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Abstract: Three-dimensional (3D) CdMoO4 hierarchical structures constructed by 

single-crystalline nanoplates were prepared by a facile hydrothermal route. The 

obtained samples were systemat ically characterized by X-ray powder diffract ion (XRD), 

scanning electron microscopy (SEM), transmission electron microscopy (TEM) and 

UV-Vis spectrophotometer. The morphology modulat ion of the as-prepared products 

could be easily tuned by changing the concentration of reactants, react ion temperature, 

molybdenum source, pH value and react ion t ime. The format ion process of CdMoO4 

hierarchical structures was related to the two-step growth, in which CdMoO4 main 

nanoplates were formed f irst in the synthesis, followed by self-construct ion of small 

nanoplates on both side of the main nanoplates in a regular fashion. The photocatalyt ic 

act ivit ies of CdMoO4 hierarchical structures and nanoplates for degradat ion of 

Rhodamine B (RhB) under ultraviolet (UV) light irradiat ion were also evaluated.  

CdMoO4 hierarchical structures constructed by nanoplates have a higher photocatalyt ic 

act ivity toward photo-degradat ion of RhB than that of CdMoO4 nanoplates, mainly due 

to their unique morphology and high crystallinity.  

 

1. Introduction 

Hierarchical inorganic micro-/nanostructures assembled from one-dimensional (1D) 

and two-dimensional (2D) nano-building blocks have received increasing attent ions in 

recent years because they improve the physical and chemical propert ies of the 

nanoscale materials with simple conf igurat ions.1-4 The surfactant-assisted hydrothermal 
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method is widely used to achieve various inorganic hierarchical structures, in which 

surfactants act as direct ing agents for hierarchical structures.5-7 However, the 

introducing of organic addit ives greatly increase the complexity of a synthet ic 

procedure and inevitably introduce heterogeneous impurit ies in the products. In 

addit ion, although great progress has been made on the synthesis of 3D hierarchical 

structures, the materials are mainly limited to metals,8,9 binary metal oxides10,11 and 

sulf ides.12,13 Therefore, it is st ill of fundamental signif icance to develop a convenient 

and effect ive approach for the synthesis of ternary metal oxides with 3D hierarchical 

structures.  

Among various metal molybdates, CdMoO4 is an important metal molybdate, which 

has stimulated great interest due to its electronic excitat ion at VUV synchrotron 

radiat ion14 and pressure-induced phase transformat ions.15 In addit ion, as a wide band 

gap semiconductor of 3.25 eV, CdMoO4 is expected to be a photocatalyst under 

ultraviolet (UV) radiat ion.16 A few efforts have been devoted recently to the synthesis of 

CdMoO4 micro-/nanostructures via various approaches. For example, we have developed 

a general room temperature aqueous solut ion route for the preparat ion of CdMoO4 

hollow,17 core-shell microspheres,18 and mesoporous hollow nanospheres.19  CdMoO4 

micro-/nanostructures with different shapes, such as spheres,20 octahedrons,21 

nanorods,22 cake,23 and nanoplates,24 were prepared by hydrothermal and 

microemulsion-mediated methods. However, compared with other metal molybdates, 

the synthesis and propert ies study of CdMoO4 have been lagging far behind. There have 

been rare examples focusing on the synthesis of 3D CdMoO4 hierarchical structures 

constructed from nanoplates, although it is expected that the specif ic structures would 

exhibit better photocatalyt ic act ivity because they are more structurally stable and can 

provide more react ion centers than 2D nanoplates.25 Herein, we report a facile 

hydrothermal method for the construct ion of 3D CdMoO4 hierarchical structures from 

nanoplate building blocks. The effects of experimental condit ions including 

concentrat ion of reactants, react ion temperature, Mo source, pH value and react ion 

t ime on the morphology and size of CdMoO4 microstructures have been invest igated 

systemat ically. An interest ing structural evolut ion from 2D CdMoO4 nanoplates to 3D 

hierarchical structures composed of nanoplates was observed based on increasing 

concentrat ions of react ion precursors. The two-step growth is proposed for the 3D 
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CdMoO4 hierarchical structures, in which CdMoO4 main nanoplates were formed f irst in 

the synthesis, followed by self-construct ion of small nanoplates on both side of the 

main nanoplates in a regular fashion. In addit ion, the photocatalyt ic act ivity of the 

obtained samples were studied. The as-obtained 3D CdMoO4 hierarchical structures 

have a higher photocatalyt ic act ivity toward photo-degradat ion of RhB than that of 

CdMoO4 nanoplates. 

