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ABSTRACT 

In recent years, authors have successfully established a simple method for the 

production of fine single crystal-like α-MoO3 nanorod structures on substrates using a solution 

metal-organic decomposition (MOD) method to deposit film coatings. However, to grow α-

MoO3 nanorods by the MOD method, an accurate mechanism between α-MoO3 nanorod 

extension and precursor preparation (contents of precursor conditions) should be identified. 

Here, we demonstrated controllable α-MoO3 nanorods and plat-like α-MoO3 crystal growth 

based on as-deposited film thickness by using different citric acid (CA) and ammonia (NH3) 

ratios in the precursor solutions. The α-MoO3 nanorods growth mechanisms are discussed in 

detail with the precursor conditions and deposition film thickness; excellent results were 

achieved in controlling the film thickness by preparation of the precursors viscosities. In 

addition, the CA and NH3 amount effects of the α-MoO3 nanorods and crystal growth were 

investigated. It was found that the NH3 plays an effective role in delaying the decomposition 

timing of CA, promotes the growth of α-MoO3 nanorods, and reduces the growth and increase 

of plate-like α-MoO3 crystals. The study obtained excellent results for the growth extension of 

α-MoO3 nanorods and plate-like α-MoO3 crystals, controlled by film thickness as the role of 

CA and NH3. The demonstrated strictly controlled α-MoO3 nanostructure forming process can 

be achieved with the solution MOD method.  
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INTRODUCTION 

In recent years, molybdenum (Mo) compounds have attracted considerable attention 

for their properties, such as the various valences of Mo, the presence of many crystal structures, 

and the complex band structure. In particular, many reports in the past decade were published 

due to broad applications, such as catalyst1,2, electrode3,4, semiconductor5,6, sensor7,8,9, organic 

devices10,11,12, electrochromic13,14, and photochromic15. For example, Mo oxides are very useful 

as an electronic catalyst owing to their high electron affinity. Since the Mo cation makes 

octahedral or tetrahedral coordination with anions such as oxygen, sulfa, and other chalcogens 

in compounds that are easy to distort and react with the other cation of various elements. The 

Mo complex compounds, therefore, have been widely investigated as cooperative catalysts1, 

and α-MoO3 can be used as hybrid catalysts, which have been broadly investigated as 

cooperative catalysts with various elements. Moreover, Mo is well known for its various 

valences from divalent to hexavalent, and compounds containing quadrivalent, pentavalent, 

and hexavalent in the oxygen states. Various types of Mo oxides are found in stoichiometric 

and non-stoichiometric oxides, such as MoO2 (Ⅳ ), Mo2O5 (Ⅴ ), and MoO3 (Ⅵ ). Non-

stoichiometric Mo oxides have oxygen vacancies, with average values of various types of sub-

oxides between 6.0 and 4.0. Mo oxides have variety of electron band structures are expected 

to use from metals to wide-gap semiconductors.  
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Nanostructure materials and two-dimensional materials of compounds, and oxides, 

are widely applied to next-generation functional clean energy applications16 such as electric 

devices and catalyst for chemical reaction17 due to the characteristic electronic structures and 

physical properties of the materials. In particular, nanostructured materials and two-

dimensional materials of Mo compounds typified by α-MoO3-δ have an excellent property18. 

More precisely, it is electrode reaction speed up by the high ratio surface area and the abilities 

of quick electric accumulation and discharge. It is expected to be a new material for 

supercapacitors or lithium ion batteries (LIBs)19,20. Nanostructured Mo compounds have a large 

specific surface area and unique chemical and physical properties. Notably, the characteristic 

properties are crucial for these multiple electronic devices.  

In addition, forming and controlling nanostructures is an essential issue; 

nanostructured Mo compounds have been fabricated by a wide variety of methods, such as 

hydrothermal synthesis,21 PVD,22 RF magnetron sputtering23,24, thermal evaporation, and 

molecular beam epitaxy. However, these methods consume significant amounts of energy and 

material recources, implying that they are un-eco-friendly. In recent years, the authors have 

focused on synthesis as fine as nanostructured oxide materials by the metal-organic 

decomposition (MOD)7, 12,25,26,27,28,29. The MOD method is consuming low energy, and is 

environment friendly, it can contribute to the realization of the sustainable society. 
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We found that the α-MoO3 nanorods initially grew from spin-coated thin films after 

sintering at 673 K for several minutes. Subsequently, the α-MoO3 nanorods underwent a 

transition to the plate-like α-MoO3 phase while continuously sintering for a long time (over 

approximately 20 min, as illustrated in Fig. SI-1), which was discussed with physical properties 

by the gas sensing, and chemical compassion by XRD and TEM in a previous paper7,25. 

