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h-MoO3 nano rods are deposited on FTO substrate by two step chemical bath deposition method. 

First stage of the deposition is the nucleation step followed by growth at second stage. 
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Thin films of hexagonal MoO3 nanorods are deposited by chemical bath deposition from a highly acidic 5 

aqueous solution containing ammonium heptamolybdate at 850C. We present a unique two-stage 

deposition process that results in uniform film formation even from a highly depleted solution. Growth 

occurs during the second stage only if the substrate removed from the first stage solution is first rinsed 

with water.  Mechanistically, the proposed process is a combination of formation of nucleation sites at the 

first stage, removal or modification of a passivation layer on the nucleation sites by the rinse and 10 

chemical heterogeneity-induced growth at the second stage. Variations in either of these two deposition 

stages lead to control over rod dimensions and film texture. An FTIR study confirms the presence of 

amine and hydroxyl group tightly bound in the crystals. Furthermore, h-MoO3 nanorod films showed 

good photocatalytic activity towards degradation of methylene blue (MB) under visible light.   

1.  Introduction 15 

Transition metal oxides and sulfides with layered structures offer 
interesting applications in various fields ranging from electronics 
to mechanical lubrication.1,2,3,4 MoO3in particular is suitable for a 
wide range of applications in electronics,2,5,6 photovoltaic energy 
conversion7,8 and electrochemical storage9,10 applications. The 20 

possibility of ion intercalation in layered structures of MoO3 

make it highly pertinent in solid-state Li-ion batteries.11,12,13 The 
high work function and low-lying conduction band of MoO3 is 
responsible for its ability to facilitate hole removal in organic 
photovoltaics.14,15 Apart from its bulk material properties, its 25 

nanostructured forms provide an added parameter of high surface 
to volume ratio that results in higher catalytic,16,17,18,19 sensing20 
and charge collection21 efficiencies. 
 Several studies have described the synthesis of MoO3 
nanostructures of various shapes and sizes. Orthorhombic α-30 

MoO3,which is the thermodynamically most stable phase, has a 
unique layered atomic structure, but various other phases are 
found in the literature.22,23,24 Most of the reported syntheses 
involve high temperatures involving mostly gas phase synthesis 
in high vacuum. Vacuum arc synthesis is one among the many.25 35 

Bakeret al. described a solution phase synthesis of a high pressure 
phase of MoO3.

26 In other studies a mixed phase of α-MoO3 
andβ-MoO3 (monoclinic) was obtained.22,23 A popular way to 
deposit films of MoO3 is through post-deposition thermal 
annealing of evaporated Mo metal films.27 Deposition of MoO3 40 

nanorods or other nano structures were reported but all are high 
energy process.28,29,30  

Decomposition of ammonium heptamolybdate (HMA) to form 
thermodynamically stable α-MoO3 by a hydrothermal method is 
well documented. The reaction mechanism in solution can be 45 

written as follows:31 
 

(NH4)6Mo7O24.4H2O              MoO3 +6NH3 + 7H2O….........… (1) 
 
 Control over the morphology and particle size can be further 50 

obtained by the addition of additives that can complex with the 
Mo6+. Song et al. reported a simple precipitation method to 
produce bulk precipitation of hexagonal-MoO3(h-MoO3) nanorod 
structures by acidifying HMA.32 The isopolymolybdate ions 
(Mo7O24

6-) in the solution were converted to MoO3 in the 55 

presence of excess H+ ions. The reaction mechanism can be 
written as 
 
Mo7O24 + 6H+ = 7MoO3 + 3H2O……………………………... (2) 
  60 

 This opens a new arena to prepare and study the properties of 
meta-stable h-MoO3 that can be expected to behave differently 
than the thermodynamically-stable α-MoO3 phase. Precipitation 
of h-MoO3 by acidification of HMA was demonstrated in 1987 
by Kumagai et al.33 However it is difficult to distinguish it from 65 

its other cation-stabilized form, MoO3.nNH3.mH2O
22,34 due to the 

similarities in the XRD patterns. Apart from the simple 
precipitation techniques, h-MoO3 was also synthesized through 
hydrothermal22,35 and vapor deposition36 routes. Solution 
deposition of MoO3 thin films was much less studied than 70 

precipitates. High purity h-MoO3films with good crystallinity 
were deposited by Deki et al. from a bath containing molybdic 
acid dissolved in a mixture of HF and boric acid.37 
 In this paper we describe conditions to obtain films of h-MoO3 
by acidification of HMA. In this precipitation, no film formation 75 

occurred under most conditions and, where it did form, the film 
quality (coverage) was poor. Based on these results, we 
developed a unique two-stage deposition of good quality, 
oriented h-MoO3nanorod films by CBD. In the first stage, only 
nucleation occurred on the fluorine-doped tin oxide (FTO)-coated 80 

glass substrate, followed by film growth during the second stage. 
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Control over the rod length, diameter and orientation was 
achieved by controlling the deposition conditions. 

