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a  b  s  t  r a  c t

In  this  communication,  we investigate the  effect  of different  surfactants: cetyltrimethylammonium  bro-

mide  (CTAB),  sodium  dodecyl  sulfate (SDS)  and  polyvinylpyrrolidone (PVP-K40)  on the  growth process

of zinc molybdate  (�-ZnMoO4)  microcrystals  synthesized  under  hydrothermal  conditions  at  140 ◦C  for

8 h. These microcrystals were  characterized by  X-ray  diffraction  (XRD),  field emission  scanning  electron

microscopy (FE-SEM),  and photoluminescence  (PL) measurements.  XRD  patterns  proved that  these  crys-

tals  are  monophasic  and  present  a wolframite-type  monoclinic structure.  FE-SEM images  revealed  that

the surfactants  modified the  crystal  shapes, suggesting  the  occurrence  of distinct crystal  growth pro-

cesses. The CTAB  cationic  surfactant  promotes  the  hindrance of small  nuclei  that  leads  to the  formation

of rectangle-like  crystals, SDS  anionic  surfactant  induces  a growth of irregular  hexagons  with  several

porous  due  to  considerable size  effect  of counter-ions on  the  crystal  facets,  PVP-K40  non-ionic  surfactant

allows a reduction  in size  and  thickness  of  plate-like  crystals,  while without surfactants  have  the  forma-

tion of irregular  plate-like crystals.  Finally,  the  PL  properties  of �-ZnMoO4 microcrystals were  explained

by means of different shape/size,  surface defects  and  order-disorder  into lattice.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Zinc molybdate (ZnMoO4)  is  an inorganic material found in

nature with two different types of crystalline phase: �-triclinic

and �-monoclinic. In  the �-ZnMoO4 triclinic structure, all zinc (Zn)

atoms are bonded to six oxygens (O) atoms, forming the distorted

octahedral [ZnO6]  clusters. The molybdenum (Mo) atoms are coor-

dinated to four O atoms, resulting in the tetrahedral [MoO4] clusters

[1,2]. On the other hand, the �-ZnMoO4 monoclinic structure has

both Zn and Mo atoms bonded to  six O  atoms, which promote the

origin of distorted octahedral [ZnO6]/[MoO6] clusters, respectively

[3].

In the last years, �- and �-ZnMoO4 crystals have been widely

studied because of its relevance for technological applications

in photoluminescence (PL) field [4–6],  red/green phosphors for

light-emitting diode [7–9],  photocatalytic degradation of auramine

O [10], cryogenic/bolometric scintillating detectors [11,12],  anti-

corrosive paints [13], cathode electrodes in rechargeable lithium

batteries [14],  and humidity sensors [15]. Traditionally, the �-

and �-ZnMoO4 crystals have been prepared by  oxide mixture

or solid state reaction [16–18],  precipitation/calcination [19,20],

and  citrate complex precursor methods [21]. However, these
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preparation routes require high temperatures, long processing

times and use of organic precursors/solvents. Recently, the conven-

tional hydrothermal (HT) and microwave-assisted hydrothermal

methods have been well-employed in the preparation, growth and

morphological control of different oxide materials, such as: molyb-

dates, tungstates, titanates and zirconates [22–29].  In particular,

the main advantage of the HT is  the ability to obtain pure oxides

at low temperature conditions (140–180 ◦C). Moreover, capping

agents, templates and/or surfactants can be added in  the chemical

solution to  be submitted to the hydrothermal treatment in  order to

control the crystal shapes and sizes (nano-, meso- or micro-scale)

[30–33].

Therefore, in this communication, we report on the effect

of different surfactants, such as: cetyltrimethylammonium bro-

mide (CTAB), sodium dodecyl sulfate (SDS), polyvinylpyrrolidone

(PVP-K40), and without surfactant on the growth process and PL

properties at room temperature of �-ZnMoO4 microcrystals syn-

thesized by the HT method at 140 ◦C  for 8 h.

