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Preparation and chemical characterization of neodymium-doped molybdenum
oxide films grown using spray pyrolysis
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We studied the crystallinity, morphology, and surface composition of Nd-doped molybdenum oxide films grown on glass slides through spray
pyrolysis. After fabrication, the films were subjected to thermal treatment in oxygen for periods ranging from 2 to 20 hours. The films were
structurally characterized through X-ray diffraction (XRD), their bulk chemical composition was determined using Energy-Dispersive X-ray
analysis (EDX), and their surface composition was determined using X-ray Photoelectron Spectroscopy (XPS). The XRD results show that
the films obtained from different dissolution volumes and at substrate temperature & 88fibit the characteristics of the oxygen-deficient
molybdenum trioxide MgO6 phase. The films subjected to different thermal treatments exhibit a mixturegMa@nd Mo,7O4~ phases.

EDX study shows the energy belonging to the L line of Nd. Finally, films doped with Nd and subjected to a thermal treatment of 20h were
analyzed through XPS, showing the binding energies at the crystalline lattice correspond(Md@})s and NdMo2O-.
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1. Introduction chain of MoQ, octahedra with shared edges [12]. These oc-
tahedra are extended tunnels that can be used as conduits and
Molybdenum trioxide is a transition metal oxide with opti- intercalation sites for mob?le igns. Taking advantage .of the
cal properties such as photochromism, which allows app"_c:rystal structure a}nd cons@ermg _the great technologlcal in-
cations such as display manufacture, optical smart windowé?res'[ that has arisen from inserting rare-earth ions _mto the
and high-density memory devices [1-4]. In addition, the in_molybdenum_ QX|de s_tructure,_due their greatgr chemical and
corporation of ions such as Li into the crystalline structure oft"€rmal stability, which may improve the optical and mag-
the molybdenum oxide has allowed the manufacture of bat?€tic properties of the Nd ion, in the present paper we grew
teries in which the molybdenum oxide acts as a cathode [5-7{Ilms of Nd-doped molybdenum oxides through the spray py-
and in recent years Jinshu Waegal. [8] studied the emis- 0lysis method.
sion property of new kinds of rare-earth oxide-molybdenum
cermet cathodes constructed using powder metallurgy. Wa ; ;
showed that adding either single rare-earth oxidegOsa 2 Experimental Details
Y203, and GdO; or a mixture of these rare-earth oxides into Ng_ Mo, _,0; thin films were prepared from solutions
molybdenum oxide can improve the secondary emission cop water of ammonium molybdate tetrahydrate (NH
efficient of the cathode, and recently Alfonebal. [9] eval-  gMo,0,,4H,0 Merck analytical reactive, (0.1 M) and
uated the thermal expansion coefficient of Madped with  negdymium nitrate (0.1 M) via the spray pyrolysis method.
Nd. Additionally, some research has concluded that MoO These solutions were atomized on glass substrates heated
improves the sensitivity of the detection of gases such as NHat 300 C, and as the transport gas air at 2.0 atm pressure
when coated with Ti thin films [10] and CO when doped with (2 0264 10° Pa) was used. The thickness of the films was
SnG; nanoparticles [11]. varied by atomizing the volumes of dissolution between 5.0
The previous applications can be explained by the crysand 20.0 mL, and reached values between 250 nrp @ e
talline structures in which Mo©grows,i.e., a-MoO3 and3- Mo%+ and N&* cation concentration in the atomized disso-
MoOQjs. The former is orthorhombic, formed by Mg@c-  lution was 0.1 M (MG+ 0.095 M and Nd* 0.05 M).
tahedral chains that share edges with two similar chains and In order to investigate the influence of heat treatment and
form the stoichiometric Mo@ These layers are stacked in insertion of the Né&* ion on the crystallographic structure of
a staggered arrangement and are held together by weak Véme molybdenum oxide films, they were heated from two to
der Waals forces3-MoOs; has a monocyclic structure. It has twenty hours in a furnace with a heating slope ©f3min up
a ReO3-type structure in which M@ctahedra share only to 500° C and under an oxygen flow of 4 mL/min. The final
the corners with each other and can be seen as an infinite thfiims have a good adherence and reflect a blue which varied
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of pale, in films heated for 2 h, to intense in films heated for @) o

