEM examination, the molybdenum oxide

nanostructures were dispersed in isopropyl alcohol

using an ultrasonic bath and then trapped on the

microscope copper grid.

Results

X-ray photoelectron spectroscopy (XPS):

oxidation states of the as-prepared samples

XPS measurements of the as-prepared crystalline

nanostructures detected only molybdenum in its 6?

oxidation state in the samples grown under helium at

600 Pa, exhibiting the same chemical composition as

that of the source material (MoO3 pellet). Molybde-

num in its 6? as well as 5? oxidation states were

detected in the crystalline samples grown under

hydrogen at the same pressure revealing the presence

of a suboxide of the MoO3-x form (Diaz-Droguett and

Fuenzalida 2010).

Figure 1 shows Mo 3d levels spectra and their

curve fits obtained from samples grown under similar

conditions of preparation (pressure and source tem-

perature) varying only the carrier gas. The spectra of

Fig. 1a, b correspond to samples grown under the

conditions (He, 785 �C) and (H2, 777 �C), respec-

tively. In Fig. 1a, the best fit assigned 232.5 eV to the

3d5/2 level and 235.6 eV to the 3d3/2 level, with a full

width at half maximum (FWHM) of 2.3 and 2.2 eV,

respectively. These binding energies are very close to

the reported values for Mo6?: 232.6 eV and 235.8 for

the 3d5/2 and 3d3/2 levels (Wagner et al. 1979),

respectively. On the other hand, the best fit in Fig. 1b

was obtained by resolving the spectrum into four

overlapping curves: (a), (b), (c), and (d). The binding

energies of the higher intensity Mo 3d doublet

were 233.1 eV (FWHM * 1.5 eV) and 236.1 eV

(FWHM * 1.6 eV) corresponding to Mo6?. The

doublet of lower intensity was fitted with binding

energies of 232.3 and 234.5 eV for the 3d5/2 and 3d3/2

levels, respectively. These binding energy values are

close to reported values for Mo5? (Sian and Reddy

2004).

Electron beam effects detected using TEM:

irradiation damage

Figure 2 is a series of TEM images recorded at

different irradiation times on a MoO3-x rod-like

structure grown under condition (H2, 777 �C). The

Fig. 1 Mo 3d spectra and curve fitting of samples grown under

condition: a He, 785 �C and b H2, 777 �C
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electron beam was concentrated in an area of 100 nm

in radius. Figure 2a was recorded after 1 min of

electron irradiation. Figure 2b is a dark field image

recorded after 10 min under electron beam irradiation

and there are no detectable changes. The inset of

Fig. 2b is the SAED pattern taken from the central

region of the structure showing well-defined diffrac-

tion spots, revealing the single crystalline character of

the structure. Figure 2c was taken after 33 min of

irradiation showing an appreciable effect of the

electron beam on the irradiated zone. Finally, Fig. 2d

is a multi beam image recorded immediately after

image 2c was taken, at 35 min of irradiation but with a

higher magnification. This image reveals with better

definition the damage caused by the electron beam,

with an appearance similar to the one caused by a

spinodal decomposition. No changes were observed

outside the irradiated zone.

Another example is shown in the bright field TEM

images of Fig. 3. In this case, the sample was grown

under condition (He, 664 �C) which resulted in MoO3

nanostructures. Figure 3a is an image recorded at the

beginning of the TEM examination (0.5 min) showing

faceted particles as well as plates. Figure 3b, c is the

high magnification images of the particle indicated by

the arrow in Fig. 3a. Figure 3b was recorded after

concentrating the electron beam for 1 min on the

particle zone indicated by the framed circle in the

figure. No changes are observed in this micrograph.

However, Fig. 3c, recorded after 10 min of concen-

trated irradiation, shows that the time was sufficient to

cause an evident damage of the particle, as revealed by

Fig. 2 TEM images showing the electron beam effects on a

rod-like structure grown under condition (H2, 777 �C). a Multi

beam image recorded after 1 min of electron irradiation. b Dark

field image recorded after 10 min (the inset is the SAED

pattern). c Multi beam image recorded at 33 min showing the

irradiation damage. d High magnification of c revealing the

irradiated zone
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the changes in the image contrast of the affected zone

as compared with the same zone shown in Fig. 3b.