However, the behavior of the seed layer thickness with sintering time and the transitions were 

uninvestigated in detail. When the experimental conditions, for example, molar ratio, mixing 

starting materials, and spin coating, are changed for several reasons, the growth of α-MoO3 

nanorod arrays and the transition timing are significantly different depending on the 

experimental restriction, as illustrated in Fig. SI-1 and SI-2. The molybdenum oxide thin films 

obtained after sintering at 673 K for 15 min (in Fig. SI-1) from the same precursor and the same 

coating conditions were significantly different film structures from the other precursor and 

coating conditions after sintering for 15min (Fig. SI-2). 

 The α-MoO3 nanorods growth mechanism and relationship of the transition timing 

is assumed to depend on each experimental condition, the authors had been discussed with 

TG/DT analysis and concluded a critical role of decomposition timing of CA in the precursor, 

but unclarified in the previous studies7,25 Although the CA contributes to the growth of α-MoO3 

nanorods, it has been uncontrolled precisely due to the lack of clarity in the details of the α-

MoO3 nanorod growth mechanism. In addition, the thicknesses of the seed layers, which are 
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the under layers of the α-MoO3 nanorods, have been insufficiently investigated with α-MoO3 

nanorods growth. 

In this study, the growth and elongation of α-MoO3 nanorods were investigated with 

the content effects of CA and NH3 on Mo in the precursor. The relationship between the α-

MoO3 nanorods/plate-like α-MoO3 crystal growth and the as-deposited coating thickness are 

discussed with the seed layer thicknesses. In addition, here we demonstrated the formation of 

a transparent α-MoO3 nanorods thin-film sample in which the α-MoO3 nanorods can be 

extended up to one micrometer, and the seed layer thickness can be reduced by approximately 

50 nm by using the processing method of this study. The molybdenum oxide thin-film 

structures, such as the α-MoO3 nanorods length, the seed layer thickness, and the plate-like α-

MoO3 crystals numbers, were precisely controlled by several experimental parameters, such as 

the amount of CA and NH3 and the spin-coating thickness of the precursor.  
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EXPERIMENTAL 

Ammonium molybdate (H8N2O4Mo), ammonium molybdate tetrahydrate 

((NH4)6Mo7O24 4H2O), tri-ammonium citrate ((NH4)3C6H5O7)), CA (C6H8O7), and N, N-

dimethylformamide(DMF) (C3H7NO (10 mL)) purchased from Fujifilm Wako Pure chemical, 

Japan were used in this experiment. Each pair of ammonium molybdate and CA, ammonium 

molybdate tetrahydrate and CA, tri-ammonium citrate adjusted ammonium molybdate 

tetrahydrate and CA, were dissolved in 10 mL of DMF at respective ratios to obtain solution 

precursors with Mo concentrations ranging from 0.4 to 1.0 M. These precursors were stirred 

and dissolved with magnetic stirring at room temperature for 1 day to 14 days until clear and 

homogeneous solutions were obtained. 

For the synthesis of Mo oxide nanocrystals, the precursor was spin-coated at 1000–

5000 rpm (MIKASA SPINCOATER 1H-DX2, Tokyo, Japan) on a silica glass substrate after 

cleaning with N2 plasma for 90 s. The deposited thin film was sintered at 673 K for 15 min in 

an electric furnace (DENKEN KDF-P90, Kyoto, Japan) or a temperature of 373 K for 15 min 

(AS ONE Electric Oven NEXAS series, OFX-50, Tokyo, Japan) to obtain thin film samples. 

The top and cross-section morphological studies were carried out using field-emission 

scanning electron microscopy (FE-SEM) (Hitachi SU8020, Tokyo, Japan). The values of 

viscosity were measured by Viscometer (TOKI SANGYIO VISCOMETER TV-25 Type L) at 
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298 K. The thickness after sintering at 373 K for 15 min was verified using a laser microscope 

(KEYENCE VK-9510). 