2. Experimental section 

All reagents were analyt ical grade and used as received without further purif icat ion. 

In a typical synthesis process, 25 mL of CdCl2 aqueous solut ion (0.2 M) was added into 25 

mL of mixed aqueous solut ions of (NH4)6Mo7O24 (0.044 M) and NaCl (0.8 M) in a glass 

beaker at room temperature under magnet ic st irring. The init ial pH value is ~ 5. After 

st irring for 10 min, the f inal mixture was directly transferred into a 50 ml Teflon-lined 

stainless autoclave, f illed up to 80% of its capacity. The autoclave was maintained at 

200 °C for 2h in an electrical oven and then air-cooled to room temperature. The 

precipitate was collected, f iltered off and washed with dist illed water and absolute 

ethanol several t imes. After drying in air at 60 °C for 6h, the f inal powders were 

obtained. During the synthesis, the molar rat io among (NH4)6Mo7O24, NaCl and CdCl2 

were f ixed as typical synthesis when the concentrat ions of reagents were changed.   

X-ray diffract ion pattern (XRD) was obtained on a Rigaku D/max-rA X-ray 

diffractometer with Cu Kα radiat ion (λ = 1.5406 Å). The morphology of the samples was 

observed by scanning electron microscopy (SEM), performed on FEI-Quanta 200F 

scanning electron microscopy. The transmission electron microscopy (TEM) and selected 

area electron diffract ion (SAED) pattern were taken out on a Phillips Tecnai 20 

microscopy with an accelerat ing voltage of 200 kV. The opt ical diffuse reflectance 

spectrum was measured on a UV-Vis scanning spectrophotometer (SHIMADZU UV 2550). 

Nitrogen adsorption isotherms were obtained at 77 K using a nitrogen sorption 

instrument (Quantachrome NOVA 4200e). 

The photocatalyt ic act ivit ies of the samples were evaluated by the RhB 

decomposit ion under UV illuminat ion. UV light was obtained by a 10W UV lamp at room 

temperature (λ = 254 nm, GPH212T5L/4, Germany). It was surrounded by a quartz jacket 

to cut-off any radiat ion with wavelength below 254 nm. The suspension temperature 

was 20 ± 2oC for all the runs. For the photocatalyt ic test, aqueous solut ions (usually 400 
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mL) of RhB (1.0 × 10-5 M) and CdMoO4 powder (0.5 g·L-1) were placed in a vessel. Prior to 

illuminat ion, the suspensions were magnet ically st irred in dark for about 10 min to 

ensure the adsorpt ion/desorpt ion equilibrium. The suspensions were kept under 

constant air-equilibrated condit ions with magnet ic st irring before and at given t ime 

intervals. At given t ime intervals, 5 mL aliquots were samples, and centrifuged to 

remove CdMoO4 part icles. The f iltrates were analyzed on a UV-Vis spectrometer 

(Schimadzu UV2550) by monitoring the characterist ic absorpt ion of RhB at λ = 553 nm 

to evaluate the photocatalyt ic degradat ion process.  

 

3. Results and discussion  

The 3D CdMoO4 hierarchical structures are successfully obtained through the 

hydrothermal react ion at 200 oC between CdCl2 and NH4)6Mo7O24. The SEM images of 

the products obtained with different precursors’ concentrat ions are shown in Fig. 1. 