20 h. A (240)Mo, O,
The X-ray diffraction (XRD) patterns were taken with a 2 s

Panalytical X-pert Pro MPD diffractometer working at 45 kV I R et or

and 40 mA, using Cu K radiation, in steps of 0.2 de- - " i A l & (M2M0,

grees. The X-ray diffraction patterns were analyzed using 3 l o % ’1 Q i Mo0.doped

the DRXWIN software. Studies of the chemical composi- ;

tion of the films were done by the microsonde of the electron @ 1 g

microscope Quanta FEI 200, working at an electron accel- *2 l l N L MoO, un-doped

eration voltage of 20 kV. The surface chemical composition '
was determined through X-ray photoelectron spectroscopy | 1 L o0 Powders
(XPS) using a Leybold-Heraeus LHS-10 spectrometer under il S -

a vacuum higher than>3L0~® Pa using Mg kv radiation — 77—
20 30 40 50 60 70

(1254.6 eV) and a constant pass energy of 20 eV. Binding 26 (degrees)
energies were referred to the C1s line (284.6 eV) of the ad-
ventitious contamination layer. (b) m (201)Mo.0
® (23000,
A (-111)Mo,0,
. . & (-311)Mo,0,
3. Results and Discussion - O (213M0,0,,
O (061)Mo,.0,,
. —_ A (712)Mo,0,,
Figure 1 shows the XRD patterns recorded from the sam-3 A
ples that were grown using different volumes of dis- & ° | oo T n MoO, doped
solution containing ammonium molybdate tetra-hydrate *E
((NH3)6M07054.4H,0) and neodymium nitrate with an 8
atomic percentage of 5% of Nd, while the substrate tem- £
perature was kept at 30CC. In general, the XRD patterns P
are composed of very broad lines, indicating that the sam- Ll ! — ! LTI
ples have a poor crystalline character. However, superpose( ; *
on those broad bands, a few sharper lines are clearly visible, 0 0 40 20 o0 0
which could be associated with the presence of the triclinic 20 (degrees)

MogyOy4 phases (pdf chart 05-0441), which can be considered

oxygen-deficient variants of the MgGtoichiometric phase. g gyre 2. XRD patterns of the Molybdenum oxide films prepared
From those patterns, it is difficult to discern significant inten-sing spray pyrolysis a) thermal treatment 2 h in oxygen, and b)
sity variations of the different diffraction lines. thermal treatment 20 h in oxygem-MoOs powder appears as a

In order to investigate the effect that thermal treatmenteference.
has on the crystallographic structure of the neodymium-
doped molybdenum oxide films, they were subjected to different thermal treatments. Thus, samples prepared with
10 mL of dissolution of (NH)sMo07;054.4H,O) and at 5%
Nd were heated, initially for 2h, and after that the same films

i ((-gglmgzgzz were heated for 20 h in a controlled oxygen atmospheres at
4 (311)MoO,, 500 C. Itis important to note that a pure molybdenum oxide
i ey sample (not neodymium-doped) was introduced into the fur-
N o nace, in order to establish if is produced change structural in
S| = . O 20mL the films doped.
E The XRD patterns recorded from the materials result-
’§ 15mL ing from these thermal treatments are shown in Figs. 2a
9 and 2b. Figure 2a allowed determining that the Nd-doped
£ 10mL samples treated for 2 h periods display crystallographic be-
havior similar to the films grown without Nd, since both
Aml films showed the (020) plane of the MgQPDF 350609)
(230), (401) and (712) planes of the monoclinic §gg
‘ , , , phase. Additionally, the two films show (240), (440), (620),
10 20 30 40 50 and (361) planes associated with the orthorhombig/@a-
20 (degrees) : :
phase (PDF7130345). In the XRD pattern associated with
FIGURE 1. XRD pattern of neodymium-doped molybdenum oxide the Nd-doped film, there is no presence of planes associated
films at different volumes of dissolution. with molybdates or neodymium oxides. Also, it is important
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to indicate that the ratio of the (712) plane intensities of the 1160
non-doped film and the doped one was two to one. N