 

RESULTS AND DISCUSSION 

Fine almost single crystal α-MoO3 nanorods grow from substrate which investigated 

by XRD and TEM studies in the previous study25. The longest α-MoO3 nanorods were obtained 

as the molar at the ratio of molybdenum (Mo), CA, and ammonium (NH3) = 1:3:2 (0.5:1.5:1.0) 

in the previous study.7,25 Because the effect between the ratios of CA in the precursors and the 

coating process properties will be discussed in detail, three kinds of precursors with ratios of 

1:3:2, 1:4:2, and 1:6:2 in 0.5 M were prepared in this experiment. Table 1 summarizes the 

precursor viscosities and the other experimental conditions of each precursors. The precursor 

viscosities increased with increasing concentrations of CA in the precursors, as shown in Table 

1. The viscosity of 1:4:2 is approximately 20 mPa·s, two times as large as the 1:3:2 precursor, 

and the viscosity of 1:6:2 was 90 mPa·s, which is nine times higher than that of the 1:3:2 

precursor.  

To fix the thickness of the as-deposited precursor, spin coating was performed in a 

preliminary experiment with three types of precursors. The fixed spin-coating conditions were 
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1500, 2000, and 3000 rpm of each the 1:3:2, 1:4:2, and 1:6:2 precursors, respectively, which 

were determined to be approximately 1 μm of the film thickness after sintering at 473 K. 

Figure 1a-1 ‒ c-3 show the FE-SEM images of the molybdenum oxide thin-film 

samples obtained by growing on silica glass substrate after sintering at 673 K for 15 min, under 

the same conditions as in the preliminary experiment, that is, 1500 rpm of 1:3:2 precursor, 2000 

rpm of 1:4:2 precursor, and 3000 rpm of 1:6:2 precursor, respectively. The top-view low 

magnification (×50,000) and high magnification (×100,000) FE-SEM images of the film 

samples are shown in Fig. 1a-1 ‒ c-1 and 1a-2 ‒ c-2, respectively. The cross-sectional FE-SEM 

images of the film samples are displayed in Fig. 1a-3 ‒ c-3. As Fig. 1a-1 ‒ c-3 illustrate, the 

MoO3 nanorods grew on the SiO2 glass substrate. The α-MoO3 nanorods grew almost 

uniformly on the surface of these samples, and the α-MoO3 nanorods length and the density on 

the film samples increased with increasing CA ratio in the precursors. The diameters of the α-

MoO3 nanorods were almost the same at approximately 10 nm with changes in the other CA 

concentrations, as shown in the FE-SEM images in Fig. 1 a-2 ‒ c-2. In addition, the α-MoO3 

nanorods curved structure, and the curvatures are strong due to an increase in the CA ratio, as 

illustrated in Fig. 1 a-2, b-2, and c-2. 

Fig. 2a shows the eye catch schematic figure of the cross-sectional image of the 

molybdenum oxide thin-film samples. In the cross-sectional FE-SEM images of Fig. 1 a-3 ‒ c-
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3, molybdenum oxide thin-film layers exist between the SiO2 substrate and the α-MoO3 

nanorod structures, as shown in Fig. 2a. The layers are called seed layers because the α-MoO3 

nanorods are grown from the seed layers, to decrease the thickness gradually with extending 

the sintering time, as shown in the FE-SEM images in Fig. SI-1 and SI-2. The thickness of the 

seed layers decreased with increasing CA ratio, and the total thickness of the seed layers and 

the α-MoO3 nanorod structure layers of these three samples look equivalent, as shown in Fig. 

1a-3 ‒ c-3. It implies that the growth mechanism is strongly related to the as-deposited 

thickness (or volumes) of the precursors and the concentration of CA in the precursors.  

From the top-view FE-SEM and cross-sectional FE-SEM images of Fig. 1, the lengths 

of the longest α-MoO3 nanorods and the thickness of the seed layer were measured and plotted 

in the graph of Fig. 2b. The data imply that the length of the α-MoO3 nanorods increased with 

increasing CA ratio. The longest length of the α-MoO3 nanorods was 400 nm at 1:3:2, 500 nm 

for 1:4:2, and 1000 nm for 1:6:2. In contrast, the thicknesses of the seed layers decreased from 

approximately 200 nm of 1:3:2, 100 nm of 1:4:2, and up to 50 nm of 1:6:2, respectively, as the 

ratio of CA increased. Although the film thicknesses of these three samples were almost 

identical before sintering, the quantity of Mo included per unit volume is estimated to decrease 

with increasing CA ratio. This indicates that the length of the α-MoO3 nanorods increases with 

increasing CA ratio, despite the decrease in the amount of Mo per unit volume. It implies that 

the inclusion ratio of CA in the precursors has a significant influence on the growth and 
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extension of α-MoO3 nanorods. 