With low concentrat ion of CdCl2 aqueous solut ion at 0.02 M, the products are 

hierarchical structures, constructed by one main nanoplate with length of ~ 3 μm and 

thickness of ~ 200 nm, and some small nanoplates on both surface of the main 

nanoplate (Fig. 1a-c). Higher magnif icat ion SEM images reveal that the small 

nanoplates with several hundreds nanometers are embedded on the surface of the main 

nanoplates along the fringe, tending to form hierarchical structures. Increasing the 

concentrat ion of CdCl2 aqueous solut ion to 0.04 M, CdMoO4 hierarchical structures with 

uniform morphology are prepared (Fig. 1d). The size of hierarchical structures increases 

to ~4 μm while the thickness of main nanoplates is st ill ~ 200 nm. More nanoplates are 

constructed on the main nanoplates with a layer-by-layer behavior, as shown in Fig. 1e. 

Side view of an individual hierarchical structure further demonstrates that the small 

nanoplates grow on both sides of the main nanoplate (Fig. 1f). A typical EDS spectrum of 

the CdMoO4 hierarchical structures shows strong peaks from Cd, Mo and O, giving a 

stoichiometric composit ion of CdMoO4 (Fig. S1). Further increasing the concentrat ion of 

CdCl2 aqueous solut ion to 0.2 M produces a uniform populat ion of hierarchical 

structures with an interest ing doughnut shape—flattened spheres each containing a 

concavity on its surface, as shown in Fig. 1g. The size of hierarchical structures further 

increase to ~ 6 μm.  SEM images shown in Fig. 1h and 1i reveals that each doughnut is 

composed of many layers of nanoscale plate-like structures. These nanoplates are 
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arranged at progressively increasing angles to the radial axis and are highly directed to 

form arrays in a regular fashion. The morphologies evolut ion dependent on precursors’ 

concentrat ion indicates that CdMoO4 main nanoplates are formed f irst in the synthesis, 

followed by self-construct ion of small nanoplates on both side of the main nanoplates in 

a regular fashion.  

 

Fig. 1. SEM images of CdMoO4 samples obtained at 200 oC with different 

concentrat ions of CdCl2 aqueous solut ion. (a-c) 0.02 M, (d-f) 0.04 M and (g-i) 0.2 M.  

Fig. 2 shows the XRD pattern of the 3D CdMoO4 hierarchical structures prepared with 

different precursors’ concentrat ion. All of the observed diffract ion peaks can be 

perfectly indexed to those of tetragonal phase of CdMoO4 (JCPDS 07-0209). The strong 

and sharp diffract ion peaks indicate good crystallinity in the as-synthesized products. 

No peaks of other impurity phases are detected in this pattern, suggest ing that CdMoO4 

products with high phase-purity can be easily obtained by this synthesis.  
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Fig. 2. XRD patterns CdMoO4 samples obtained at 200 oC with different concentrat ions 

of CdCl2 aqueous solut ion. (a-c) 0.02 M, (d-f) 0.04 M and (g-i) 0.2 M.  

Fig. 3a shows a typical TEM image of CdMoO4 hierarchical structure obtained with 

concentrat ion of CdCl2 aqueous solut ion at 0.02 M, which is consistent with SEM images 

shown in Fig. 1b and 1c. The SAED pattern recorded on the plate is indexed as [010] zone 

axes, revealing its single crystalline in nature (Fig. 3b). The TEM image of CdMoO4 

hierarchical structure obtained with concentrat ion of CdCl2 aqueous solut ion at 0.2 M is 

shown in Fig. 3c, in which the contrast at the center of the part icles is lower than that of 

the edges, conf irming the doughnut structures. SAED pattern recorded on the edge of 

the doughnuts also indicates its single crystalline with [010] zone axes (Fig. 3d).  

 

Figure 3. TEM images (a, c) and SAED patterns (b, d) of the CdMoO4 hierarchical 

structures.  
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The concentrat ion-dependent change of morphology of CdMoO4 samples from 

nanoplates to hierarchical structures is further demonstrated at low react ion 

temperature. Fig. 4 shows the SEM images of CdMoO4 samples prepared at 100 oC with 

different precursors’ concentrat ions. All samples have a very uniform shape. At this low 

react ion temperature, CdMoO4 main nanoplates are st ill formed f irst and followed by 

self-construct ion of small nanoplates on both side of the main nanoplates to form 

CdMoO4 hierarchical structures upon increasing the precursors’ concentrat ions. 

