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a b s t r a c t
Anodizing-exfoliation of molybdenum foil was performed in 0.02 M HCl electrolyte at 30 V. In this process, the electrolyte rapidly turned into a blue colloidal solution of molybdenum oxide nanosheets with
fragmented edges observed on transmission electron microscope (TEM). X-ray Diffraction (XRD) pattern
of particles was free of peak while annealing at a temperature range of 100–500 ◦ C led to formation
of monoclinic (for T < 300 ◦ C) and orthorhombic (for T > 300 ◦ C) phases of MoO3 . Moreover, addition
of PdCl2 (0.2 g/l) salt solution caused a spontaneous bleaching of the initial blue colloid. Annealing of
powders extracted from these bleached solutions with different PdCl2 concentrations at 500 ◦ C led to a
preferential growth of (0k0) orientation. X-ray photoelectron spectroscopy (XPS) revealed that the blue
nanosheets solution contains mainly Mo5+ with slightly Mo6+ oxidation states and each of annealing or
salt bleaching procedures can entirely convert Mo5+ to Mo6+ . When the bleached solutions was exposed
to KrF laser beam ( = 248 nm) a strong photochromic coloration with a deep blue color was occurred.
Regardless of Pd:Mo ratio, the primary and laser irradiated solutions showed analogues optical absorption
bands in the 1–3 nm photon energy range while the photochromic process led to a broader absorption
band.
© 2016 Elsevier B.V. All rights reserved.

1. Introduction
Nowadays, 2D materials have attracted more attentions for their
superior physicochemical properties and a lot of recent studying in
this ﬁeld are focused on new and facile methods for preparation
of 2D nanostructures [1–3]. Unlike graphene, fewer papers have
been published on the 2D transition metal oxides (TMO) up to
now. Among TMOs, van der Waals dichalcogenides have demonstrated a high tendency to form 2D structures [4–7]. Molybdenum
oxide is one of the dichalcogenides that can be formed into layered structure due to weak van der Waals bonds between some
special lattice planes [8]. Indeed, the most special characteristic
of molybdenum oxide is its layered structure made of stacking up
slabs (∼0.7 nm thickness) of MoO6 octahedral [9]. Due to this weak
bonds between slabs, exfoliation of layered molybdenum trioxide
leads to discrete multilayer MoO3 nanosheets in the presence of
mechanical sonication and suitable solvent [10].
Molybdenum oxide exhibits high photochromic coloration
and is known as an electrochromic and thermochromic material [11–16]. It has become a well-known photochromic material
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thanks to the high coloration efﬁciency, long-term stability and fast
response. Moreover, its colored state is supplementary analogous
to the sensitivity in human visual insight. Photochromic effect deals
with light-induced charge transfer which is improved in 2D due
to quantum conﬁnement across the thickness [17]. Despite these
facts, most of the studies have concentrated on photochromic thin
ﬁlms and less attention has been paid to the possibility of the photochromism in colloidal solutions. On the other hand, palladium (as
a hydrogen catalyst) can enhance the charge transfer rate due to a
high ability of proton generation. Very few reports exist, however,
on photochromism in a colloidal solution of 2D molybdenum oxide
[18].
Until now, few methods have been used for the production
of 2D structures [19,20]. To obtain 2D molybdenum oxide from
MoO3 powder, an exfoliation process is needed to be performed
on bulk oxide [2]. There are two most commonly used approaches
for fabrication of few-layered structures including liquid [2,21] and
micro-mechanical exfoliation [22] which is a low-yield method.
The liquid-phase exfoliation method deals with intercalation of
ions into the gaps of weakly bonded inter-layers of bulk metal
oxide through various chemical reactions. Breaking of inter-layer
bonds causes exfoliation of plate-like structures and consequently
formation of a suspension. Needing long time and embedding
impurity are the main problems of liquid-phase exfoliation of bulk

M. Ranjbar et al. / Applied Surface Science 396 (2017) 1752–1759

1753

Table 1
Molybdenum oxide samples code and descriptions.
Description

As-prepared (blue)

With PdCl2 (decolorized)