2. Experimental 

MoO3 films were deposited from a highly acidic bath containing 
0.1-0.05 M of HMA and 5.2 M of HNO3 in a thermostatically-5 

controlled water bath at 850C for 1hr. The deposition solution 
was placed in an airtight glass vial with the FTO-coated glass 
substrate placed facing down at a roughly 450 angle to the bottom 
of the vial to avoid accumulation of bulk precipitate on the 
substrate surface. After deposition, the surface was rinsed 10 

thoroughly with DI water before drying with N2 gas. 
 For two-stage deposition, 5 ml of 2 M HNO3 was mixed with 
10 ml HMA (concentration varied from 0.1- 0.01 M) solution 
with continuous stirring. About 10 ml of that solution transferred 
to a vial and kept into a water bath at 850C. Then the FTO 15 

substrates were placed into the solution as described earlier for 
another half an hour. This step is considered as nucleation step. 
After that, substrates were taken out from the solution and ringed 
thoroughly with distilled water followed by the growth step 
where the substrates were again put into the same solution for 20 

another half an hour. After deposition, films were washed with 
distilled water and dried. 
 Photocatalytic degradation study of methylene blue (MB) dye 
using h-MoO3 nanorods films were performed in a quartz vessel 
containing 25 ml dye solution (10 mg/L). Two thin films of h-25 

MoO3 with active area 2.5x1 cm2 each were dipped into the dye 
solution and a tungsten halogen light of 300 W was used as a 
light source. UV-VIS spectroscopy of the solution as a function 
of the irradiation time was performed separately. 
 X-Ray diffraction measurements were performed in theθ-2θ 30 

configuration, using a Phillips X’Part diffractometer equipped 
with a Cu anode operating at 40 kV and 30 mA, emitting a 
wavelength of 1.54 Å. 
 Scanning Electron Microscope (SEM) images were taken with 
a JEOL FESEM using a secondary electron detector. For 35 

Transmission Electron Microscopy (TEM), films were scraped 
from the substrate with a blade and dispersed in water, then put 
on a grid and dried naturally. TEM imaging was carried out with 
a JEOL 2100F transmission electron microscope operating at 
200kV. 40 

 Fourier Transform Infra Red (FTIR) spectroscopy 
measurements were performed with a Bruker Vertex 70 in 
transmission mode. Samples were scraped from the film, heated 
where needed, and mixed well with KBr powder to form pellets. 
 Absorbance measurements were done with a PerkinElmer 45 

Lambda 35 UV-VIS spectrophotometer in absorption mode. 

3. Results and discussions 

Under highly acidic condition, heating of HMA results in 
precipitation of MoO3. In this process, isopolymolybdate ions 
(Mo7O24

6-) in the solution are converted to MoO3 upon heating at 50 

85oC (as shown in eq. 2). X-ray diffraction and SEM imaging 
confirmed the hexagonal crystallographic nature of the powdery 
precipitate. Film formation was found only on the FTO surface: 
No film formation was observed on the glass container surface, 

activated glass (HNO3 or KMnO4 treated) or any metal substrates 55 

tried by us (stainless steel or Au). However we did find film 
growth occurred also on TiO2.We did not devote much effort to 
trying to understand what was special about the FTO and TiO2. 
We do note that, since the solution was highly acidic, all 
substrates are expected to be positively charged and therefore the 60 

reason is unlikely to be due mainly to electrostatic forces. All 
references to films in this paper refer to films on FTO.  
  
  

 65 

Fig. 1: (a) XRD pattern of the as-deposited films obtained from 0.1M 
HMA and 5.2M HNO3in the Bragg-Brentano configuration. (b) SEM 

micrograph revealing hexagonal rod-like morphology of the deposit. (c) 
TEM image and the SAED pattern showing mono crystallinity of the 

individual rods 70 

 
An XRD pattern of a representative as-deposited film is shown in 
figure 1a. All the peaks can be indexed to the hexagonal phase of 
MoO3. Crystallographic analysis of the pattern reveals a = b = 
10.5756Å and c = 3.7209 Å which matches with the Rietveld 75 

fitting value done by Pan et al.38 as well as with other literature 
values.34,37 An SEM image of the same film is shown in figure 
1b. A rod-like morphology with rod diameter ranging from 2-10 
µm and with flat hexagonal top surfaces is clearly seen. A TEM 
image of a single rod is shown in figure 1c together with selected  80 
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Fig. 2: Schematic representation of single stage and double stage deposition process of h-MoO3 nanorod films 

 
point-like ED pattern, reveals the single crystalline nature of the 
individual rods. 5 

