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Abstract Intertwined composites of carbon nanotubes

(CNTs)–manganese doped zinc sulfide (ZnS:Mn) was

prepared by precipitating ZnS:Mn nanoparticles on the

CNTs surface followed by electrophoretic deposition on Al

substrates. Proper distribution of zinc sulfide nanoparticles

on the CNTs surface was obtained via its surface modifi-

cation by polyvinylpyrrolidone (PVP) and ethylene glycol

(EG). The results revealed that cubic zinc sulfide was

formed in the deposited nanocomposites. Transmission

electron microscope (TEM) showed deagglomeration of

ZnS nanoparticles on the CNTs surface in the presence of

EG and PVP. Moreover, electrophoretic (EPD) character-

istics (i.e. weight deposition, current density and deposition

rate) and photoluminescence (PL) measurements confirmed

the significant effect of EG and PVP on different properties

of CNT–ZnS:Mn nanocomposites. Optimum concentration

of PVP was 25 wt% of CNTs, while 50 ml EG showed

better EPD and PL properties. The sample containing

25 wt% PVP represented the best coating quality but the

highest PL intensities were obtained for the sample syn-

thesized in the presence of 40 ml EG.

1 Introduction

In recent years, many researches have been focused on

synthesis and application of carbon nanotubes (CNTs) [1, 2].

CNTs nanocomposites are one of major approaches for

making use of dispersed carbon nanotubes [3]. Carbon

nanotube composites have different types including CNT–

polymers, CNT–metals and CNT–ceramics [3–5]. Increased

stiffness, strength, and toughness are the main reasons of

introducing CNTs to polymer or ceramic (such as alumina,

zirconia and silicon carbide) matrices [6–10]. CNT–ceramic

composites such as ZnS–CNT [11] and TiO2–CNT [12, 13]

for photo-catalytic applications, MnO2–CNT [14, 15] and

SnO2–CNT [16] sensors, or ZnS:Cu–CNT [17] and

LiO4:Eu–CNT [18] field emission devices are some

instances. CNT nanocomposites preparation needs CNTs to

be well dispersed through functionalization by different

surfactants.

In recent decades, different methods and agents have

been reported for functionalization of CNTs [19]. They can

be well dispersed in water using either anionic, cationic, or

nonionic surfactants such as sodium dodecyl sulfate (SDS)

and sodium dodecylbenzene sulfonate (SDBS), cetyltri-

methylammonium bromide (CTAB), Brij, Tween, Triton

X, and siloxane polyether copolymer (PSPEO) [20]. In

addition, non-covalent interactions with different groups

have been utilized to generate water dispersible CNTs [21].

Polyvinyl pyrrolidone (PVP), polyvinyl alcohol (PVA) and

polyethyleneglycol (PEG) suppress the agglomeration of

CNTs during preparation of the nanocomposite [22].

There are two methods for production of ceramic

composites: (1) discrete preparation of components and

then, formation of composite in the final stage; (2) in situ

synthesis of at least one component in the presence of the

others [23].
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On the other hand, for some applications such as sensors

[24], electronics [25, 26] or displays [27, 28], ceramic–

CNTs composites must be coated on a suitable substrate.

For this purpose, electrophoretic deposition (EPD) is a

promising coating method which relies on migration and

deposition of charged particles (or CNTs) in a liquid sus-

pension onto an oppositely charged electrode upon appli-

cation of an external electric field [29–31]. EPD can be used

for a great variety of materials such as: ceramics, metals,

polymers and glasses. Moreover, the technique enables

particulate materials of different size, shape and density to

deposit simultaneously in order to generate uniform com-

posite coatings of novel compositions [32, 33].

Electrophoretic deposition process for preparation of

ZnS:Ag/CNTs nanocomposites on the surface of Al sub-

strates as a novel luminescent composite was reported

earlier [34]. In this work, we used nanosized ZnS:Mn

particles decorated on the CNTs surface for the preparation

of a new luminescent composite. Because of a high

agglomeration tendency of nanosized particles, PVP and

EG were added to optimize the dispersion of composites,

improve the EPD process and increase the PL intensity of

CNT–ZnS:Mn luminescent nanocomposites.

2 Experimental procedure

All chemicals were of analytical grade. Multiwalled carbon

nanotubes (PL-MCNP, outer diameter of 5–20 nm, inner

diameter of 2–6 nm, length of 1–10 lm, purity [95 %)

were purchased from Plasmachem GmbH company.

Sodium sulfide hydrate (Na2S�xH2O, Acros Organics),

Zinc acetate [(CH3COO)2Zn�2H2O, MERCK] and manga-

nese acetate [Mn(CH3COO)2�4H2O, MERCK] were used

for synthesis of ZnS:Mn nanoparticles. Polyvinylpyrroli-

done (PVP, 25, Rahavard Darou) and ethylene glycol (EG,

C2H6O2, MERCK) were used as surface modifiers. More-

over, magnesium nitrate hexahydrate [Mg(NO3)2�6H2O,

MERCK] was used for increasing the CNTs surface

charge.