Sample code
Pd:Mo molar ratio

BM
0

PM1
1:20

PM2
1:15

PM3
1:10

PM4
1:5

MoO3 . The combination of mechanical forces and organic solutions is another liquid-exfoliation approach, which takes beneﬁts
of solubility change of liquid during the mixing process. However,
oxidation of metals without annealing in an oxidizing atmosphere,
which inherently gives bulk oxide, is an idea for 2D growth that
fewer attentions have been paid to. The main contribution of this
paper is to perform surface oxidation of molybdenum metal that
leads to a van der Waal molybdenum oxide in a gradual manner.
Anodizing surface oxidation of bulk metals in an electrochemical
bath is a controlled gradual ionic intercalation process where oxygen ions released from the anode diffuse into the lattice, build
an oxide phase, and develop weak van der Waals bonds. These
bonds disconnect the oxidized layers and facilitate the exfoliation of individual molybdenum oxide sheets. Before exfoliation, the
multivalent metal anode can be fully or partially oxidized or even
hydrated by OH- groups [23]. However, the decrease in the electrochemical charge transfer coefﬁcient with building-up oxide layer
prevents stoichiometric oxidation of exfoliating segments. Further
oxidation up to the stoichiometry may be possible by adding oxidizing agents or post-annealing. These transformations reactions
in multivalent transition metal oxides are also recognizable by a
color change. At the electrode surface, a layer-by-layer oxidation
and exfoliation takes place continuously at the same time as the
anodizing proceeds. Anodizing-exfoliation is a term we assigned to
oxidizing of a metal (which belong to 2D compound) surface via
electrochemical anodizing followed by exfoliation of oxide counterparts to make a suspension. This rarely reported point of view
on electrochemical oxidation is simple, cheap and mass-productive
for the synthesis of compositional 2D materials. Purity and possible reaction with electrolyte species are some advantages of this
method.
In this study, characterization of the obtained material was
conducted by XRD, TEM, XPS, FTIR and UV–vis spectroscopy. The
primary liquid has a stable dark blue color due to incomplete oxidation of exfoliated materials. Proven by XPS, the addition of a
salt solution of PdCl2 decolorizes them via further oxidation. Now
this bleached solution of Pd-MoO3 is photochromic because when
intense KrF laser beams (248 nm) are delivered, a unique blue color
develops again.
2. Experimental
Colloidal nanosheets of molybdenum oxide samples were fabricated by an electrochemical anodizing-exfoliation method in
100 ml of 0.02 M HCl solution. Anodizing were performed using
Mo sheets (0.1 mm thickness, 99.99% purity, purchased from sigma
Aldrich) in a two-electrode system of Mo-Mo, 30 V DC voltage and
5 min anodizing time. Fig. 1 shows schematically the anodizing
process, bleaching and the photochromic coloring by laser irradiation. A set of samples including primary and decolorized by
PdCl2 solution are listed according to Pd:Mo ratio in Table 1. For
a number of characterizations, the suspensions were centrifuged
and drop-casted on glass substrates. Some of them were annealed
at a temperatures range of 100–500 ◦ C. The crystalline structures
were characterized using an XRD machine (Phillips XPERT with CuK␣ radiation). The morphology of nanosheets was investigated by
FE-SEM, (Hitachi model S4460) and TEM (Philips Holland CM120).
The chemical bonds of the samples were determined by FTIR in
the range of 400–4000 cm−1 using Jasco 860 plus spectrophotome-

Fig. 1. Schematic representation of the synthesis of molybdenum oxide nanosheets
by the anodizing method, as-prepared blue colloids, decolorization by PdCl2 and
photochromic coloring by KrF laser beam.

Fig. 2. XRD patterns of drop-casted samples on glass for (a) before, and after annealing at different temperatures of (b) 100, (c) 200 (c), (d) 250, (e) 300, (f) 400, (g) 450
and (h) 500 ◦ C.

