
www.rsc.org/advances

RSC Advances

This is an Accepted Manuscript, which has been through the 
Royal Society of Chemistry peer review process and has been 
accepted for publication.

Accepted Manuscripts are published online shortly after 
acceptance, before technical editing, formatting and proof reading. 
Using this free service, authors can make their results available 
to the community, in citable form, before we publish the edited 
article. This Accepted Manuscript will be replaced by the edited, 
formatted and paginated article as soon as this is available.

You can find more information about Accepted Manuscripts in the 
Information for Authors.

Please note that technical editing may introduce minor changes 
to the text and/or graphics, which may alter content. The journal’s 
standard Terms & Conditions and the Ethical guidelines still 
apply. In no event shall the Royal Society of Chemistry be held 
responsible for any errors or omissions in this Accepted Manuscript 
or any consequences arising from the use of any information it 
contains. 



RSC Advances RSCPublishing 

PAPER 

This journal is © The Royal Society of Chemistry 2014 J. Name., 2014, 00, 1-3 | 1  

Cite this: DOI: 10.1039/x0xx00000x 

Received 00th January 2014, 
Accepted 00th January 2014 

DOI: 10.1039/x0xx00000x 

www.rsc.org/ 

Reaction time effect of straw-like MoO3 prepared with a 
facile, additive-free hydrothermal process 

Y.L. Yang, Y. Shen,* and Z. Li 

(Faculty of Material Science and Chemistry, China University of Geosciences, Wuhan, Wuhan 
430074, China. Zhejiang Research Institute, China University of Geosciences, Wuhan, 

Hangzhou 310000, China.) 

Production of molybdenum oxide materials with novel morphology exhibiting unique functions is 

challenging. Here we investigate the growth process of molybdenum oxide powder with straw-like 

structures via a facile and additive-free hydrothermal process by varying the reaction time. The crystal 

structure, morphology and microstructure of samples were characterized to understand the 

mechanism of formation. Furthermore, optical properties were characterized by ultraviolet-visible 

diffuse reflectance spectroscopy and color difference meter. The results demonstrate that the as-

prepared MoO3 powders possess the same absorption threshold 420 nm and band gap of 3.16 eV. In 

addition, we found that the nanofibers were peeled off from the prisms and the median state of the 

product (columnar structures with cavities surrounded by nanofibers) exhibits the most optimal 

photochromic properties due to the enhanced light harvesting from multiple light reflections and 

scattering in-between the cavities of the MoO3 columnar structures.

1. Introduction 

Transition-metal oxides can have attractive photochromic 

properties1 resulting from band-gap excitation and have 

potential applications in areas of information display, sensors 

and high-density memory devices.2-10 Among various 

transition-metal oxides, molybdenum trioxide (MoO3) as one of 

the well-known n-type semiconductors3 is attractive due to its 

various applications in many fields. Additionally, photochromic 

MoO3 presents possible applications in optical storage systems, 

display devices, and smart windows due to its great apparent 

coloration efficiency under light excitation.11 Therefore, 

photochromic MoO3 is attracting increasing attention. 

To date, MoO3 materials with improved optical properties 

can be achieved by modulating their microstructures and 

morphologies.12-14 Morphologies of MoO3 materials are found 

to be important factors that affect the sensing of the excitation 

light source.15 Multi-hole structures, generally with plentiful 

cavities, could enhance light harvesting from multiple light 

reflections and scattering in-between the cavities. For this 

reason, the utilization efficiency of exciting light can be 

improved.16 Hence, it is worthwhile to synthesize molybdenum 

oxide materials with novel morphologies especially multi-hole 

structures. Generally, MoO3 with neat hexagonal prisms could 

be easily obtained via hydrothermal rout. Recently, Yi Shen17,18 

and Deki19 successfully synthesized MoO3 hexagonal prisms by 

hydrothermal method. However, the photochromic performance 

of MoO3 with neat hexagonal prisms was poor. Besides, 

Phuruangrat20 reported MoO3 nanofibers with 50 nm in 

diameter and 10-12 nm in length were produced by 

hydrothermal reaction. As the crystal sizes of MoO3 decrease 

dramatically and the nanofibers always go with large exposed 

surface area,21,22 the performance of sample is obviously 

improved. According to our previous research,23-25 we found 

that the morphologies of MoO3 in our experiment usually 

present to be prisms and fibers. As research continues, we find 

a phenomenon that all fibers are transformed from the prisms. 