The previous results indicate that the molybdenum ox- 1020
ide films without doping have two crystallographic phases, = OK
the monoclinic M@Oag (a:16.742\, b:4.01°,&, c:14.53,§\) 880 = Mol
and the orthorhombic MgO,; (a=21.6A, b=19.63 A,
c=3.95 A); the monoclinic phase grew with preferential o = NdL
growth along the (712) plane of monoclinic phase. The films = 840 = MoK
to which Nd was added have a lower intensity of the X-ray =
diffraction, almost half the intensity of the un-doped films, & 700 |
which could indicate that they likely have incorporated Nd ¢
into the crystalline lattice of the molybdenum oxides present & 560
in the film. =

The XRD pattern of the films annealed in oxygen atmo- 420
spheres for 20 h (Fig. 2b) allowed determining that the or-
thorhombic phase of the un-doped molybdenum oxide film, 280
with previous heat treatment, decreased substantially, anc
in its place the monoclinic MgDys phase growth appeared, 120!lm
with a high degree of texture throughout plane (-201). Other o . M
planes associated with the same phase are: (230), (-111) m_____“__“‘ .
(-311), (-213), and (712). Additionally, the (610) plane of ) 4 3 12 16 20
the Mo,;O,; phase appears. The film grown with doping Energy (keV)

(Fig. 2b) reproduces the crystallographic behavior of the film

without Nd, except for the values of intensity, since the in- FIGURE 4. EDX pattern of the molybdenum oxide film doped with
tensity of plane (-201) is 1.5 times higher with respect to theNd and with thermal treatment for 20 hs in oxygen.

same plane of the Nd-doped film. The results obtained sug-

gest that films treated thermally for 20 h have a transitionals higher that the rate of incorporation of oxygen used in an-
crystallographic phase with respect to those treated for 2 mealing of the film.

The orthorhombic phase is transformed, at a high percentage, Moreover, in order to observe low intensity planes, Fig. 3

into the monoclinic phase, and the formation of MO,z  was constructed, where it is possible to observe XRD patterns

phase maybe can be explained, if we considered that the ragtween 20 and 34 of the doped and un-doped films with

of loss the oxygen of the lattice of the molybdenum oxide,thermal treatment of 2 and 20 h. Fig. 3a shows three planes

due the thermal treatment in the interphase substrate-film, i ot identified previously in Fig. 2b. These planes are at
24.6T and 33.00, belonging to the (312) and (332) planes of

: glg:::;"? the monoclinic crystallographic phase of NifoO,); (PDF

O (642INeMo,0, 251174). The mostintense plane is located at 30 .4@long-
< (332)Nd (Mo0,), ing to the (312) plane of the orthorhombic crystallographic

@ u AR Q phase of NeMo,O; (PDF 350253). Figure 3b shows the

(642) plane at 312 belonging to NdMo30y (PDF 350247)

of the tetragonal crystallographic phase. These results al-

lowed establishing that the MgQilms incorporated Nd into

(b)

>0

Intensity(a.u.)
e

(d) A TABLE |. Average concentration of elements (at %) in films of
molybdenum oxide doped with Nd.

(e) N ‘A\ R Film Mo (@] Nd Mo/Nd
T T T T T T T T T T T T T 1 M003 Nd
20 22 24 26 28 30 82 84 without heat treatment 25.08 73.90 152 16.50

20 (degrees)
FIGURE 3. (a) XRD pattern of neodymium-doped molybdenum M_OO:”:Nd
oxide films with thermal treatment of 20 h; (b) XRD pattern of ~ With 2-h heat treatment ~ 32.86  65.12 2.02  16.27
neodymium-doped molybdenum oxide films with thermal treat- MoO5:Nd
ment of 2 h; (c) XRD pattern of un-doped and molybdenum ox- :
th 20-h heat treat t 2850 69.18 2.32 12.28
ide film, thermal treatment of 20 h; (d) XRD pattern of un-doped w ) eat freatmen
molybdenum oxide film with thermal treatment of 2 h: () XRD  Theoretical
pattern of MoQ powders. composition 2420 7452 1.27 19.06
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their crystallographic lattice, since new compounds associef 20 h. The results obtained are shown in Fig. 5 a-d. Figures
ated with molybdanates appear. 5a and 5b show XPS spectra taken of un-doped molybdenum