ter. XPS was performed in an ESCA/AES system equipped with
a concentric hemispherical (CHA) electron energy analyzer (spec
model EA10 plus). An Al K␣ line at 1486.6 eV did exciting the Xray photoelectrons. The binding energies were calibrated against
the carbon binding energy (284.8 eV). The optical absorption spectra were measured by UV–vis spectrometer (PerkinElmer Lambda
25). For photochromic investigations, beams of a KrF excimer laser
( = 248 nm, energy = 200 mj per pulse and repetition rate = 10 Hz)
were delivered for 7 min to suspensions placed in a quarts cells with
1 cm width.
3. Results and discussion
3.1. Structural and morphological characterization
XRD pattern of the initial blue suspension was performed on
50 ml drop-casted liquid over a substrate. No traces of a peak can
be seen on the pattern (Fig. 2(a)). Lack of diffraction peaks can be
related to the small thickness of the colloidal species. However,
annealing of an unknown amorphous substance to transform it into
a known structure is a way to understand about early processing
steps. Fig. 2(a–h) shows the XRD patterns of sample BM before and
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Fig. 3. XRD patterns of (a) drop-casted as-prepared blue molybdenum oxide and (bf) PdCl2 added molybdenum oxide nanosheets for different Pd:MO ratio involving
(b) 0, (c)1:20, (d) 1:15, (e) 1:10 and (f) 1:5.

after annealing at temperatures from 100 to 500 ◦ C. As-prepared
samples were amorphous up to the detection limit of utilized XRD
machine. As can be seen, samples remain amorphous after annealing at 100 ◦ C and a monoclinic MoO3 (␤-MoO3 ) crystalline structure
(card number 00-037-1445) is gradually forming at 250 ◦ C. When
the temperature increases to 500 ◦ C, the structure transforms from
␤ to ␣-MoO3 (card number 00-005-0508). Therefore, as-prepared
nanosheets are probably monoclinic ␤-MoO3 . Conventional methods like liquid-phase exfoliation lead often to 2D ␣-MoO3 and
␤-MoO3 is hardly synthesized by these methods. However, monoclinic ␤-MoO3 nanosheets prepared by atmospheric micro-plasma
using metallic Mo wires have been reported elsewhere [24]. It
is believed that ␤-MoO3 is better than ␣-MoO3 in catalysis and
electrochemical applications. While ␣-MoO3 is produced without
difﬁculty using numerous different methods [25–27], there are only
a few reports on the preparation of pure ␤-MoO3 [24,28,29]. From
Fig. 2, the obvious relative growth of diffraction peaks indicates an
improvement in the crystallinity at higher temperatures. It should
be noted that after annealing, the blue color of drop-casted samples
also disappears. This consequence will be attributed to the increase
in the degree of oxidation of Mo atoms and the poor crystallinity
may be accompanied by the existence of Mo5+ states [10].
In the hydrogenation of photochromic metal oxides, palladium
facilitates the dissociation of hydrogen. To investigate the effect of
adding PdCl2 on the phase formation of molybdenum oxide, XRD
patterns of samples BM, PM1, PM2, PM3 and PM4 before and after
annealing at 500 ◦ C were compared in Fig. 3(b–f). In part (a), the
XRD pattern of sample BM before annealing is given again for comparison. After annealing, all the patterns exhibit formation of the
orthorhombic ␣-MoO3 structure (card number 00-005-0508). As
can be seen, after the addition of PdCl2 followed by an annealing
process, the intensities of (0k0) (k = 2, 4 and 6) diffraction peaks
increases in comparison to the other crystallographic orientations.
(0k0) peaks are related to the existence of a lamellar structure
for ␣-MoO3 [30,31]. Therefore, it is expected that the lamination
of molybdenum oxide and formation of 2D structures increase by
addition of an ionic solution like PdCl2 .
The morphology of nanosheets was studied by FE-SEM and TEM.
Fig. 4 shows the FE-SEM images of samples BM, PM3 and BM after
annealing at 500 ◦ C. The surface morphology of sample BM, shown
in the left panel of Fig. 4(a), represents existing of large cracks. Cap-