 Semi-quantitative XPS elemental analysis of the as deposited 
films (fig. 3a) shows Mo 3d5/2 and 3d3/2 peaks at 232.686 eV and 
235.847 eV, agreeing with that reported previously for MoO3.

32,39 
However, a considerable amount of nitrogen at 398.6 eV was 
observed which is chemically different from the nitrogen in metal 10 

nitrides. To understand the chemical nature of the nitrogen in the 
deposit, we performed FTIR transmission measurements on 
powder scraped from the substrates. As shown in figure3b, –NH 
bending and stretching peaks were clearly observed at ca. 1440 
cm-1 and 3228 cm-1 respectively.34,40Also absorbance from –OH 15 

vibrations was found at 1400, 1610 and 3500 cm-1. The peak at 
1600 cm-1 corresponds to the deformation of free water molecule 
and that at 1410 is probably the MoO–H bending vibration.34 To 
understand the nature of the –OH and –NH peaks, samples were 
annealed at 2000C. After this annealing, the –OH peak intensity 20 

did not change whereas the –NH peak intensity decreased by ca.  

Fig.3: (a) XPS Mo peaks obtained from an as-deposited film (b) FTIR 
transmission spectra showing N-H and O-H stretching and bending 

vibrations of as-deposited and air-annealed (at 200 ºC) samples. 

50%. The lack of change of the water/OH peaks on annealing 25 

suggests that these species are inside the crystals rather than 
predominantly on the surface, where they (at least the water) 
would be expected to be strongly reduced in concentration on 
annealing. The N most likely comes from NH4

+ that is mainly 
also inside the crystal – either occluded or as MoO3.nNH3.mH2O.  30 

 Reducing the relative HMA concentration from 0.1M to 0.05 
M, while keeping the HNO3 concentration unaltered (5.2 M),  
resulted in a decrease of both the rod diameter and the surface 
coverage as shown in figure 4 (a-c).While the rod formation can 
be attributed to the higher reactivity of the (101) surface, the low 35 

material concentration resulted in poor surface coverage. Low 
ionic concentration favors lower nucleation density on the 
substrate. Similar behavior was observed during ZnO growth in 
the presence of relatively low concentrations of Zn+2.41  

 40 

Fig. 4: Scanning Electron Micrograph of the films obtained with (a) 
0.1M, (b) 0.065 M and (c) 0.05 M HMA concentration. The HNO3 

concentration was constant at 5.2 M. 

 The film formation largely depends on the acid concentration 
in the deposition solution. No visible deposition occurs if the acid 45 

concentration is reduced below 5.2 M, other deposition 
parameters remaining unaltered, although bulk precipitation 
occurs in the solution even at much lower acid concentration 
(>0.05 M).The rate of this precipitation depends on the net acid 
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concentration in the solution. After addition of the acid to the 
HMA solution at 85oC, the transparent solution slowly turns 
increasingly turbid, then gradually transparent again as the 
suspension precipitates. To exemplify the dependence of these 
processes on HNO3 concentration, for 5.2 M HNO3 with 0.1 M 5 

HMA, it takes one min for the solution to become cloudy and 
another10 min to clear, indicating the completion of bulk 
precipitation. Reducing the acid concentration, it requires more 
time for the solution to become turbid and the turbidity persists 
for a longer time. Thus reduction in acid concentration in the 10 

deposition solution lowers the reaction rate. The above-described 
behavior also clearly indicates that homogeneous nucleation 
occurs in the bulk of the solution, resulting in a suspension that 
finally precipitates. In parallel with homogeneous nucleation and 
precipitation, nucleation and growth obviously also occurs on the 15 

FTO substrate (but not on most other substrates we tried). 
 However, when a substrate that was removed from the reaction 
solution after 30 min and showed no visible deposit, was rinsed 
with DI water and then again immersed in the same (or a fresh) 
solution, a highly uniform film was deposited. In this paper, we 20 

identify such a film as a second stage deposition, while the initial 
30 min treatment is identified as a first stage deposition. The bulk 
precipitation that occurred during the first stage of the two-stage 
reaction considerably lowered the molybdenum concentration in 
the solution. Before describing these deposits, since it is clear 25 

that, although no visible deposit formed after the first stage, there 
is some effect of this first stage treatment, most likely nucleation 
of some species, we investigated more closely this first stage. We 
studied the substrate after 30 min in the (5.2 M) deposition 
solution. 30 