What’s more, there are no reports of this phenomenon so far. 

Interestingly, the median state (columnar structures with 

cavities surrounded by nanofibers) of the transformation 

process reveals better performance than prisms and fibers. It is 

noticed that the formation process of the unique median state is 

extremely complicated. In addition, this special structure can be 

modulated only during a specific period in a precise regulation 

process. 

In this work, hexagonal MoO3 powders were synthesized by 

a facile, additive-free hydrothermal method with different 

reaction times. The influences of hydrothermal reaction times 

on morphologies and photochromic properties of MoO3 

powders were also investigated. Moreover, the possible growth 

process was intensively discussed in this paper. 

2. Experimental 

2.1. Preparation of the molybdenum oxide powders 

All chemicals were of analytical grade purity and used as 

received without purification. The pure water was obtained 

from a Milli-Q synthesis system. In a typical procedure, the 

sodium molybdenum powder was dissolved by distilled water 

to a concentration of 0.08Ｍ, and the Na2MoO4·2H2O solution 

was acidified to a fixed pH of 1.0 by concentrated HCl solution 

(37-38 wt%). After being stirred for 240 min, as-prepared 

precursor was transferred into the 100 ml Teflon-lined stainless 

steel autoclave. Then the autoclave was sealed and maintained 

at 120 °C for 3 h, 6 h, 9 h, 12 h, 24 h, 48 h and 72 h, 

respectively. Finally, the product was collected and washed 
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sequentially with water and ethanol, then finally dried at 60 °C 

in the vacuum. 

2.2. Characterization 

The crystal structure informations of the resulting products 

were analyzed by X-ray diffraction (XRD, D8-FOCUS, Bruker 

AXS) with a Cu-Kα radiation source (λ = 0.1541 nm) and 

settings of 40 mA and 40 kV at a scanning rate of 0.01o per 

0.05 s in the 2θ range from 5o to 75o. The surface morphologies 

were characterized by scanning electron microscopy (SEM, 

JSM-5610LV, Japan, 20KV) and transmission electron 

microscopy (TEM, 100SX Rigaku, Japan). The texture 

properties of MoO3 powders were determined by multi-point 

BET nitrogen adsorption (ASAP2020, Micromeritics). 

Furthermore, photochromic properties of the resulting products 

were tested by ultraviolet-visible diffuse reflectance 

spectroscopy (UV-vis, Shimadzu UV-2550, Japan) with BaSO4 

as the baseline correction, combined with color difference 

meter.26 

3. Results and discussion 

3.1. Phase analysis 

 

 

Fig 1. XRD patterns of the products obtained after different 

hydrothermal reaction times at 120 °C: S1 3 h, S2 6 h, S3 9 h, S4 12 

h, S5 24 h, S6 48 h and S7 72 h. 

Fig. 1 shows the X-ray diffraction patterns of products prepared 

at 120 °C with different reaction times. The XRD patterns clearly 

show that all the diffraction peaks of the products can be indexed to 

the hexagonal structure of MoO3 (PDF Card no. 48-0399) with a 

space group P 63/m (176). No other impurities were detected in the 

final products. The results indicate that hydrothermal reaction time 

has no obvious effects on the crystalline phase of MoO3 products. 