illary force and diminishing of bond strength are responsible for
crack formation. A layered stacking structure, shown by arrows, is
realized in the inset of FE-SEM image of part (a). The right panel of
Fig. 4(a) shows the related TEM image taken from as-prepared blue
suspension. There are visible different 2D objects with fragmented
edges overlaid over each other in the TEM image. The observable
layered structure in the FE-SEM images might be composed of these
individual molybdenum oxide nanosheets. Size distribution histogram of BM sample (not shown here) revealed a nearly uniform
size distribution with ∼24 nm average dimensions. Comparing FESEM and TEM images in part (a) suggests that the as-prepared blue
colloidal solution consists of many numbers of molybdenum oxide
nanosheets. Adding palladium salt solution, however, has a noticeable impact on changing the morphology. Fig. 4(b) left panel, shows
FE-SEM image of sample PM3 as a typical Pd-MoO3 , and the right
panel shows the corresponding TEM image. After addition of palladium salt solution, a granular morphology consisting of particles
with new shape and size appears in Fig. 4(b) for which size distribution histogram has revealed an average size of ∼56 nm. TEM and
FE-SEM images of sample PM3 have a good conformity in size and
shape of particles.
Two FE-SEM images with different magniﬁcations in Fig. 4(c)
demonstrate that sintering of sample BM at 500 ◦ C causes fragmented small nanosheets to transform into large microcrystalline
particles. Nevertheless, a tendency to form layered structure shown
by arrows in Fig. 4(c) exists for these microcrystalline particles.
However, when PdCl2 solution is added, preferential growth along
the (0k0) has occurred by annealing sample (see XRD pattern of
annealed samples PM). A typical corresponding FE-SEM image of
sample PM3 (Fig. 4(d) left panel) after annealing at 500 ◦ C is also
reﬂects crystalline particles with a modiﬁed aspect ratio of shape
where particles are slightly narrower and longer. Therefore, one
can say that the addition of PdCl2 has a strong effect not only on
particle formation with new morphology from nanosheets but also
on shape and aspect ratio of crystalline directions. According to
XRD and electron microscope images, the role of palladium salt
solution on morphology changes is shown schematically in right
panel of Fig. 4(c). Palladium ions reduce the space between layers and nanosheets through an oxidation process and facilitate the
preferential growth in annealing process.
3.2. FTIR spectroscopy
Fig. 5(a–c) shows the FTIR spectra of the as-prepared BM sample
before and after annealing at 500 ◦ C and also sample PM3 without annealing, respectively. The absorption peaks between 500 and
600 cm−1 are assigned to the bending vibration of O atoms in the
three atoms (Mo O Mo) [32]. An absorption peak at 750 cm−1 is
observed for the as-prepared sample which is associated to the
Mo O stretching vibration of Mo5+ [33]. The terminal Mo O double bonds are characterized by absorption bands appearing in the
region 885–1007 cm−1 [34,35]. Absorptions bands at 865, 955 and
991 cm−1 are associated to the stretching vibration of Mo O. Both
samples BM and PM3 have an absorption peak at 955 cm−1 which
is attributed to Mo O H bond. This peak undergoes a shift toward
higher wavenumbers (991 cm−1 ) by annealing which is attributed
to the formation of new Mo O bonds. This shift indicates that bonds
of hydrogen exist in the as-prepared blue colloids. Probably annealing has caused the removal of hydrogen from the structure. FTIR is
sensitive to the presence of the hydroxyl groups and direct evidence
of presence water can be inferred from the region 1300–4000 cm−1
[36]. The peaks at 3425 and 1616 cm−1 correspond to the stretching and bending vibration of hydrogen bonded OH group of water
molecules, respectively. The peak at 1382 cm−1 is due to vibration
of Mo OH bond. The presence of these three peaks indicates the
formation of a hydrous composition [37]. The disappearance of OH
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Fig. 4. FE-SEM and TEM images of (a) sample BM, (b) sample PM3, (c) FE-SEM image of sample BM after annealing at 500 ◦ C and (d) FE-SEM image of sample PM3 after
annealing at 500 ◦ C (left panel) and schematic representation of the effect of palladium salt solution on morphology change of as-prepared blue nanosheets (right panel).

peaks after annealing is observed for the temperature of 500 ◦ C.
Spectra (a) and (c) slightly differ in the absorption band at 750 cm−1
and show a change after annealing at 500 ◦ C comparing with after
addition of PdCl2 . This is related to increasing of oxidation degree
of Mo5+ .
3.3. X-ray photoelectron spectroscopy
XPS spectra of samples BM, annealed BM and sample PM3
are given in Fig. 6(a–c), respectively. As can be seen from survey scan spectra, the samples include elemental constituent of Mo
(232–238 eV), C (284.8 eV) and O (530–532 eV). The survey spectrum of the PM3 has additional Pd and Cl signals. The presence
of the C1s line is due to the hydrocarbons adsorbed on the MoO3