Figure 4 shows a pair of bright/dark field TEM

images of a MoO3-x nanofiber grown under condi-

tion (H2, 784 �C); both images were recorded after

5 min of concentrated incidence of the electron

beam on a circular area of 80 nm in diameter.

Figure 4a, b reveals the fiber of 23 nm of average

width and the severe damage caused after only

5 min of exposure under the electron beam. The

crystalline character of the nanostructure is indicated

by SAED pattern shown in the inset of Fig. 4b

which also shows the diffraction spot used for

generating the dark field image. This decomposition

phenomenon by a concentrated electron beam onto a

localized area of the nanostructure is similar to that

exhibited by the crystalline samples of Figs. 2 and 3,

but in this case with a faster kinetics.

Structural transformations by irradiation:

sequential changes of SAED patterns

Figure 5 depicts sequential changes of SAED patterns

caused by the incidence of the electron beam concen-

trated on the framed area of the MoO3 particle shown

in Fig. 3b. The SAED pattern of Fig. 5a was recorded

after 1.5 min of irradiation revealing the single

crystalline character of the particle. The indexed

diffraction spots can be attributed to the (110), (201),

(041), and (002) planes of orthorhombic MoO3 (a-

MoO3), consistent with the results provided by X-ray

powder diffraction (not shown) for samples grown by

condensation in helium. Figure 5b is a SAED pattern,

recorded after 7 min of electron irradiation, exhibiting

an evident change as compared with the pattern shown

in Fig. 5a. The diffuse diffraction spots of the Fig. 5b

indicate the formation of planar defects by aggregation

Fig. 3 TEM images revealing the electron irradiation-induced

effects on a particle grown under condition (He, 664 �C).

a Bright field TEM image recorded after 0.5 min of electron

irradiation; b, c bright field images at high magnification of the

particle indicated by the arrow in a after 1 and 10 min of

electron irradiation, respectively

Fig. 4 Severe and fast damage caused by electron beam on a MoO3-x nanofiber grown under condition (H2, 784 �C). a, b Bright and

dark field TEM images, respectively, recorded after 5 min of electron irradiation
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and accumulation of oxygen vacancies produced by

the electron beam that reduce the oxide of the MoO3

particle. The oxygen loss not only generates changes

in the interatomic distances of the MoO6 octahedra but

also in their orientation (Wang et al. 2004). These

structural changes would lead to degenerate the MoO3

unit cell by local variation in all the original dimen-

sions of the orthorhombic lattice parameters (Zuñiga

2008, personal communication). Figure 5c shows

another SAED pattern recorded after 12 min of

electron irradiation showing a pattern similar to the

one shown in Fig. 5b but with slightly more intense

diffuse diffraction spots. After 12 min of irradiation,

no additional important structural changes take place

with further irradiation. On the other hand, Fig. 5c

shows three rings manually drawn on the pattern

where different sets of spots are placed. The estimated

interplanar distances from these rings do not match

neither the starting orthorhombic MoO3 nor MoO2. A

better fit can be obtained by assigning the rings to the

(411), (-203), and (622) planes of monoclinic

Mo4O11 (c-Mo4O11), which is a Magnéli’s phase of

molybdenum oxide (Vincent and Marezio 1989).