3.2. Microstructure investigations 

The time-dependent morphology of the sample is demonstrated 

in Figs 2 and 3. Fig. 2a shows that when the reaction time is 3 h, the 

product consists of neat hexagonal prisms with widths of 7-10 µm 

and lengths of 25-40 µm. When the reaction time is elongated to 6 h, 

lots of tiny rifts appear on the exterior of the prisms. Meanwhile, the 

edges of the prisms even begin to crack (shown in Fig. 2b). With the 

reaction time beyond 9 h (Fig. 2c), a small quantity of nanofibers are 

formed around the prisms with the edges of the prisms tending to be 

fuzzy. With the dwelling time increases to 12 h, plentiful nanofibers 

almost cover the whole surface of the prisms and the edge of the 

prism has partly disappeared (shown in Fig. 2d). This process 

continues until all the edges disappear. The image in Fig. 3e reveals 

that the shape of prisms is broken and many nanofibers come off 

from the prisms after reacting for 24 h. Closer observation 

demonstrates that the complete hexagonal prisms eventually grow 

into columnar structures with cavities. However, when the reaction 

time increasing to 48 h the surfaces of the fragmentary prisms 

(columnar structure with plentiful cavities) are gathered with 

extensive nanofibers and the clear-cut columnar structures are still 

absent (its corresponding SEM image is shown in Fig. 3f). After 

reacting for 72 h (Fig. 3g), the columnar structures disappear entirely 

and change into a straw-like structure. Obviously, hydrothermal 

reaction time has a great impact on the morphologies of MoO3. 

 
Fig 2. SEM images of MoO3 synthesized with different hydrothermal 

reaction times at 120 °C: (a) 3 h, (b) 6 h, (c) 9 h and (d) 12 h. 

 

 
Fig 3. SEM images of MoO3 synthesized with different reaction 

times: (e) 24 h, (f) 48 h and (g) 72 h. 

The microstructures of the as-prepared MoO3 products with 

different reaction times were further investigated by TEM, and the 

results were shown in Fig 4. Shown in Fig. 4a is a TEM image taken 

from the sample after hydrothermal reaction for 12 h. The assembled 

nanofibers and smaller prisms (no obvious cavities on the surface) 

could be clearly seen, in accordance with SEM results in Fig. 2d. 

When prolonging the reaction time to 24 and 48 h, the solid prism-

like structures are broken. Obvious strip-like cavities could be 

observed in Fig. 4 (b-c). In addition, the microstructures of the final 

structures are thin which could be verified by the light-colored part 

in the vision of TEM images. Fig. 4d displays that plenty of 

nanofibers were synthesized after reacting for 72 h and these 

nanofibers gathered together closely. Apparently, there are no prisms 

with strip-like cavities in Fig. 4d. According to the results of SAED 
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patterns (shown in the insets of Fig. 4), the samples are hexagonal 

and well-crystallized, consistent with the XRD analysis. 

 

 
Fig 4. TEM images and SAED (selected-area electron diffraction) 

patterns of MoO3 powders: (a) sample S4; (b) sample S5; (c) sample 

6; (d) sample S7. 

According to the above experimental results, a plausible growth 

mechanism of the straw-like structure is illustrated in Scheme 1. The 

formation process of MoO3 powder could be described into the 

reaction equations below: 

MoO4
2- + H+ = HMoO4

-                                                                   (1) 

HMoO4
- + H+ = H2MoO4 (aq)                                                          (2) 

H2MoO4 (aq) = MoO3·H2O                                                              (3) 

In the initial reaction period, the pH of the solution increases with 

increasing temperature to 120 °C, causing increased formation of 

H2MoO4 and more MoO3 will be acquired.27 Moreover, the neat 

hexagonal prisms are formed readily and rapidly driven by the 

inherent symmetry in hexagonal system28 and the crystallization of 

MoO3 tends to be saturated. Subsequently, the MoO3 crystal will 

begin to dissolve into the intermediate species (H2MoO4) on account 

of the hydrothermal acidic system with high pressure. In the 

hydrothermal system with 120 °C, the dissolution process is 

certainly gentle and tardy. As the molybdic acid is hard to dissolve 

in water,29 the newly generated H2MoO4 may immediately change 

into MoO3 under holding temperature at 120 °C. In fact, the crystal 

growth of MoO3 is a delicate balance between the circulating 

dissolution and recrystallization process of MoO3. There are only a 

few MoO3 dissolving each time owing to the limited reaction 

conditions, then the tiny recrystallized MoO3 has no enough 

concentration to aggregate and grow into a large grain. Massive tiny 

recrystallized MoO3 might be generated immediately along with the 

large MoO3 grain gradually dissolving in the solution. Finally, the 

distribution of recrystallized MoO3 becomes unordered. It is worth 

mentioning that the recrystallized MoO3 also possess hexagonal 

structure according to the SAED result in insets of Fig 4(b-d). 