However, the size of the CdMoO4 hierarchical structures is small and the thickness of 

main nanoplates is thin compared with the samples prepared at 200 oC while keeping 

other react ion condit ions the same. The similar morphology evolut ion is also observed 

at react ion temperature of 150 oC, as shown in Fig. 5. The concentrat ion-dependent 

change of morphology of CdMoO4 samples at react ion temperature of 100, 150 and 200 

oC demonstrate the synthesis react ion is very sensit ive to precursor’s concentrat ion and 

react ion temperature. Both high concentrat ion of precursors and react ion temperature 

promote the self-construct ion of nanoplates on the init ial formed main nanoplates, 

result ing in the format ion of CdMoO4 hierarchical structures with large sizes.    

 

Fig. 4. SEM images of CdMoO4 samples obtained at 100 oC with different 

concentrat ions of CdCl2 aqueous solut ion. (a-c) 0.02 M, (d-f) 0.04 M and (g-i) 0.2 M. 
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Fig. 5. SEM images of CdMoO4 samples obtained at 150 oC with different concentrat ions 

of CdCl2 aqueous solut ion. (a-c) 0.02 M, (d-f) 0.04 M and (g-i) 0.2 M.  

The following two steps are believed to be responsible for the format ion of CdMoO4: 

(NH4)6Mo7O24
6- + 8OH- = 7MoO4

2- + 4H2O (React ion 1), and Cd2+ + MoO4
2- = CdMoO4 

(React ion 2). We found that the gradual release of MoO4
2- from (NH4)6Mo7O24 is crit ical 

to the format ion of CdMoO4 hierarchical structures. Replacing (NH4)6Mo7O24 with 

Na2MoO4 (0.2M aqueous solut ion) as the Mo source while keeping the other react ion 

condit ions the same results in the format ion of microspheres with diameters of ~ 4 μm 

together with micropart icles with sizes of ~ 1 μm (Fig. S2). The microspheres are 

constructed by nanopart icles, which is consistent with previous CdMoO4 

microspheres.16,20 Comparing the two types of Mo sources, using (NH4)6Mo7O24 as the 

precursor might have the advantage of relat ively slow release of MoO4
2- ions so that the 

react ion kinet ics favors the generat ion of CdMoO4 hierarchical structures constructed 

by nanoplates. 

According to React ion 1, the transformat ion of Mo7O24
6- to MoO4

2- ions is strongly pH 

dependent. Changing the original pH value (~5) have serious effects on the morphology 

of CdMoO4 products. Decreasing pH value to 4 produces no precipitates since CdMoO4 is 

easy to dissolve in acid condit ion. Increasing pH value to 6, for example, the obtained 
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sample is composed of plate-like structures with octahedral shape (Fig. S3a,b). Further 

increasing the pH value results in microspheres (Fig. S3c-f). Similar with our previous 

case of CaMoO4 microstructures,4 the init ial increase of pH apparently promotes the 

format ion of more MoO4
2- and enhances the overall growth rates so that microspheres 

are f inally produced, which is consistent with the results by using Na2MoO4 as Mo 

source (Fig. S2). 

To further invest igate the format ion process of the CdMoO4 hierarchical structures, 

the intermediate products obtained with concentrat ion of CdCl2 aqueous solut ion at 

0.04 M with different precipitat ion durat ions were studied in detail by SEM observat ion. 

At a short react ion t ime of 5 min, CdMoO4 nanoplates with spherical shape and 

diameter of ~ 2.5 μm are prepared (Fig. 6a and b). Elongat ing the reaction t ime to 30 

min, CdMoO4 grow from nanoplates to hierarchical structures and the size increases to 

~4 μm. Small nanoplates are self-constructed on the main nanoplates on both side at 

this stage (Fig. 6c and d). Further increasing react ion t ime to 2 hours produces 3D 

CdMoO4 hierarchical structures (Fig. 1). Considering both concentrat ion and react ion 

t ime dependent change of morphology from single main nanoplates to thick doughnuts, 

we believe the growth of CdMoO4 hierarchical structures is similar with our previous 