 Owing to the almost fixed as-deposited thin-film thicknesses before sintering by spin 

coating, the α-MoO3 nanorods growth can be discussed with the seed layer thickness and CA 

amount in the precursors. When an extremely large amount of CA is included in the precursor, 

the seed layer may become thin, and the α-MoO3 nanorods are easily grown. On the other hand, 

the seed layers may become thick and the α-MoO3 nanorods are hardly grown when an 

extremely small amount of CA is present in the precursors. The α-MoO3 nanorods may grow 

from the seed layer, as described above, in part of Fig. SI-1 and SI-2 because the seed layer 

thickness is related to the amount of CA in the precursor. The amount of CA played significant 

role in the α-MoO3 nanorod growth, and the thicknesses of the seed layer decreased with α-

MoO3 nanorods growth due to the use of CA and Mo compounds in the as-deposited precursor 

films. 

To investigate the effect of film thickness, four types of samples were prepared with 

different spin-coating conditions using precursors with a fixed molar ratio of Mo, CA, and NH3 

(0.4. mol/L and 1:6:2). Fig. 3a-1 ‒ d-3 show FE-SEM images after sintering at 673 K for 15 

min of four kinds of molybdenum oxide thin-film samples obtained on silica glass substrates 

with spin-coating conditions of 1500, 2000, 2500, and 5000 rpm. The top-view low 

magnification (×10,000) and high magnification (×50,000) FE-SEM images of the film 
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samples are shown in Fig. 3a-1 ‒ d-1 and 3a-2 ‒ d-2, respectively. The cross-sectional FE-SEM 

images of the film samples are displayed in Fig. 3a-3 ‒ d-3. The decrease in the number of α-

MoO3 nanorods and the increase in the number of, plate-like α-MoO3 crystals which are 

reported in the previous study, 7, 25 were observed with increasing spin-coating speeds, as shown 

in Fig. 3a-1 ‒ d-2. Approximately 500 nm in length and the growth density of the α-MoO3 

nanorods are almost the same as those shown in Fig. 3a-2 ‒ c-2. The size of the plate-like α-

MoO3 crystals was observed from submicron to a few microns (Fig. 3d-1 and d-2). The 

thickness of the seed layers decreased with increasing spin-coating speeds, as shown in Fig. 

3a-3 ‒ d-3. In particular, the seed layer thickness of the 5000 rpm sample is very thin 

(approximately 5 nm), with a few α-MoO3 nanorods and almost observing the plate-like α-

MoO3 crystals (Fig. 3d-1 and d-2). Even though the thicknesses of the seed layer decreased 

from 200 nm to 60 nm, the length and diameter of the α-MoO3 nanorods were almost identical, 

as shown in Fig. 3 a-3, b-3, and c-3. Fig. 2c and 2d show that the color of the samples depends 

on the thickness of the seed layer.  

Using the methods employed in this study, the seed layer can be controlled without 

changing the growth length of α-MoO3 nanorods. The authors demonstrated that two kinds of 

seed layer thickness can be successfully coated with the spin-coating conditions of 1500 rpm 

and 2500 rpm. The α-MoO3 nanorods length are approximately 400 nm, as displayed in Fig. 

2c and 2d, have seed layer thicknesses of approximately 200 nm and approximately 50 nm, 
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respectively. The approximately 200 nm thick seed layer sample showed a transparent dark 

brown color, but the approximately 50 nm thick seed layer sample was transparent light brown. 

The results from these images imply that the seed layer thickness strongly correlated with the 

transparency, related without α-MoO3 nanorods length and density.  

Figure 4 shows the number of α-MoO3 nanorods and plate-like α-MoO3 crystals, 

which were measured from the FE-SEM images in Fig. 3. The number of α-MoO3 nanorods 

per arbitrary unit area decreased sharply around at approximately 40 nm of the seed layer 

thickness. In contrast, the number of plate-like α-MoO3 crystals per arbitrary unit area increased 

sharply at almost identical seed layer thickness. These data imply that each of the numbers of 

α-MoO3 nanorods and plate-like α-MoO3 crystals are opposite of increasing or decreasing 

behavior at the critical seed layer thickness, as shown in Fig. 4. This indicates that we can 

control the number of α-MoO3 nanorods and/or plate-like α-MoO3 crystals by controlling the 

seed layer thickness.  