 
Scheme 1. Schematic illustration of the formation process of straw-

like MoO3. 

When the reaction duration proceeded to a certain value, the as-

formed hexagonal prisms experienced a gradual morphological 

evolution of nanofiber growth. Note that the initiation of nanofibers 

starts from the edge of the prisms (the energy of the edge is 

higher),30 followed by the spot cracking of the prismatic planes (Fig. 

2b and c). As the reaction proceeding, the nanofibers continue 

coming off from the prisms and gather together around the 

hexagonal prism. The formation of more and more nanofibers leads 

to the corresponding cavities left over on the hexagonal prism. After 

reacting long enough, all the hexagonal prisms disappear and change 

into straw-like structures. This formation mechanism is supported by 

the microstructural evolution process of the material as a function of 

the reaction duration (Fig. 2 a-d, Fig. 3 e-g). 

3.3. The texture properties of all MoO3 products 

The BET surface area, pore volume and average pore size were 

summarized in Table 1. The results of their BET surface area, pore 

volume and pore size are tabulated in Table 1. It can be concluded 

that as the hexagonal prisms change into straw-like structures, the 

surface area and pore volume of the MoO3 powder both reveal an 

increasing tendency. However, the maximum value reached at the 

median state (S6). 

 

Table. 1 Textural properties of MoO3 powder prepared on different 

conditions. 

Sample S1 S2 S3 S4 S5 S6 S7 

BET surface 

area 

(m2·g-1) 

0.0015 0.0027 0.0424 0.1704 7.523 7.968 3.569 

Pore volume 

(cm3·g-1) 
0.000815 0.000937 0.001096 0.005097 0.0176 0.0192 0.00615 

Pore size 

(nm) 
- - - - 10.194 10.286 2.452 

 

3.4. Photochromic phenomenon  

 

 
Fig 5. (a) UV-vis diffuses reflectance spectra of MoO3 with different 

reaction times; (b) Plot of (αhυ)
2
 versus photon energy of MoO3 

powders synthesized with different reaction times. 

As all samples are non-transparent, the as-prepared powders are 

apparently opaque to the light. Then the light cannot be transmitted 

through the powders whether they can adsorb light. Therefore, the 

adsorption spectra rather than transmission spectra of samples are 

used to characterize the optical properties. The UV-vis diffuses 

reflectance spectrum of MoO3 powders with different reaction times 

in the wavelength range from 280 to 850 nm is shown in Fig. 5(a). 

As S6 exhibits wider adsorption wavelength range in Fig. 5(a), it is 

guessed that S6 may reveal better photochromic sensibility under the 

same light source. The observed absorption threshold around 420 nm 

is due to the intrinsic absorption at the semiconductor band gap.31 A 

minor change in the absorption thresholds of all samples was 

observed as the reaction time increased. Thus, we can assume that 

the reaction time has no significant impact on the band gap. The 

direct band gap (Eg) was calculated from the relation between the 

absorption coefficient and photon energy given by 

αhυ = (hυ - Eg)
n                                                                                 (4)  

Page 3 of 6 RSC Advances

R
S

C
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t



PAPER RSC Advances 

4 | J. Name., 2014, 00, 1-3 This journal is © The Royal Society of Chemistry 2014 

where α, h, υ and Eg are the absorbance, Planck constant, photon 

frequency, and photonic band gap, respectively. The parameter n is a 

constant associated with the different types of electronic transition: n 

= 1/2, 2, 3/2 or 3 for direct allowed, indirect allowed, direct 

forbidden and indirect forbidden transitions, respectively.32-34 Fig. 