CaMoO4 microstructures with doughnut shape,4 which is described by using a model 

proposed by Sujimoto et al. for the format ion of highly uniform peanut-type hemat ite 

part icles.26,28 In our case, CdMoO4 main nanoplates are formed f irst with the assistance 

of NaCl in the react ion system, which are two dimensional anisotropic structures.24 Then, 

the flat surfaces of main nanoplates serve as nucleat ion sites for addit ional small 

nanoplate growth. Due to the variat ion in the concentrat ion of precursors, the outer 

edge of the new nanoplates grows more extensively and becomes relat ively thicker than 

that close to the nucleat ion sites. This is similar to the format ion of truncated core 

shaped subcrystals at the outer surface of hemat ite peanuts.27,28 Because the surface 

nucleat ion rate on the external surfaces is higher than that on the internal surfaces,28 the 

part icles also show considerable growth in the direct ion perpendicular to the main 

nanoplates, especially at a high concentrat ion of precursors. Based on the 

concentrat ion-dependent experiments, we can conclude that the axial growth is preferred at 

higher concentration of precursors to produce thick hierarchical structures. At high reactant 

concentrations, the monomer concentrat ion in the solut ion is higher, which increases the 
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chemical potential of the system and promotes the growth of the nanoplate building blocks, 

which tend to stack face-to-face to decrease surface energy by reducing exposed areas, forming 

thick hierarchical structures.      

 

Fig. 6. SEM images of CdMoO4 samples obtained at different react ion t ime. (a, b) 5 min 

and (c, d) 30 min, while keeping the concentrat ion of CdCl2 aqueous solut ion at 0.04 M.  

Fig. 7a shows the diffuse reflect ion spectra of CdMoO4 samples obtained at 200 oC 

with different concentrat ions of CdCl2 aqueous solut ion. The absorpt ion spectrum of 

CdMoO4 shows is a strong absorpt ion peak in the wavelength of 230-360 nm, and an 

absorpt ion edge in 360-450 nm regions. The absorpt ion of CdMoO4 under UV regions 

was assigned to the band transit ion from the occupied O 2p orbital to the empty Mo 4d 

orbital. For a crystalline semiconductor, the opt ical absorpt ion near the band edge 

follows the equat ion: αEphoto = K(Ephoto – Eg)n/2, where α is the absorpt ion coefficient, 

Ephoto the discrete photo energy, K a constant, and Eg the band gap energy. Among them, 

n depends on the characterist ics of the transit ion in a semiconductor, direct transit ion 

(n = 1) or indirect transit ion (n = 4). For CdMoO4, the value of n is 1. A classical Tauc 

approach is further employed to est imate the Eg value of CdMoO4 hierarchical structures. 

The intercept of the tangent to the plot gives a good approximat ion of the band gap 

energy for indirect band gap materials. Fig. 7b displays the plots of (αEphoto)2 vs Ephoto 

based on the direct transit ion. The value est imated from the intercept of the tangents to 

the plots was 3.26 eV, which is similar with CdMoO4 nanostructures reported by Zhou et 

al.16 All there samples show the same Eg value since they have a similar structures.  
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Fig. 7. (a) UV-vis diffuse reflect ion spectrum and (b) (αEphoton)2 vs Ephoton curves of 

CdMoO4 samples obtained with different concentrat ions of CdCl2 aqueous solut ion. 

Fig. 8a shows the evolut ion of RhB absorbance spectra in the presence of the CdMoO4 

hierarchical structures (SEM images are shown in Fig. 1g-i) exposed to UV light for 

various t ime periods. The absorpt ion peaks of RhB solut ion at 553 nm lower down 

sharply with increasing UV illuminat ion t ime, indicat ing that the photocatalyt ic act ivity 

on degradat ion of RhB by CdMoO4 hierarchical structures is high. The corresponding 

plot for the photo-degradat ion eff iciencies of RhB mediated by different photocatalysts 

under UV light illuminat ion with otherwise ident ical condit ions are shown in Fig. 8b. 