To investigate the effect of including the molar ratios of Mo, CA, and NH3 in the 

precursors, seven kinds of precursors were prepared in this experiment. The molar 

concentrations of precursors were 0.5 M and 1.0 M, and the including molar ratio of Mo, CA, 

and NH3 were A(1:6:2), B(1:4:2), C(1:3:2), D(1:3:2), E(1:3:1), F(1:3:1), and G(1:1:1), 

respectively. Table 2 summarizes the mixing conditions of all precursor solutions used in this 
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experiment, and the Mo contents show wt% in the solute and the other experimental conditions 

of each precursor. By fixing Mo to NH3 ratios into 1:2, three kinds precursors of A(1:6:2), 

B(1:4:2), and C(1:3:2) were prepared, while the other three kinds precursors, E(1:3:1), F(1:3:1), 

and G(1:1:1), were prepared by fixing Mo:NH3 into 1:1. The precursor D(1:3:2), with the same 

ratio as C(1:3:2), was prepared by the effect of the NH3 amounts in the precursor using 

ammonium molybdate tetrahydrate. Because the same ratio of Mo:NH3 (= 1:2) was adjusted to 

the precursor C(1:3:2), triammonium citrate was added with ammonium molybdate 

tetrahydrate and CA. 

To fix the as-deposited film thickness, the spin-coating conditions were determined 

by preliminary experiments with seven kinds of precursors. Subsequently, the spin-coating 

conditions were fixed at 3000 rpm of the A(1:6:2) precursor, 2000 rpm of B(1:4:2) precursor, 

1500 rpm of C(1:3:2) precursor, 1500 rpm of D(1:3:2) precursor, 1150 rpm of E(1:3:1) 

precursor, 3000 rpm of F (1:3:1) precursor, and 1100 rpm of G(1:3:2) precursor, respectively, 

which were determined to be approximately 1 to 1.8 μm after sintering at 473 K, as also 

displayed in Table 2. 

Figure 5a-1 ‒ d-3 show FE-SEM images after sintering at 673 K for 15 min of four 

types of molybdenum oxide thin-film samples (C, E, F, and G), which were obtained on a silica 

glass substrate with each spin-coating condition in Table 2. The top-view low magnification 

Page 14 of 35Materials Chemistry Frontiers



(×10,000) and high magnification (×50,000) FE-SEM images of the film samples are shown in 

Fig. 5a-1 ‒ d-1 and 5a-2 ‒ d-2, respectively. The cross-sectional FE-SEM images of the film 

samples are displayed in Fig. 5a-3 ‒ d-3. 

The number of plate-like α-MoO3 crystals increased as the concentration of NH3 

decreased. This is apparent in the comparison of Fig. 5a-1 and 5b-1. Similarly, comparing Fig. 

5c-1 and d-1 shows that the number of plate-like α-MoO3 crystals increased with decreasing 

CA concentration. The comparison of Fig. 5a-2 and b-2 demonstrates that the lengths of the α-

MoO3 nanorods are almost the same for different concentrations of NH3. Meanwhile, 

comparing Fig. 5c-2 with d-2 shows that the length of the α-MoO3 nanorods decreased with a 

decreasing concentration of CA. It is noteworthy that the seed layers of almost all samples 

consisted of two layers, as shown in Fig. 5c-3 and d-3; however, the detailed mechanism was 

not determined in this study. 

Figure SI-3 shows top-view FE-SEM images of molybdenum oxide film samples with 

different NH3 concentrations of C(1:3:2), D(1:3:2), and E(1:3:1). These samples were obtained 

on silica glass substrate after sintering at 673 K for 15 min, with the spin-coating conditions 

listed in Table 2. The α-MoO3 nanorods of sample E(1:3:1) were grown straight; on the other 

hand, the α-MoO3 nanorods of samples D(1:3:2) and C(1:3:2) were grown curling, as shown 

in Fig. SI-3. The sample D(1:3:2) was prepared by adding NH3 amounts from sample E(1:3:1) 
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to adjust the same ratio of sample C(1:3:2). It is presumed that the α-MoO3 nanorods underwent 

bending as the NH3 concentration increased; however, the NH3 role has not been clarified in 

this study. 