surface from the environment. Determination of surface composition and Mo oxidation states was estimated by the de-convolution
of Mo3d spectra. Mo3d spectrum of sample BM can be ﬁtted with
two spin-orbit doublets: one stronger doublet with peak maxima
at binding energies around 232.8 and 235.9 eV and another weaker
doublet with peak maxima at binding energies around 231.7 and
234.8 eV. The stronger doublet can be attributed to Mo6+ and the
weaker one to Mo5+ [38]. Spectrum for annealed sample can be ﬁtted with a single spin-orbit doublet at binding energies of 232.9 eV
(Mo3d5/2 ) and 236 eV (Mo3d3/2 ). These peaks are associated with
Mo6+ . For sample PM3 Mo3d5/2 peaks are located at 232.4 (Mo6+ )
and 230.9 eV (Mo5+ ). XPS spectra of Mo3d core levels shows that
both Mo6+ and Mo5+ exist in as-prepared blue sample whereas
only Mo6+ exists in the annealed sample. Orthorhombic MoO3 is
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binding energies of O1s XPS spectrum of annealed BM are centered at 531.1 and 534.4 eV indicating that the relative intensity
of hydroxyl groups is reduced. The O1s XPS spectrum of sample
PM3 shows one peak located at higher binding energy (532.7 eV)
with a reduced relative intensity. This observation conﬁrms the
suggestion of the FTIR data about the structural desorption of water
molecules in the decolorization process by PdCl2 . A room temperature mild and reversible method to convert amides to nitriles in
good yields via dehydration process using PdCl2 in aqueous media
have been reported by Mafﬁoliet. al [46]. The Cl2p3/2 and Cl2p1/2
peaks that are centered at 198.4 and 200.1 eV and are related to
the atomic chloride of PdCl2 composition. The ratio of Cl:Pd is calculated to be 2.3. This is a value greater than the ratio in PdCl2
composition, which is probably due to extra Cl from the HCl electrolyte.
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Fig. 5. FTIR spectra of (a) sample BM, (b) sample BM after annealing at 500 ◦ C and
(c) sample PM3.

composed of MoO6 octahedrals where Mo atoms are doubly coordinated to six oxygen atoms so the oxidation state should be Mo6+
when samples are crystalline. Before annealing, Mo center atoms
of octahedrals probably are coordinated to hydroxyl groups, water
or there are oxygen vacancies in the corners. So existing of Mo5+ is
expected in the amorphous particles of the blue samples. Although
both oxidation states exist in as-prepared and PM3 samples, the
addition of PdCl2 leads to a diminishing of Mo5+ states. According to the literature, Mo5+ is commonly accepted to be responsible
for the blue color and absorption in MoO3-x [10,12,39–41]. From
this point of view, the blue color of as-prepared sample originates
from the intervalence charge-transfer transition between Mo5+ and
Mo6+ that coexist in blue colloidal nanosheets. The color change due
to annealing process and adding PdCl2 is the result of oxidation of
Mo5+ to Mo6+ . The XPS Pd3d spectrum is decomposed into doublet
at binding energies of 337.9 eV and 343.9 eV are related to Pd3d5/2
ad Pd3d3/2 ,respectively, in PdCl2 composition and another weaker
doublet at binding energies of 336.6 eV and 341.9 eV are attributed
to Pd3d5/2 and Pd3d3/2 respectively, in PdO compositions [42,43].
According to these ﬁndings, the changes in these two spectra can
be interpreted by the increase in the oxidation number of Mo via
Pd ions to form metallic palladium. Then Pd0 provides electrons to
produc PdCl2 and PdO (Eqs. (2) and (3)).
Pd2+ + 2Mo5+ → Pd0 + 2Mo6+
−

0

2Pd + 2OH → 2PdO + H2 + 2e
0

−

Pd + 2Cl → PdCl2 + 2e

−

(1)
−

(2)
(3)

For all the samples, O1s high-resolution XPS peaks were deconvoluted into two peaks: one of them with lower binding energy
and another peak with greater binding energy. The ﬁrst peak
originates from oxygen bonding with molybdenum atoms while
that the next one from the presence of OH groups, O C or H2 O
adsorbed on the surface [44,45]. For sample BM, O1s peaks positions are at 530.7 and 533.6 eV. The ﬁrst one is attributed to
oxygen in bonding with Mo and the second one originates from
hydroxyl groups. As can be seen, the peak of the hydroxyl group
is much stronger than that of O Mo bond. It probably originates
from a hydrate composition of as-prepared colloidal nanoparticles.
Since the MoO3 nanoparticles were produced in a wet environment, the presence of OH bonds is expected in this method. The
hydroxyl peaks were observed in the anodizing synthesis of tungsten oxide dihydrate in our previous work [23]. In addition, the