Another example of the electron beam-induced

structural transformation of a crystalline nanostructure

is shown in Fig. 6. These images were also acquired at

different irradiation times by concentrating the elec-

tron beam on a MoO3 nanoparticle of *40 nm in size

grown under condition (He, 910 �C). Figure 6a, b is

SAED patterns of the hexagonal nanoparticle whose

morphology is revealed by the dark field image of

Fig. 6c. Figure 6a is a diffraction pattern in the [1 -1

-2] zone axis recorded at the start of the TEM

examination (0.5 min), showing the single crystalline

character of the particle. This pattern is very similar to

the one shown in Fig. 5a. The indexed diffraction

spots can also be attributed to the (110), (201), (041),

and (002) planes of a-MoO3. Figure 6b shows a

pattern recorded after 10 min of electron irradiation

where the formation of diffraction rings is better

defined. These discontinuous diffraction rings indicate

the formation of crystals or grains not uniformly

oriented in the new developed structure and, therefore,

a structural evolution of the nanoparticle from a single

crystalline character to a polycrystalline one. The

indexed diffraction rings can be attributed to the (011),

Fig. 5 a, b, c Sequential changes of SAED patterns recorded at different electron exposure times on the particle analyzed in Fig. 3

Fig. 6 Sequential changes at different irradiation times taken

from a MoO3 nanoparticle grown under condition (He, 910 �C).

a, b SAED patterns from the particle shown in c and recorded

after 0.5 and 10 min of electron irradiation, respectively. c Dark

field TEM image of the irradiated particle after 12 min of

irradiation
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(020), (-621), and (-813) planes of c-Mo4O11.

Finally, Fig. 6c is a dark field TEM image showing

the particle affected by the irradiation, this image was

acquired immediately after recording the last pattern

shown in Fig. 6b and it was generated using as

illumination source the diffraction spot indicated by a

circle in the pattern of Fig. 6b.

This final sequence of SAED patterns corroborated

that the electron beam-induced structural transfor-

mation of the a-MoO3 nanoparticles leads to a

Magnéli’s phase of the oxide whose kinetics basically

depends on the local mass of the nanostructure that is

irradiated.

Structure evolution revealed by dark field

and HRTEM images

Figure 7 is a set of TEM images showing the structure

evolution caused by the electron beam on a MoO3-x

nanorod grown under condition (H2, 777 �C). Fig-

ure 7a is a bright field image that depicts a different

zone of Fig. 2a, a nanorod of *20 nm in width, i.e.,

smaller and lighter than the rod-like structure observed

in Fig. 2. The framed part in Fig. 7a shows the zone of

the nanorod affected by the electron beam. Figure 7b,

c is the dark field images recorded after 8 and 11 min,

respectively, showing that the zones in diffraction

condition change with irradiation time. The insets in

Fig. 7b, c are SAED patterns showing in each case the

diffraction spot used to generate the dark field image.

Some diffraction spots disappear from the starting

pattern due to the degeneration of the lattice planes

and formation of CS planes in the molybdenum oxide

structure (Rao and Raveau 1998). Figure 7d, e, and f is

the HRTEM images revealing the effect of the CS

planes formation. Figure 7d was recorded at the start

of the TEM examination, after 1 min of electron

irradiation. This image reveals well-defined lattice

fringes. Figure 7e was recorded after 3.5 min of

irradiation and shows the change in the image contrast

arising by formation of CS planes and the high amount

of defects that are quickly formed near the nanostruc-

ture surface. Finally, Fig. 7f was recorded after

13 min of electron irradiation showing a more

pronounced change in the image contrast revealing

that the irradiated zone is highly disordered: no

starting lattice fringes are identified after this electron

irradiation dose.

Fig. 7 Structure evolution of a MoO3-x nanorod grown under

condition (H2, 777 �C). a Bright field TEM image showing the

nanorod (the frame indicates the irradiated zone). b, c Dark field

TEM images recorded after 8 and 11 min of electron exposure,

respectively (the insets are SAED patterns). d, e, f HRTEM

images recorded after 1, 3.5, and 13 min of irradiation,

respectively
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Reduction process-induced structural changes: in

situ EDS analysis

Figure 8 shows the EDS spectra of the nanorod shown

in Fig. 7. Figure 8a is a spectrum recorded after

1.5 min of irradiation when no significant damage of

the structure is still appreciated, as shown by the TEM

image in Fig. 7d. The intensity ratio estimated

between the peak value of Mo La1 and O Ka1 was

1.79 while this ratio increased to 3.27 after 6 min of

electron irradiation, as shown in Fig. 8b. Finally, the

spectrum of Fig. 8c acquired after 9 min of electron

incidence shows that the intensity ratio was 4.71. This

increase in the intensity ratios Mo La1/O Ka1 when the

electron irradiation time increased indicates oxygen

loss from the oxide nanostructure which promotes the

CS planes mechanism in the first stage of oxide

reduction and, finally, the development of a polycrys-

talline structure with oxygen-deficient grains.