To better understand these experiments, the measured values of the α-MoO3 nanorod 

length, α-MoO3 nanorod number, seed layer thickness, and plate-like α-MoO3 crystal numbers 

are summarized with the amount ratio of NH3/Mo, CA/Mo, and NH3/CA, as shown in Fig. 6a 

– 6d. It is noteworthy that the number of α-MoO3 nanorods and plate-like α-MoO3 crystals were 

collected from the FE-SEM images divided into the grid of arbitrary unit aria. Fig. 6a indicates 

the length of the α-MoO3 nanorods (triangles) and the thickness of the seed layer (circles) 

versus in the ratio of CA to Mo. These data were measured by top-view FE-SEM and cross-

sectional FE-SEM images from the total of seven samples in Table 2 (including Fig. 5). The 

length of the α-MoO3 nanorods increased and the thickness of the seed layer decreased, as the 

ratio of CA to Mo increased; it can be shown in Fig. 6a. This result implies that α-MoO3 

nanorods may not grow without the CA. Although the sample of the blue open circle symbol 

was three on the ratio of CA to Mo, the thickness of the seed layer was approximately 350 nm 

to deviate from the original tendency, which implies that its thickness may be observed around 

200 nm. This is probably because the film thickness after sintering at 373 K is approximately 

1.8 μm, which is thicker than that of the other samples, as shown in Table 2. 
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Fig. 6b shows the length of the α-MoO3 nanorods (triangles) and the number of plate-

like α-MoO3 crystals per arbitrary unit area (circles) versus the ratio of CA to Mo. These data 

were collected from the top-view FE-SEM and cross-sectional FE-SEM images from a total of 

seven samples. As the ratio of CA to Mo increased, the number of plate-like α-MoO3 crystals 

per arbitrary unit area decreased, and the length of the α-MoO3 nanorods increased, as shown 

in Fig. 6b. More precisely, it is assumed that sufficient amount of CA is necessary to grow the 

α-MoO3 nanorods while suppressing the growth of plate-like α-MoO3 crystals. The blue open 

circle symbol samples were 3 – 4 in the ratio of CA to Mo, and the plate-like α-MoO3 crystal 

numbers were 0 – 2, which deviated from the prospective tendency. Approximately 4–6 plate-

like α-MoO3 crystals were observed in these samples that had the expected tendency. This result 

strongly implies the NH3 content effect with the ratio of the CA to Mo, suggesting the method 

to determine all parameters related to the ratio of amount of NH3 to that of CA.  

To determine the effect of the amount of NH3 on the growth of α-MoO3 nanorods and 

plate-like α-MoO3 crystals, the ratio of NH3 to Mo and NH3 to CA in the precursors is discussed 

in this paragraph. Fig. 6c shows the number of α-MoO3 nanorods (triangles) and the number 

of plate-like α-MoO3 crystals per arbitrary unit area (circles) versus the ratio of NH3/Mo. These 

data were collected from the FE-SEM images of all samples given in Table 2. As the ratio of 

NH3 to Mo increased, both α-MoO3 nanorods numbers and plate-like α-MoO3 crystals numbers 

decreased, as shown in Fig. 6c. However, the number of plate-like α-MoO3 crystals is affected 
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by the concentration of CA, as shown in Fig. 6b. To clarify the influence of the amount of NH3 

separating from the effect of CA amounts, the number of α-MoO3 nanorods and plate-like α-

MoO3 crystals was segregated and plotted as a function of the ratio NH3 to CA with a fixed 

ratio of CA to Mo in the inset graph of Fig. 6c. The inset graph of Fig. 6c demonstrates that the 

number of both α-MoO3 nanorods and plate-like α-MoO3 crystals decreased with an increase 

in the NH3 to CA ratio. These results suggest that not only the amount of CA but also the 

amount of NH3 have an effective role in the growth of both α-MoO3 nanorods and plate-like α-

MoO3 crystals.  

Fig. 6d shows plots of the length of α-MoO3 nanorods (triangles) as a function of the 

NH3 to Mo ratio. The lengths of the α-MoO3 nanorods seem to extend with an increase in the 

NH3 to Mo ratio, as shown in Fig. 6d. However, the length of the α-MoO3 nanorods increased 

with an increase in the amount of CA. To determine the influence of the amount of NH3, 

samples with the same ratio of CA to Mo are plotted with symbols of open triangles in Fig. 6d. 

These open triangle plots show that in spite the increase in the NH3 to Mo ratio, the length of 

the α-MoO3 nanorods remained unchanged. Moreover, the α-MoO3 nanorods lengths are 

plotted as a function of the NH3 to CA ratio. It seems to decrease as the NH3 to CA ratio 

increases, as shown in the inset graph of Fig. 6d. However, samples with the same ratio of Mo 

to CA (open circle) are displayed, and the α-MoO3 nanorods lengths remained unchanged even 

if the NH3 to CA ratio increases. These results show that the intrinsic amount of NH3 does not 
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affect the growth of α-MoO3 nanorods.  