2. Experimental details

2.1. Hydrothermal synthesis of ˇ-ZnMoO4 microcrystals

�-ZnMoO4 microcrystals were prepared by the HT

method without and with the presence of surfactants, such

as: CTAB-[(C16H33)N(CH3)3Br] (99% purity, Sigma–Aldrich),
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SDS-C12H25SO4Na (99% purity, Sigma–Aldrich), and PVP-K40-

(C6H9NO)n (n =  40) (99% purity, Sigma–Aldrich). The typical

experimental procedure for the preparation of these microcrystals

is described as follows: 2.5 ×  10−3 moles of molybdate (VI) sodium

dihydrate [Na2MoO4·2H2O] (99.5% purity, Sigma–Aldrich) and

2.5 × 10−3 moles of zinc (II) nitrate hexahydrate [Zn(NO3)2·6H2O]

(99% purity, Sigma–Aldrich) were separately dissolved with

deionized water contained in  two plastic tubes (50 mL in  each)

(Falcon – capacity of 50 mL). These solutions were simultaneously

mixed inside a stainless autoclave and then kept under constant

stirring. The synthesis using the CTAB, SDS or  PVP-K40 is very

similar to those performed only in H2O. The main difference is that

after individual dissolution of Na2MoO4·2H2O and Zn(NO3)2·6H2O

precursors in each plastic tube, it was added 0.5  g of the chosen

surfactant in each of them. The HT synthesis was performed in

stainless autoclave at 140 ◦C for 8 h under constant pressure of

4.5 bar. These experimental conditions were favorable to pro-

motes the stoichiometric chemical reactions between the Zn2+

and MoO2−

4
ions, which are responsible for the formation of the

crystalline �-ZnMoO4 microcrystals, as shown in  the following

Eqs. (1)–(3):

After dissolution of the salts at room temperature:

Na2MoO4 · 2H2O(s)
H2O(25

o
C)

−→ 2Na+

(aq)
+ MoO2−

4(aq)
+  2H2O (1)

Zn(NO3)2 · 6H2O(s)
H2O(25

o
C)

−→ Zn2+

(aq)
+  2NO−

3(aq)
+ 6H2O (2)

After HT processing:

2Na+

(aq)
+ MoO2−

4(aq)
+  2H2O + Zn2+

(aq)
+ 2NO−

3(aq)

+ 6H2O
140

o
C/8 h

−→ � ZnMoO4(s) + 2Na+

(aq)
+  2NO−

3(aq)
+ 8H2O  (3)

Completed the HT processing, the stainless autoclave was natu-

rally cooled to room temperature. The resulting suspensions were

washed several times with deionized water and acetone to remove

the residual ions (for example, Na+/Br−) and organic compounds.

Finally, the crystalline �-ZnMoO4 precipitated (light-gray color)

were collected and dried on a hot plate at 65 ◦C for 10 h.

2.2. Characterizations

These microcrystals were structurally characterized by X-ray

diffraction (XRD) using a  DMax-2500PC diffractometer (Rigaku,

Japan) with Cu-K� radiation (�  =  1.5406 Å)  in the 2� range from 10◦

to 72◦, using a scanning rate of 0.02◦/min and total exposure time of

15 min. The shape and size of these �-ZnMoO4 microcrystals were

observed with a field emission scanning electron microscopy (FE-

SEM) model Inspect F50, FEI Company, Hillsboro (USA) operated at

5 kV. The PL measurements were performed through a  Monospec

27 monochromator (Thermal Jarrel Ash, USA) coupled to  a  R446

photomultiplier (Hamamatsu Photonics, Japan). A krypton ion laser

(Coherent Innova 90K, USA) (� =  350 nm)  was used as excitation

source, keeping its maximum output power at 500 mW.  The laser

beam was passed through an optical chopper and its maximum

power on the sample was kept at 40 mW.  The PL measurements

were performed at room temperature.

3.  Results and discussion

3.1. XRD analyses

Fig. 1(a–d) shows the XRD patterns of �-ZnMoO4 microcrystals

synthesized without and with differents surfactants: (CTAB, PVP-

K40 and SDS) by  the HT method at 140 ◦C  for 8 h.

Fig. 1. XRD patterns of �-ZnMoO4 microcrystals synthesized in HT system at  140 ◦C

for  8 h: (a) H2O –  without surfactant, and with different surfactants: (b) CTAB, (c)

PVP-K40, and (d) SDS, respectively.