 While FESEM images revealed no distinct particles that might 
be attributed to nuclei, XPS clearly indicated the presence of 
Mo+6 species on the substrate (Figure 5). The ratio of surface 
Mo+6 to Sn+4 (from the FTO substrate) after the first stage was 
1:4.25. Assuming the Mo is in the form of discrete nuclei of a 35 

Mo-O material (the most likely expected scenario), this would 
represent a moderately dense coverage of nuclei with comparable 
diameter and spacing between the nuclei. Taking into account the 
relatively close atomic numbers of Mo and Sn, and hence 
correspondingly low contrast expected, nuclei smaller than ca, 10 40 

nm might not be seen in the FESEM. Another, less likely but still 
possible scenario is that the substrate is covered with a 
continuous layer, likely to be either amorphous or an adsorbed 
monolayer. The 1:4.25 Mo:Sn ratio measured could then be 
roughly estimated to correspond to two monolayers of a Mo-O 45 

species. The peaks in Figure 5 are shifted to lower binding energy 
by ca. 0.6 eV in comparison to the reported Mo 3d5/2 and 3d3/2 
peaks of MoO3 (in Figure 3a). This indicates a different chemical 
environment of the Mo in comparison to the normal MoO3 lattice. 
The same XPS peaks of Mo(V), measured in non-stoichiometric 50 

amorphous MoO3 have been measured to be ca. 1 V lower in 
binding energy compared to the Mo(VI) in stoichiometric films.42 
stage deposition from a solution that contained 0.65 M HNO3and 
HMA of varying concentrations (0.1, 0.05, 0.025 and 0.01 M, a-d 
respectively).With reducing HMA concentration in the solution, 55 

an increase in the rod diameter and in the film texture was 
evident. Increase in HMA concentration results in faster bulk 
precipitation, and it is probable that the actual concentration of 

soluble Mo species is higher at lower initial HMA concentration 
and that the concentration falls due to bulk precipitation much 60 

more slowly, thus allowing time for more growth. This is 
supported by the observed effect of aging of the second stage 
deposition solution. 

 
Fig. 5: Mo 3d XPS spectrum after the 1st stage of the two step deposition 65 

 The chemical bath deposition process consists of two 
interlinked steps: nucleation and growth. Often these two 
processes occur simultaneously, resulting in a large particle size 
distribution in the film.  Separating the nucleation and growth 
stages leads to a narrower size distribution with better control 70 

over the film morphology, as demonstrated previously for ZnO 
nanorod films.43 Yang et al showed aligned ZnO nanorod arrays 
on ZnO nanoparticle-coated Si substrates.44 A pre-nucleated 
substrate introduces the heterogeneity that assists the growth. The 
diameter of the rods was primarily determined by the grain size 75 

of the ZnO nanoparticles on the seeded substrate. This was also 
the case where heterogeneous seeding was used, i.e. the seed 
layer was not ZnO but a hydrated Mn oxide.45 
 Figure 6 shows SEM images of films obtained after a second  

 80 

Fig. 6: SEM images of the as-deposited films obtained from (a) 0.1 M, 
(b) 0.065M (c) 0.025 M and (d) 0.01 M of HMA. 

 Since homogeneous precipitation gradually occurs in the 
second stage solution, the reactant concentrations gradually 
decrease with time. Therefore we expect similar behavior from a 85 

fresh low-concentration solution and an aged solution with the 
same eventual concentration as the fresh low-concentration one. 
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Figure 7 compares films deposited from a second stage fresh 
solution (0.025 M HMA and 0.65 M HNO3) and the same 
solution, aged for 30 min. We found that the second stage 
deposition happens also when the concentration of both HMA 
and HNO3 was reduced by 50 times; a continuous increase in rod 5 

diameter was obtained with reduction in concentration. 
 Yet further control of the rod diameter can be obtained by 
controlling the nucleation at the first stage. Figure 8 shows films 
prepared from a first stage deposition solution containing 0.025M 
of HMA and 0.65 M HNO3. The substrates were taken out from 10 

the deposition solution after 2, 5,10,20,30 and 45 min. At the 
second stage of the deposition these pre-treated substrates were 
re-immersed in the same aged solution kept at 850C for 30 min. 
The shorter the time in the first stage bath, the greater is the width 
of the rods. This can be explained in general by lower nucleation 15 

density on the substrate resulting in larger rods since the same 
amount of available reactant is divided by a smaller number of 
nuclei. Figure 9 shows histogram of rod diameters obtained from 
different films. If nucleation is by a continuous layer of a Mo 
species, this explanation could still hold assuming that the layer 20 

formation occurs slowly. 