As a consequence, this has demonstrated that increasing of the NH3 amount in the 

precursor has the reducing effects on both the number of the v nanorods and plate-like α-MoO3 

crystals without the effective growth of the length of nanorods. Moreover, the plots of sample 

D(1:3:2) showed almost identical tendencies as sample C(1:3:2) in all of Fig. 6a ‒ d. The results 

suggest that the NH3 concentration in the precursor can be controlled regardless of the 

ammonium molybdate reagent. 

CONCLUSIONS  

The formation mechanism of the molybdenum oxide nanostructure, that is, nanorods 

and plate-like crystals on the seed layer by the MOD method, was examined in this study. The 

details of α-MoO3 nanorods growth in molybdenum oxide thin films and the phase transition 

to plate-like α-MoO3 crystals of α-MoO3 nanorods were investigated, with the controlled 

precursors coating thickness under each spin-coating condition. The precursor viscosities were 

changed through the mixing ratios of the raw materials, such as molybdenum (Mo), citric acid 

(CA), ammonium (NH3), and solvent.  

The additive effect of CA in the precursor was investigated in detail with α-MoO3 

nanorods growth. The result implied that the length of the grown α-MoO3 nanorods increased 
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with an increase in the CA to Mo ratio, which implies that CA is an essential agent for α-MoO3 

nanorods growth. In addition, the α-MoO3 crystal growth was examined considering the 

influence of the coating film thickness by changing the spin-coating conditions. The result 

implies that the phase transition from the α-MoO3 nanorods to the plate-like α-MoO3 crystals 

is highly dependent on the thickness of the as-deposited film coating. In optimizing the as-

deposited coating thickness, only the α-MoO3 nanorods grew significantly; however, when the 

thickness of the coating was thin, the number of plate-like α-MoO3 crystals increased because 

of the occurrence of the phase transition of α-MoO3 nanorods. When the film thickness was 

extremely thin after coating, almost all the α-MoO3 nanorods underwent the phase transition 

and formed large number of plate-like α-MoO3 crystals.  

The correlation between the seed layer thickness and the α-MoO3 crystal after 

sintering was also investigated. The number of α-MoO3 nanorods significantly increased with 

increasing seed layer thickness, but the number of plate-like α-MoO3 crystals sharply decreased 

at approximately 50 nm of the seed layer thickness after sintering at 673 K for 15 min. The 

results suggest that the phase transition from α-MoO3 nanorods to plate-like α-MoO3 crystals 

proceeded rapidly when the seed layer thickness was less than 50 nm after sintering. Based on 

these results and the fact that the α-MoO3 nanorods grew in the initial stage of the sintering, 

and then underwent the phase transition to the plate-like α-MoO3 crystals in the second stage. 

This leads the study implies that the as-deposited thicknesses after spin coating are important 
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factors for the numbers of α-MoO3 nanorods and plate-like α-MoO3 crystals. 

Furthermore, the effects of the growth of α-MoO3 nanorods and the transition to the 

plate-like α-MoO3 crystals were investigated with the amounts of CA and NH3 to Mo in the 

precursor. The large amount of NH3 to CA in the precursor suppressed the thermal 

decomposition of CA, and the α-MoO3 nanorods could be extended without the phase transition 

to the plate-like α-MoO3 crystals. The results of the experiments clarified that the CA role for 

α-MoO3 nanorods growth and extension, and the existence of NH3 make delayed the 

decomposition timing of CA; consequently, the phase transition to plate-like α-MoO3 crystal 

timing could be controlled by changing the ratio of NH3 to CA in the precursor. 

From these results, it is concluded that the α-MoO3 nanorods thin-film structure, that 

is, the α-MoO3 nanorods length, the seed layer thickness, and the number of plate-like α-MoO3 

crystals, can be controlled by varying the amount of CA and NH3 in the precursor and the 

thickness of the spin-coated film. Moreover, using the methods proposed in this study, we 

demonstrated the fabrication of transparent thin films with α-MoO3 nanorods; the longest 

nanorod length was almost 1 micrometer. A detailed control technique to obtain an 

molybdenum oxide thin-film nanostructure was obtained in this research, which is a process to 

produce nanostructured thin films in a short time. This method may contribute to the 

development of various technologies for sustainable low energy societies in the future. 
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Table 1. The each experimental parameters of the precursors (Mo:0.5 M)  
 

 

*1 The viscosity of the precursors  measured at 298K and 1.1ml in the ambient atmosphere. 
*2 Spin coating conditions are fixed about 1 μm after drying at 373K for 15min. 
*3 The values of nanorods length and thickness are measured after sintering at 673K for 15min. 