Because of quenching effect of carbon structures under

UV light, the optimum concentration of CNTs was fixed at

10 wt% based on the PL intensities of primary experi-

ments. The following procedure was used for synthesis of

CNT–ZnS:Mn nanocomposites: First, CNT was dispersed

in a nonaqueous medium. Stable suspensions of CNTs

were prepared by dispersing 25, 50, 75 and 100 mg CNT

powder in 100 ml absolute ethanol under ultrasonication

for 10 min. All surface modifiers such as EG and PVP were

added to the CNTs suspensions in this step to make the

surface of CNTs ready for absorption of favorite ions. Two

approaches were considered to determine the amount of

surface modifiers: (1) fixing the surface modifier to CNTs

ratio in the range of 0–4, and (2) evaluating the suspension

stability. The amount of PVP (0–4 wt% of CNTs) was

calculated according to the first approach, while EG

amount (10–80 ml) was weighted with respect to the sec-

ond one. Then, 0.4 g sodium sulfide hydrate was added to

the suspension during mixing (suspension A). In the second

step, the cationic solution was prepared by dissolution of

1.124 g zinc acetate and 8.63 ml manganese acetate solu-

tion (0.04 g/l) in 100 ml deionized water (solution B). In

the third step, Solution B was added dropwise to suspen-

sion A for 30 min. The primary composites were dried in

an electric oven at 60 �C for 24 h and used for EPD

without further purification. Reference ZnS:Mn nanopar-

ticles were synthesized separately to compare their coating

behavior with that of the nanocomposite.

For EPD process, the commercial aluminium foils

(10 mm 9 30 mm) used as electrode were first cleaned

with acetone in an ultrasonic cleaner for 5 min and then

dried at 50 �C. Then, 0.05 g CNT–ZnS:Mn primary

nanocomposite powder was dissolved in 50 ml absolute

ethanol under ultrasonication for 10 min. DC electropho-

retic deposition was performed by applying voltages up to

300 V for 10 min. Coated substrates (electrodes) were

gradually oven-dried at 50 �C.

Microstructure of the samples was analysed using

scanning electron microscope (SEM, LEO 1445 VP) and

transmission electron microscope (TEM, Philips Em208).

XRD (Siemens D500) was used for structural character-

ization of obtained samples. Photoluminescence (PL)

spectra were drawn using Perkin-Elmer LS 55 Lumines-

cence Spectrometer using exciting wavelength of 360 nm.

The Perkin-Elmer Spectrum One FTIR Spectrometer was

used for the study of chemical compositions.

3 Results and discussion

3.1 Structural studies

The phase variation of the samples was analysed from

synthesis to deposition. Figure 1 shows the X-ray diffrac-

tion pattern of CNT–ZnS:Mn nanocomposites deposited on

the aluminium substrate. Major phase belongs to the alu-

minium substrate (Card No.: 00-001-1179). Other peaks

relate to the sphalerite structure of ZnS:Mn (Card No.:

00-001-0792). Broadening of sphalerite peaks is due to the

nanocrystalline nature of synthesized ZnS:Mn. Because of

stronger diffraction pattern of aluminium substrate, the

sphalerite phase is detected as a minor phase [35, 36]. The

appearance of the peaks around 22 and 40� may be

assigned to the graphite structure [35, 36]. Moreover, the

shift of graphite peaks to the lower 2h values may be due to

the existence of metals in the graphene layers [37, 38].

1404 J Mater Sci: Mater Electron (2015) 26:1403–1412

123



3.2 Chemical compositions

FTIR spectra of three CNT–ZnS:Mn samples (unmodified,

PVP-modified and EG-modified) are shown in Fig. 2. In

the unmodified sample, two main peaks can be assigned to

the stretching (3,400 cm-1) and bending (1,630 cm-1)

bands of water. The weak band at 2,373.7 cm-1 is asso-

ciated with carbon and oxygen vibrations. The bands at

1,200 and 1,100 cm-1 are attributed to Mn in ZnS struc-

ture. The bands at 669, 664, 650 and 621 cm-1 are asso-

ciated with Zn–S vibrations. The main peak located in the

range of 400–450 cm-1 is associated with ZnS structure

and its bonds. Addition of PVP and EG modifiers consid-

erably shifts the peaks and changes their shape. The pre-

sence of PVP was confirmed by the appearance of broad

peaks in the range of 1,250–1,650 cm-1 attributed to C–N

and C=O bonds of PVP compound. Sharp bands located at

2,876 and 1,409 cm-1are associated to C–H bond of PVP.

Moreover, weak peak of EG located around 1,090 cm-1

belongs to C–O bonds of CH2-OH [22, 39, 40].