 
Fig. 7: SEM images of the films obtained from (a) fresh solution and (b) 

30min aged solution for the 2nd stage deposition. The first stage 
deposition was kept unaltered at 30min (The inset shows the cross-section 25 

micrograph of the same films) 

  
 We studied the rinsing mechanism in detail to understand the 
need for the two-stage deposition. Rinsing with water, for 
example, can cause several changes that might activate the 30 

second state deposition process; (a) local change in pH, (b) 
(another) chemical heterogeneity in the solution, (c) temperature 
changes at the surface and (d) turbulence. 
 Rinsing with hot or cold water or even post rinsing heating of 
the substrate (at 60-70 ºC to dry it) has no visible effect in 35 

deposition rate. Also stirring the solution or simply shaking it 
never affected the second stage film growth. The above 
experiments show that neither temperature changes nor 
turbulence are likely to initiate the second stage growth.  
 To understand the effects of local change in pH and the 40 

chemical heterogeneity introduced by the rinsing step, we studied 
the rinsing step extensively by varying the chemical nature of the 
rinsing medium. There was no difference in film growth or 
structure if the substrate was rinsed after the first stage process 
with water (as was normally used) or with acid (both 45 

concentrated and dilute),which argues against a pH effect. If the 
substrate was rinsed with an aqueous solution of high pH (e.g.1 
M NaOH solution), no deposition occurred during the second 
stage. However, since Mo oxides and oxide salts are soluble in 
alkaline solutions, this can be explained by dissolution of the Mo-  50 

 
 

Fig. 8:  SEM image of the films obtained from (a) 2 min, (b) 5 min, (c) 10 
min (d) 20 min (e) 30 min and (f) 45 min of 1st stage deposition while the 

2nd stage deposition was kept unaltered 55 

 
Fig. 9: Distribution of nanorod diameters of the films obtained from 2 
min, 5 min, 10 min, 20 min, 30 min and 45 min of 1st stage deposition 

while the 2nd stage deposition was kept unaltered 
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O nuclei formed during the first stage and support the presence of 
such species after the first stage. However, if the substrate was 
rinsed with the same solution used in the first stage, there was no 
deposition in the second stage, regardless of the temperature of 
the rinsing solution. Therefore, the most likely cause of the 5 

rinsing after the first stage leading to deposition during the 
second stage is some chemical heterogeneity that provides the 
driving force for deposition in the second stage. Considering the 
well-known passivation of iron by strong HNO3, a hypothesis is 
that rinsing the Mo-O nucleation layer removes a passivating film 10 

on the Mo-O which prevents continued growth during the first 
stage. However, since growth does occur after rinsing if the 
nucleated and rinsed substrate is re-immersed in the original 
solution, this hypothesis would require some difference between 
the Mo-O species formed in the first stage and that after rinsing 15 

with water that prevents the rinsed Mo-O species from being re-
passivated. Regardless of the exact mechanism, it is clear that 
rinsing at the first stage changes the surface of the nucleation 
layer sufficiently for deposition to continue to occur. 
 Photocatalytic degradation of MB dye was observed in 20 

presence of h-MoO3 nanorod films. Characteristic absorbance 
decreased with the time of light exposure as shown in the Figure 
10. We believe that photogenerated charge carriers lead formation 
of hydroxyl or superoxide radicals that oxidized the MB 
molecules. The degradation of the MB dye can directly be 25 

observed by looking at its color that gets more transparent with 
time in the presence of h-MoO3 film. 

 
Fig. 10: (a) Absorbance plot of different MB solutions after different 

light exposure time in presence of h-MoO3 nanorod films and (b) Plot of 30 

degradation percentage of MB with respect to light exposure time. 

4. Conclusions 

Thin films of highly crystalline hexagonal MoO3 nanorods were 
deposited by chemical bath deposition. A two-step process where 
the samples were rinsed between the first and second step was 35 

necessary to achieve control over the growth and morphology of 
the films. Growth at the second stage was believed to be initiated 
by a chemical change of the nucleation centers formed in the first 
step caused by the rinsing step. Reasonable photocatalytic 
degradation of MB dye was observed using h-MoO3 under visible 40 

light. 
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