  

Sample Ratio /  

Mo : citric acid : 

NH3 

Viscosity   

 [mPa.ｓ] *1 

Rotational speed of 

spin coating [rpm]*2 

Thickness after 

drying 373K 

[μｍ] 

Nanorods length [n

ｍ]*3 

Seed layer thickness 

[nｍ]*3 

1:3:2 9.6 1500 1.1 ~400 ~200 

1:4:2 18.8 2000 1.0 ~500 ~100 

1:6:2 89.2 3000 1.4 ~1000 ~50 
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Table 2. The experimental parameters of the each precursors 

Sample name Molar Conc. / Mo  Weight Conc. of 

Mo  

[wt%] 

Sample Ratio /  

Mo : citric acid: 

NH3  

Rotational speed of 

spin coating  

[rpm] 

Thickness after 

drying 

 [μｍ]*1 

A(1:6:2) 0.5M 7.5 1:6:2 3000 1.4 

B(1:4:2) 0.5M 10.7 1:4:2 2000 1.0 

C(1:3:2) 0.5M 13.6 1:3:2 1500 1.1 

D(1:3:2)*2 0.5M 13.6 1:3:2 1500 1.3 

E(1:3:1) 0.5M 13.9 1:3:1 1150 1.3 

F(1:3:1) 1.0M 13.9 1:3:1 3000 1.8 

G(1:1:1) 1.0M 31.5 1:1:1 1100 1.4 

*1Spin coating conditions are fixed about 1 μm after drying at 373K for 15min. 
*2The sample D(Mo: CA: NH3 =1:3:2) is made form sample E(Mo: CA: NH3 =1:3:1) + NH3 to prepare the same condition of C(Mo: CA: NH3 

=1:3:2). 
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Figure 1. The top view / cross sectional FE-SEM Images of nanorods growth from seed layers fixed each experimental conditions after 

sintering at 673K for 15min. The film thickness are fixed as deposited by spin coating (a) 1500 rpm of the Mo: CA: NH3 = 1:3:2, (b) 2000 rpm 

of the Mo: CA: NH3 = 1:4:2, (c) 3000rpm of the Mo: CA: NH3 = 1:6:2 samples, receptivity.  
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Figure 2. (a) The schematic figure of the α-MoO3 nanorods film of α-MoO3 nanorods growth from seed layer on the SiO2 substrate. (b) The MoOx 

nanorods length and the seed layer thicknesses of the each α-MoO3 nanorods films. The photo figure images of each α-MoO3 nanorods growth 
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from each seed layer thickness (c) about 200nm, and (d) about 50nm on the SiO2 substrates. 
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Figure 3. The top view / cross sectional FE-SEM Images of α-MoO3 nanorods and crystals growth from seed layers after sintering at 673K for 

15min. The as-deposited film thicknesses are controlled by spin coating condition each (a) 1500 rpm, (b) 2000 rpm, (c) 2500 rpm, (d) 5000rpm 

of the Mo: CA: NH3 = 1:6:2 samples, receptivity. 
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Figure 4. The α-MoO3 nanorods numbers and α-MoO3 plate-like crystals numbers as a function of the each seed layers thickness. 
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Figure 5. The top view / cross sectional FE-SEM Images of α-MoO3 nanorods and crystals growth from seed layers after sintering at 673K for 

15min. The film thickness are fixed at almost 1μm as deposited by spin coating of each (a) C(Mo: CA: NH3 =1:3:2), (b) E(Mo: CA: NH3 =1:3:1), 

(c) F(Mo: CA: NH3 =1:3:1), and (d) G(Mo: CA: NH3 =1:1:1) samples, receptivity. 
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Figure 6. (a) The nanorods and the seed layer thickness versus citric acid / Mo ratios, and (b) The nanorods and the α-MoO3 plate-like numbers 

versus citric acid / Mo ratios. (c) The nanorods and the α-MoO3 plate-like numbers versus NH3 / Mo ratios, and (d) The nanorods and the α-MoO3 

plate-like numbers versus NH3 / Mo ratios. The each inset graphs are plotted as a function of NH3 / citric acid ratios. 
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