5(b) shows the plot of (αhυ)2 vs hυ. By extrapolating the linear 

portion of the curve to zero absorbance, the direct Eg of MoO3 

powders were determined to be 3.16 eV in good agreement with the 

reported values.35 

 

Fig 6. Plot of color difference with different reaction times of all 

products. 

Irradiated by 3W ultraviolet lamp, the MoO3 powders 

synthesized with various reaction times were tested by color 

difference meter. The plot of color difference values is demonstrated 

in Fig 6. It is obviously observed that the color difference of samples 

increase with the reaction time. Among them, samples S1, S2 and S3 

increase slightly while samples S4 and S5 show a higher growth 

range. Obviously, sample S6 prepared with a reaction time of 48 h 

possesses the maximum color difference value, indicating its better 

photochromic property.  

 
Fig 7. Schematic illustrations of four different morphologies of 

MoO3 powders exposed in the UV light: (a) neat hexagonal prisms; 

(b) hexagonal prisms with nanofibers (c) columnar structures with 

cavities surrounded by nanofibers; (d) straw-like structures. 

Fig. 7 is the schematic illustration of four different MoO3 

powders exposed in the UV light. It is shown that MoO3 powders 

prepared with different reaction times respectively consist of neat 

hexagonal prisms (3 h, Fig. 7a), hexagonal prisms with nanofibers 

(reacting for 6 h and 9 h, Fig. 7b), columnar structures with cavities 

surrounded by nanofibers (holding for 12 h, 24 h and 48 h, Fig. 7c), 

and closely packed straw-like structures (72 h, Fig. 7d). Apparently, 

the columnar structures with cavities surrounded by nanofibers (Fig. 

7c) possess more loose structures in comparison to other structures. 

These multi-hole structures could provide a larger exposed surface 

area (Table. 1), which is of great benefit to absorption of excitation 

light, thus resulting in increase of protons and photo-generated 

electron-hole pairs.36 In addition, the utilization efficiency of 

exciting light can be improved due to the enhanced light harvesting 

from multiple light reflections and scattering in-between the cavities 

of the MoO3 columnar structures.16 According to the model of 

double insertion-extraction of ions and electrons,37 the high number 

of protons and photo-generated electron-hole pairs has a beneficial 

effect on the photochromic properties of the powders.22,35 Therefore, 

the sample obtained by reacting for 48 h got the optimized 

photochromic property, attributed to the columnar structures with 

cavities surrounded by nanofibers. On the contrary, neat hexagonal 

prismatic structures, hexagonal prisms with nanofibers and fallen 

straw-like structures possessing less exposed surface area result in a 

smaller quantity of protons and photo-generated electron-hole pairs. 

Then, the corresponding photochromic properties of S6 are superior 

to other samples. 

4. Conclusions 

In summary, we have demonstrated the fabrication of MoO3 

powder with straw-like structures, based on a facile, additive-

free hydrothermal process. Time-dependent investigations 

reveal a multi-step growth mechanism. The variety of reaction 

time has a great impact on the final product morphology. 

According to the experimental results, the final product with 

straw-like structures growing from neat hexagonal prisms 

attribute to nanofibers constantly come off from the prisms with 

the increase of the hydrothermal reaction time. In this process, 

the sample obtained with the hydrothermal reaction time of 48 

h exhibits the optimized photochromic performance due to the 

columnar structures with cavities surrounded by nanofibers 

possessing larger exposed surface area. 
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This paper presents the synthesis of straw-like MoO3 prepared with a facile, additive-free 

hydrothermal process. The effects of reaction times on morphologies and properties of MoO3 have 

been investigated. In addition, a plausible growth mechanism of the straw-like structure is 

illustrated according to the experimental results. It is worth mentioning that the median state of the 

product (columnar structures with cavities surrounded by nanofibers) exhibits the most optimal 

photochromic properties. The result may own to strip-like cavities of the columnar MoO3 

hierarchical nanostructures with enhanced light harvesting from multiple light reflections and 

scattering in-between the cavities. 
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