In these XRD patterns, all diffraction peaks were well-indexed to

the wolframite-type monoclinic structure with space group (P2/c)

and point group symmetry (C4
2h),  as described in  the respective

Joint Committee on Powder Diffraction Standards (JCPDS) card

No. 25-1024 [34] (Fig. 1(a–d)). In a  first analysis, the narrow and

intense diffraction peaks suggest that the �-ZnMoO4 phase is  con-

stituted of large crystals with considerable degree of structural

order at long-range. In Fig. 1(d) was noted that the microcrystals

prepared with SDS (anionic surfactant) exhibited a slightly effect

of crystallographic orientation in relation to  �-ZnMoO4 micro-

crystals (Fig. 1(a–c)). This phenomenon was more evidenced by

means of the diffraction peaks associated to the (0 2 1)/(0 0 2)

and (1 2 1)/(1 0 2) plans, specially when compared to  the stan-

dard diffraction pattern (JCPDS card No. 25-1024) and with the

other microcrystals. Based on this information, it was  observed that

the [Inorm(0 2 1) ≪ Inorm(0 0 2) plan] and [Inorm(1 2 1) < Inorm(1  0 2)]

plan, respectively.

3.2. FE-SEM analyses

Fig. 2(a–h) illustrates the FE-SEM images of �-ZnMoO4 micro-

crystals synthesized without and with differents surfactants:

(CTAB, PVP-K40 and SDS) by the HT method at  140 ◦C for 8 h, respec-

tively.

The low and high-magnification FE-SEM images in Fig. 2(a and

b)  showed the presence of agglomerated regions composed of

several irregular plate-like �-ZnMoO4 microcrystals for  the HT pro-

cessing performed only in H2O. The influence of surfactants was

initially verified in the synthesis employing the CTAB (cationic sur-

factant) caused a drastic morphological modification from plate-

to  rectangle-like �-ZnMoO4 microcrystals (Fig. 2(c and d)). The

chemical strategy employing the PVP-K40 as non-ionic or poly-

meric surfactant promotes the creation of surface roughness and

reduced the thickness and size of these plates (Fig. 2(e and f)). On

the other hand, the SDS (anionic surfactant) modified the crystal

shape to irregular hexagons and stimulate the formation of  small

surface defects (Fig. 2(g and h)).

3.3. Growth mechanism of ˇ-ZnMoO4 microcrystals

A possible growth mechanism for the microcrystals was  pro-

posed to explain in details the effect of different surfactants on the

shape and size  (Fig. 3(a–j)).
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Fig. 2. FE-SEM images of �-ZnMoO4 microcrystals synthesized in  HT system at 140 ◦C for 8 h:  (a  and b) H2O  –  without surfactant, and with different surfactants: (c and d)

CTAB,  (e and f) PVP-K40, and (g and h) SDS, respectively.
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Fig. 3. Schematic illustration of the main stages involved in the growth mechanism of �-ZnMoO4 microcrystals: (a) dissolution of the sais without surfactant (H2O  as solvent)

and  with different surfactants: (b) CTAB; (c) PVP-40; (d) SDS; (e)  hydrothermal reactor; (f) electrostatic interaction between the Zn2+ and MoO2−

4 ions under HT condition;

(g)  nucleation and origin of the first clusters or nuclei; (h) self-assembly process of small nanocrystals; (i) crystal growth process, and (j) FE-SEM images of the microcrystals

synthesized in HT system at 140 ◦C for 8  h.

This growth mechanism was based on the FE-SEM micrographs.

Firstly in Fig. 3(a), the free energy of solvation related to  the H2O

molecules causes a  fast dissociation of the chemical salts in  solu-

tion, so that the Zn2+ and MoO2−

4 ions are rapidly solvated by

these molecules. The partial negative charges belonging to the

H2O molecules electrostatically attract the Zn2+ ions, while its par-

tial positive charges interact with the MoO2−

4 ions [35].  In the

case of CTAB (cationic surfactant) (Fig. 3(b)), its molecule contains

a hydrophobic long-chain (tail – apolar) bonded to a  positively

charged group (head – polar). When the CTAB is  solubilized in

water, these molecules spontaneously tend to arrange themselves

into organized assemblies known as micelles [36]. Besides of  this

surfactant, it was also used in  the chemical synthesis a  non-ionic

polymer known as PVP-K40. This polymer is  easily dissolved in

H2O  and it is  formed by uncountable N-vinylpyrrolidone monomers

(Fig. 3(c)). Opposite from CTAB, the SDS is  an anionic surfactant with

hydrophobic-short chain (apolar) connected to  a  negative ionic

group (head – polar) (Fig. 3(d)). The SDS has the same facility of
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forming the micelles in  H2O as far as the CTAB, since that the critical

micelle concentration can be achieved.