The blank test demonstrated that the degradat ion of RhB was extremely slow in the 

absent of CdMoO4 (curve i in Fig. 8b), proving the photo-degradat ion of RhB by CdMoO4 

under UV illuminat ion. For comparison, photo-degradat ion of RhB by CdMoO4 

nanoplates were also tested.24 The photo-degradat ion eff iciency of RhB by CdMoO4 

nanoplates only reaches 61% after UV illuminat ion t ime of 60 min (curve ii in Fig. 8b), 

while 96% of RhB is photo-degraded by CdMoO4 hierarchical structures within 50 min 

under UV light illuminat ion (curve iii in Fig. 8b). In addit ion, the photocatalyt ic act ivity 

of CdMoO4 hierarchical structures can be further enhanced by calcinat ing the samples at 

500 oC in air for 3 h. The photo-degradat ion eff iciency of RhB by calcined CdMoO4 

hierarchical structures reaches 98% after UV illuminat ion t ime of 30 min (curve vi in Fig. 

8b).  
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Fig. 8. (a) Absorpt ion spectra of a solut ion of Rhodamine B in the presence of CdMoO4 

hierarchical structures. (b) Photocatalyt ic performance of various samples. (i) without 

CdMoO4, (ii) CdMoO4 nanoplates, (iii) CdMoO4 hierarchical structures ,and (vi) calcined 

CdMoO4 hierarchical structures.  

The above results show that CdMoO4 hierarchical structures constructed by nanoplates 

have a higher photocatalyt ic act ivity toward photo-degradat ion of RhB than that of 

CdMoO4 nanoplates. It is well known that the photocatalytic activity is dominated by the 

balance among the photoadsorption, crystallinity, surface area and morphology of the 

photocatalyst.29,30 In the present study, the dark experiment with different CdMoO4 

photocatalyst demonstrated that no signif icant decrease in the RhB concentrat ion was 

observed even after 30 minutes, indicat ing almost no RhB photoadsorpt ion and 

degradat ion occurred in the dark (Figure S4). The Brunauer-Emmett-Teller (BET) 

surface areas of CdMoO4 hierarchical structures, nanoplates and calcined CdMoO4 

hierarchical structures calculated from N2 isotherms are 9.45, 42.78 and 11.74 m2/g, 

respect ively. High surface area could increase the number of act ive sites and help to 

promote the separat ion eff iciency of the electron-pairs in photocatalyt ic react ions, 
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leading to a higher photocatalyt ic act ivity. Although the surface areas of CdMoO4 

hierarchical structures are lower than that of CdMoO4 nanoplates, CdMoO4 hierarchical 

structures exhibit a higher crystallinity than CdMoO4 nanoplates (as revealed by XRD 

patterns in Figure S5), which implies fewer defects act ing as photogenerated 

electron-hole recombinat ion centers in CdMoO4 hierarchical structures. In addit ion, the 

unique hierarchical structures of CdMoO4, which consist of numerous nanoplates with 

preferent ial orientat ion, is more favorable for spat ial transfer of the photoexcited 

carriers.31-36 Furthermore, the hierarchical structures can allow mult iple reflect ions of 

UV light, which enhances light-harvest ing and thus increasing the quant ity of 

photogenerated electrons and holes available to part icipate in the photocatalyt ic 

react ion.29 Consistent with our previous study demonstrated that calcinat ion of CdMoO4 

samples can further improve the crystallinity (Figure S5), which is the most important 

factor that affects photocatalyt ic act ivity since the latt ice defects may act as 

recombinat ion centers for the photoinduced electrons and holes, reducing signif icantly 

the net photocatalyt ic act ivity.37 

 

4. Conclusions 

In conclusion, a facile sodium chloride assisted hydrothermal route was developed to 

synthesize CdMoO4 hierarchical structures constructed by numerous single-crystalline 

nanoplates. The size and morphology of can be tuned CdMoO4 hierarchical structures by 

controlling the react ion condit ions. The two-step growth was proposed for the 

format ion mechanism of CdMoO4 hierarchical structures, in which CdMoO4 main 

nanoplates were formed f irst in the synthesis, followed by self-construct ion of small 

nanoplates on both side of the main nanoplates in a regular fashion. The photocatalyt ic 

act ivit ies of CdMoO4 hierarchical structures were evaluated by the degradat ion of RhB 

under UV light illuminat ion. Due to the unique morphology and high crystallinity, 

CdMoO4 hierarchical structures exhibited better act ivity performance than nanoplates.  
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