Figure 4 shows the results of EDX analysis done on theoxide films and those doped with Nd. In the spectra, Mo
film in Fig. 3d. In the energy spectrum QKand Nd L, 3d spin-orbit doublets of the un-doped and doped films can
MoL,, lines can be seen. Average Nd values in the dopedbe observed. The binding energies of Mo 3d photoelectron
films are shown in Table I. peaks are centered at 232.4 eV4{3d and 235.5 eV (3¢,)

On the basis of the compounds used in the preparation af the un-doped Mgy films. These values of the binding en-
the films, and taking into account the electro- neutrality ofergy are associated with the oxidation state'iflof Mo [13].
Mo*6 and Nd*, we found that the most probable chemical Figure 5¢ shows the XPS spectrum of the binding energies of
formula for the theoretical elemental composition shown inO 1s, with the peak centered at 530.5 eV belonging to the
Table I is M@y g5Ndj.0502.925. Moreover, on the basis of the binding of Mo-O in MoG; [14]. These results suggest that
relationship between the percentage of atoms of Mo/ Nd, anthe surface of the MgD, films reacts chemically with oxy-
taking into account XRD results, we can establish that it isgen from the atmosphere to form the Mp@hase.
most likely that in all cases Nd was incorporated to the crys- The XPS spectra of the doped films was more com-
tallographic lattice of the molybdenum oxides and that theplex, since the experimental spectrum was adjusted with Mo
decrease of the Mo/Nd relation upon increasing the time oBd spin-orbit doublets centered at 230.1 eV, 231.6 eV, and
heat treatment may indicate sublimation of the molybdenum233.0 eV, belonging to Mo 3d,. These binding energies

An XPS analysis was carried out on doped (5% Nd) anctorrespond to the Mg!, Mo*™°, and Ma"% oxidation states
un-doped molybdenum oxide films with a thermal treatmeniof Mo, which were reported by Suret al. [15].

Mo 3d (@ 018 (©)
8 &
=y 2
2
= 4 2
c/ -

4/'
=
! J ! 1 j I ) I ! ! T ) T T T I T T T I T T T
228 230 232 234 236 238 527 528 529 530 531 532 533
Binding (Energy) Binding Energy (eV)
Mo 3d (b) 01s (d)

+6

a- Mo
b-Mo

+5

Intensity (a.u.)
Intensity (a.u.)

256 I 258 ' 2?|>0 I 2é2 ' 2é4 I 2:|’,6 ' 2?|>8 554 I Séﬁ l 558 l 5(;0 l 5(|32 I 5:I34 l 5é6
Binding Energy (eV) Binding Energy (eV)
FIGURE 5. a) XPS spectra of Mo 3d on MaQb) XPS spectra Mo 3d on MoQOdoped with Nd, ¢) XPS spectra of O 1s on Mg@) XPS
spectra of O 1s on Mo©doped with Nd.
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Figure 5d shows the XPS spectrum of the binding energyographic behavior and surface chemical composition. Ba-
of O 1s. This spectrum is formed by three peaks, the firstically, it was established that moderate thermal treatments
centered at 527.5 eV, which corresponds to the binding Oproduced films with orthorhombic and monoclinic structures
Mo (Mo™*), the second centered at 528.6 eV, which corre{Mo;70,7, M0oyOs), which are the oxygen-deficient phase
sponds to the binding O-Mo (M@), and the third centered of MoO3, and prolonged thermal treatment predominantly
at 531.1 eV, which corresponds to the binding O-Mo(¥Mp  produced films with a monoclinic structure and with the pres-

The XPS results are in agreement with the XRD, since thence of Nd(MoO,)s; and NdaMo,0O,; compounds.
presence of energies associated with'Mand Mo oxida- Additionally, we established that in these films the bind-
tion states could be explained by the formation 06M6.O;  ing energy of molybdenum corresponds to Mo with valence
and N&(MoO,); compounds, where Mo has these valencesstates of +6, +5, and +4. The importance of this research
states. The oxidation state Mo can be explain if the results lies in the fact that for the first time, results of molybdenum
of the EDX are considered, where the Mo/Nd relation had thexxides films doped with Nd are shown, which involves new
lower value, which indicated that the Molybdenum was sub-possibilities for the development optical devices.
limated. These results are in agreement with those obtained
by Xingyi et al, who reported that the partial reduction of
Mo*% to Mo*? is accompanied by the loss of Mo [17] Acknowledgements
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