In  principle, during the HT processing performed at 140 ◦C for

8 h inside the stainless autoclave (Fig. 3(e)), this closed environ-

ment provided the thermodynamic conditions to  break the aqueous

solvation shell, favoring the electrostatic attraction and between

both the Zn2+ and MoO2−

4 ions by  the nucleation process with the

formation of first �-ZnMoO4(s)  precipitates or nuclei (Fig. 3(f and

g)). When the H2O  molecules were used as solvent, the hydrogen

bonds (highly polar) were able to make two hydrogen atoms (H �+),

belonging to one H2O  molecule, strongly interact with other two

neighboring H2O  molecules. In  another case also involving the H2O

solution, the oxygen atoms (O �−) (containing two free electron

pairs) of each H2O molecule have the ability of form the hydro-

gen bridges or interact with the H atoms bonded to other H2O

molecules [37] (Fig. 3(a)). There are a  correct number of hydro-

gen atoms (H �+) and lone electron pairs within the liquid system,

so that each them can be involved by hydrogen bonds [38]. After

formation of the first nuclei, the HT conditions intensify the effec-

tive collision frequency involving the anisotropic nanoparticles in

suspension, producing a  mutual aggregation between them. This

self-assembly process can occur in  a  spontaneous way  and/or and

hydrothermal conditions (Fig. 3(h)), where several nanocrystals are

aggregated in a same or different crystallographic plane which can

drive the growth of oriented aggregate, meso- and nanocrystals

[39,40]. Theoretically after an effective chock, if the nanoparticles

share a common crystallographic orientation, they may  remain

irreversibly attached (Fig. 3(h)). Moreover, the nanoparticles can

be surrounded by H2O  molecules in this suspension, which tend to

change or direct the growth of the microcrystals (Fig. 3(i)). After

agglomeration process (disordered assemblies), probably occurred

the coalescence of nanoparticles followed by Ostwald ripening

[41], resulting in the irregular plate-like �-ZnMoO4 microcrys-

tals (Fig. 3(j)). When the CTAB (molecular formula: C19H42BrN)

was added in the solvent (H2O), before the chemical precursors

(Na2MoO4·2H2O and Zn(NO3)2·6H2O), spontaneously the micelles

were formed in this medium. Basically, the � = Br− ions remain

solvated by the H2O molecules and bonded to a polar positive head

(R N+ ),  where both are chemically connected to a  tail with high

molecular weight (R =  C19H42) (Fig. 3(b)). In fact, the MoO2−

4 ions

will be trapped or bonded to  the polar heads (R N+ ), occupying

the inside of the micelles. On the other hand, the tails formed by

nineteen carbon-long chains of this surfactant prevent the free dif-

fusion of Zn2+ ions toward those of MoO2−

4 ions [42] (Fig. 3(b)).

For a simplified description, the CTAB inhibits or reduces the elec-

trostatic attraction between the opposite charged ions. The  HT

environment (140 ◦C  for 8 h) favors an ideal thermodynamic condi-

tion to disorganize the micelles and induce a  controlled interaction

of Zn2+ and MoO2−

4 ions, leading to  the formation and growth of

nanocrystals (Fig. 3(h)). These nanocrystals self-aggregate form-

ing the rectangle-like �-ZnMoO4 microcrystals (Fig. 3(i and j)). The

non-ionic surfactant (PVP-K40) presents a certain degree of vis-

cosity that plays the role to decrease the spontaneous interaction

of Zn2+ and MoO2−

4 ions even under HT conditions (Fig. 3(h)). As a

consequence of this process, a slow velocity of formation and aggre-

gation of several nanocrystals takes place in this system, promoting

to the origin and growth of thin plates-like �-ZnMoO4 crystals [43]

(Fig. 3(i and j)). Finally, in the synthesis with SDS, the dissolution

of this anionic surfactant releases (* =  Na+ ions) and negative polar

heads (R–SO−

3 ) as counter ions [44] (Fig. 3(d)). These negative heads

have more ability to  bond with the Zn2+ ions (Fig. 3(b)). How-

ever, the carbon-short chain do  not is  strong sufficient to avoid

the electrostatic interactions of Zn2+ ions with those of during the

HT processing (Fig. 3(h)). The clusters will grow in  a geometric

arrangement in order to minimize the surface energy. Thus, the for-

mation and growth of nanocrystals follow a  different way  of CTAB,

Fig. 4. PL spectra of �-ZnMoO4 microcrystals processed in HT system at  140 ◦C  for

8  h: (a) H2O – without surfactant, and with different surfactants: (b) CTAB, (c) PVP-

40, and (d) SDS. Insets show the digital photos with the PL emissions and FE-SEM

images of each individual �-ZnMoO4 microcrystal, respectively.

where its shapes as well as self-assembly process will result in

an organization of irregular hexagon-like �-ZnMoO4 microcrystals

(Fig. 3(i and j)).