Discussion

The electron beam effects of TEM involve specimen

heating, electrostatic charging, knock-on displace-

ment, radiolysis, sputtering, and hydrocarbon contam-

ination (Egerton et al. 2004). Knock-on effect or

radiolysis processes are considered to be the most

common mechanisms responsible for the damage

produced by electron radiation (Hobbs 1979; Hobbs

and Pascucci 1980). The knock-on displacement is the

elastic interaction between the incident electrons with

atomic nuclei that causes the displacement of the

atoms from their equilibrium sites and the creation of

point defects as Frenkel defects (vacancy-interstitial

pair). The radiolysis process is the fastest interaction

between the incident electrons and the atom electrons,

which generates localized electronic excitations with

sufficient energy that it can be converted to momen-

tum of a departing atom or ion (Hobbs 1979).

In all the cases analyzed in this study, a long

exposure to the electron beam in a large area of the

nanostructure does not induce the same effect than the

concentrated beam on a smaller area (25 or 100 nm in

diameter). This suggests that the main mechanism

responsible of the reduction process is not knock-on

displacement but local heating. Knock-on is only

related with the accelerating voltage of the electrons.

On the contrary, electron beam heating is strongly

dependent on the current density (A/cm2) and the size

of the irradiated sample. The thermal stimulus is more

intense when the electron beam is concentrated onto

smaller nanostructures, as the heat dissipation is

expected to be lower than in crystalline structures of

major size and mass, leading to a higher local

temperature increase and, therefore, faster structural

transformation kinetics. On the other hand, the growth

conditions of these samples are very far from equilib-

rium and many of the nanostructures are believed to be

metastable. Wang et al. (2004) reported a structural

transformation in commercial powder of MoO3

toward a reduced Mo-oxide after 40 min of irradiation

using a high electron current density (57.6 A/cm2). In

our molybdenum oxide nanostructures, structure

changes were produced in just 10 min of electron

irradiation under the operating conditions of the TEM

used in this study. However, the radiolysis effect is not

ruled out in the irradiated oxide nanostructures as it

would improve the diffusion rate (Zhang and Marks

1989) leading to a structural transformation in shorter

Fig. 8 EDS spectra of the nanorod shown in Fig. 7 recorded after a 1.5 min, b 6 min, and c 9 min of electron irradiation
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times, as presented here. It is still not clear if the

transformation kinetics would be faster in MoO3-x

than in MoO3 nanostructures. We believe that the heat

dissipation would be lower in the MoO3-x samples

due to the oxygen vacancies present in the lattice,

leading to a faster local heating and thus causing more

intense irradiation damage in lower times.

Conclusions

The progressive incidence of an electron beam onto

MoO3 and MoO3-x crystalline nanostructures gener-

ates damage and structural changes after a few minutes

(3–10 min) of electron irradiation. As revealed by

SAED patterns, a structural transformation from

orthorhombic MoO3 (a-MoO3) to monoclinic

Mo4O11 (c-Mo4O11) was observed. The structural

changes are associated with oxygen loss from the

oxide, as revealed by sequential EDS spectra recorded

at progressive irradiation times. In the early stage of the

reduction process, oxygen vacancies generated by the

electron beam are accommodated by CS planes, as

detected by HRTEM images. The mechanisms respon-

sible in the oxide reduction by the electron beam can be

attributed to the local heating of the irradiated area and

to the radiolysis process.
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