3.4. Optical and photochromic properties
Optical absorption spectrum of sample BM (top curve in
Fig. 7(a)) displays an optical absorption band in the 1–3 eV range.
The rising magnitude of absorption above 3 eV is due to absorption across the optical band gap. One can recognize a major peak
at 1.6 eV and three shoulders centered at photon energies of 1.2,
1.4, and 1.9 eV. After addition of PdCl2 solution into blue samples,
it was observed that the blue color gradually disappears. A sequential series of optical absorption spectra of sample PM2 in different
steps after adding PdCl2 demonstrate time variation of spectra during the decolorization process. This decolorization was observed at
all the Pd:Mo ratio and depending on this ratio, it took a few minutes to several days for the primary blue nanosheets to transform
to the colorless solution and elimination of the absorption peaks. In
this work, we observed a reversible color changes in response to KrF
excimer pulsed laser ( = 248 nm) irradiation using the decolorized
molybdenum oxide nanosheets (PM sample series). Since water is
an absorbing medium for the utilized wavelength (248 nm), the
photochromic coloration was observed to begin as a thin layer just
beside the cell side projected to the laser beam and the obtained
blue region progressively diffused throughout the liquid. Finally, by
evolution the colored zone, a perfect blue solution was obtained.
The right panel of Fig. 7(b) illustrates typical photographic images of
sample PM2 before and after irradiation with 2400 shots of KrF laser
pulses. A strong photochromic coloration occurs in the liquid phase
in which the colorless sample turns dark blue. UV–vis absorption
spectra of colloidal PM samples of molybdenum oxide nanosheets
for different Pd:Mo ratios are shown in the left panel of Fig. 7(b). As a
result, an intermediate ratio of Pd:Mo show stronger photochromic
effect. One point to be noted is the maximum absorption peaks for
all colored samples are observable once again at 1.6 eV, which is
same to that of as-prepared blue samples. Moreover, almost for
all the samples the absorption shoulders in as-prepared blue samples are found at the same points i.e. 1.2, 1.4 and 1.9 eV. However,
there is a difference between the as-prepared blue sample and
photochromic colored ones. The absorption spectra after the photochromic process are about 0.6 eV wider than that of as-prepared
sample. The absorption spectra of all kind of our blue samples start
to rise from 1.2 eV and drop to the background at about 2.4 eV for
the as-prepared blue sample and continue to about 3 eV for the
photochromic colored blue PM samples. Up to now, the model of
double insertion/extraction of ions and electrons was developed to
explain the photochromic mechanism of molybdenum and tungsten oxides. The calculated band gap of our colloidal solution varied
from 2.8 to 3.2 eV for blue and transparent states. The UV light has
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Fig. 6. Various survey scan and core level high-resolution XPS spectra of different samples: (a) sample BM, (b) sample BM after annealing at 500 ◦ C and (c) sample PM3.
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anodizing process may also lead to individual sheets with a smaller
thickness and so on.
4. Conclusion
In this work, a simple anodizing-exfoliation method was used
to prepare molybdenum oxide nanosheets. The as-prepared particles are amorphous up to detection limit of utilized XRD, have
a blue color and are a mixture of Mo5+ and Mo6+ states. A salt
solution like PdCl2 can decolorize the particles in an oxidationreduction reaction and the obtained colorless suspension with
photochromic capability. Pd metallic nanoparticles probably produced which promote the photogeneration formation of the proton
in the photochromic process. The initial and photochromic colored suspensions have dark-blue color but UV–vis absorption band
widen a little after photochromic coloration. Salt solutions may promote the layered structure of molybdenum oxide nanosheets and
cause a preferential growth along (0k0) direction.
References

Fig. 7. Optical absorption spectra (a) typical of decolorization process for sample PM2 (top curve indicates for as-prepared blue sample (BM)) and photographic
images of blue and decolorized solutions, (b) different PM samples before and after
photochromic coloration by KrF laser. Photographic images before and after photochromic coloration is shown in the right panel.
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