3.4. PL emission analyses

Fig. 4(a–d) illustrates the PL  spectra at room temperature of �-

ZnMoO4 microcrystals obtained with different surfactants in the HT

system. Insets show the digital photographs of its corresponding PL

emissions and FE-SEM images of each individual microcrystal.

According to the literature [4,5],  the PL properties of  ZnMoO4

crystals are  related to self-localized excitons and electronic tran-

sitions within the (MoO2−

4 )  anion molecular complex. However,

in our previous works [45,46] on molybdates with scheelite-type

structure, we have  explained that its PL  properties are  related to

the existence of tetrahedral distorted [MoO4] clusters within the

tetragonal lattice. In this work, for the �-ZnMoO4 microcrystals

with a  wolframite-type monoclinic structure we assumed only

the presence of octahedral distorted [ZnO6]/[MoO6] clusters into

lattice. Moreover, in this paper can be verified in Fig. 4(a–d), a

dependence of the PL behavior, mainly with respect to its variation

in emission intensities due to effect of different kind of  surfactant

(CTAB, PVP-40, and SDS) employed or without surfactant. There-

fore, can attribute that these differences in  the intensities of PL

emissions of our �-ZnMoO4 microcrystals are due to presence of

changes in shape, crystal size, and surface defects.

An important point that  can be  verified is the broad profile of

curve and proximity of maximum of PL  emissions located in  the

range from 588 nm to 598 nm,  i.e., yellow or orange regions of  the

visible electromagnetic spectrum. This characteristic is related to

optical band gap values are very close between 3.1 and 3.25 eV.

However, more detail on the electronic structure, excited states

and PL properties of this molybdate will be the subject of fur-

ther research. Recently, the literature has reported theoretical

and experimental studies relevant to  explain the electronic struc-

ture, surface energy and PL properties of some molybdates and

tungstates [47–49].  In this communication, we have observed a

highest emission for the microcrystals obtained with CTAB (Fig. 4(a)

and Inset), while the lowest was verified for those synthesized with

SDS (Fig. 4(d) and Inset). The irregular plates-like �-ZnMoO4 micro-

crystals prepared without surfactant exhibited a  considerable PL

intensity with maximum emission at 590 nm near the same region

of crystals prepared with CTAB surfactant (Fig. 4(b) and Inset). In

addition, when compared to  the other crystals, it was noted in
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Fig. 4(c) that the fine plates-like �-ZnMoO4 microcrystals prepared

with the PVP-K40 surfactant presented an intermediate PL  intensity

(blue visible emission; Inset Fig. 4(c)). Analyzing these experimen-

tal results, we presume that these features are directly associated

to the preferential orientation and/or structural defects (oxygen

vacancies, distortion of chemical bonds) arising from imperfectly

attached interfaces between the nanocrystals, crystal sizes and

shapes. This conclusion can be supported by the XRD patterns data

due to preferred orientation (Fig. 1(a–d)). Theoretically, the exis-

tence of defects are able to  modulate the density of intermediary

energy states within the forbidden band gap due to  order–disorder

effects and distortions on  the octahedral [ZnO6]/[MoO6] clusters,

that affects the PL  behavior.

4. Conclusions

In summary, �-ZnMoO4 microcrystals were synthesized by the

HT system at 140 ◦C  for 8 h without and with the surfactants (CTAB,

PVP-K40, and SDS). Independent of surfactant, the XRD patterns

indicate that the microcrystals obtained by  this chemical route have

a wolframite-type monoclinic structure with good degree of crys-

tallinity. Another important point detected in these diffractograms

was the existence of preferential orientation for the microcrystals

prepared with SDS. As  it was verified by means of FE-SEM images,

the  distinct surfactants changed the shape and average size  of �-

ZnMoO4 microcrystals. It  proved that the chemical nature of the

surfactants (CTAB – cationic, SDS – anionic and PVP-K40 – non-

ionic) differently acts between the Zn2+ and MoO2−

4 ions in  solution,

influencing in the formation and growth process of the microcrys-

tals. The yellow, orange, and blue PL emission exhibited by these

microcrystals at room temperature were attributed the different

arrangements of intermediary energy levels within the forbidden

band gap, as a consequence of preferred orientation and structural

defects into the lattice.
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