3.3 Electrophoretic characteristics

As reported earlier [34], positive charge of CNT in ethanol

results in cathodic deposition (i.e. deposition on the cathode

electrode). The first step in the synthesis of CNT-ZnS:Mn

nanocomposites via EPD process was to determine the

ZnS:Mn net charge; ZnS:Mn nanoparticles were deposited

under 300 V for 2 min in ethanol. Results show that ZnS:Mn

nanoparticles possess negative charge and the deposit has

undesirably poor quality which is mainly due to the weak

surface charge of ZnS nanoparticles. Thus, their surface

charge was enhanced by addition of Mg(NO3)2�6H2O,

resulting in the adsorption of Mg2? ions on the ZnS:Mn

nanoparticles (the same charge as CNTs). After adjusting the

surface charge of the ZnS:Mn nanoparticles, cathodic co-

depositing of CNT and ZnS:Mn was carried out.

Because of the rapid separation of CNTs and ZnS:Mn

nanoparticles during EPD process (as shown in Figs. 3, 4)

which was due to the formation of agglomerated ZnS:Mn

nanoparticles and so ineffective charging of nanoparticles

by Mg2?, the in situ synthesis of ZnS:Mn nanoparticles in

the presence of CNTs with subsequent EPD of obtained

nanocomposites was carried out. The prepared nanocom-

posite was suitably coated on the cathode, however no PL

radiation was observed. This phenomenon can be related to

the undesired distribution of ZnS:Mn nanoparticles on the

CNTs surface. This inhomogeneity led to the decrease of

effective adsorption of photons by the nanoparticles under

UV light. In the other words, most of the photons are

adsorbed by CNTs rather than the luminescent nanoparti-

cles (i.e. quenching of PL intensity). To solve the problem,

addition of surface modifiers such as PVP and EG was

suggested.

Fig. 1 X-ray diffraction pattern of CNT–ZnS:Mn composite

Fig. 2 FTIR spectra for CNT–ZnS:Mn samples synthesized with EG

and PVP or bare of surface modifiers
Fig. 3 Separation of suspension during the EPD process of CNTs and

ZnS:Mn nanoparticles
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3.3.1 EPD of CNT–ZnS:Mn in the presence of PVP

as a surface modifier

Figure 5 shows the deposition yield (g/cm2) of composites

on the aluminium substrates as a function of PVP:CNT

weight ratio. The diagram confirms that the deposition

yield decreases with increasing the PVP:CNT weight ratios

which may be due to the stability of CNT–ZnS:Mn com-

posites. Macro-images of the samples are shown in Fig. 6.

The best coverage of the surface with polymeric chain can

be optimized at certain PVP:CNT weight ratios. At this

value, the steric repulsion increases the stability and hence

improves the EPD process [40, 41]. It can be concluded

from Figs. 5 and 6 that the improved stability (25 wt%

PVP with respect to CNTs weight) leads to higher depo-

sition yields.

Figure 7 shows current density versus time for different

PVP:CNT weight ratios. In the initial times, higher con-

centration of CNT–ZnS:Mn particles leads to migration of

more charged particles and a thicker layer of composite

deposits on the electrode. So, the electrical conductivity of

the electrode experiences a sudden decrease. Thereafter,

the decrease of CNT–ZnS:Mn concentration in the

Fig. 4 Inhomogeneous

deposition of CNT and ZnS:Mn

nanoparticles on two different

electrodes at: a as deposited and

b under UV light exposure

(360 nm)
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Fig. 5 Deposition yield of CNT–ZnS:Mn composites as a function of

PVP:CNT weight ratios

Fig. 6 Macro image of CNT–ZnS:Mn suspensions with different

PVP:CNT weight ratios a 0.25 and b 4
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suspension resulted in lower electrical conductivity of the

deposit and consequently, gradual change of current den-

sity with the time. Moreover, PVP:CNT weight ratios have

a considerable effect on the current density. Initially, the

current density decreases by increasing the weight ratio up

to 1, above which a reverse behavior was observed. It is

suggested that two competitive mechanisms occur with

increasing the PVP:CNT ratio: (1) reduction of the sus-

pension stability as mentioned before, (2) increase of

electric conductivity due to the concentrated polymeric

chains in the media [40, 41]. Therefore, there is an opti-

mum point for PVP:CNT weight ratio (1:1) at which the

minimum current density versus time is obtained.

As shown in Fig. 8, the quality of the deposited nano-

composites was also affected by the PVP:CNT weight

ratios, i.e. it improves at lower ratios. The best quality was

obtained for PVP:CNT ratio of 0.25 which was in good

agreement with the deposition yield diagrams (Fig. 5).

3.3.2 EPD of CNT–ZnS:Mn in the presence of EG

as a surface modifier

Ethylene Glycol was also used for surface modifying of

CNT–ZnS:Mn nanocomposites, but its influence was

completely different from PVP. Because of simultaneous

solvent and capping effects of EG [35], it is more effective

than PVP. So, its concentration was considered in the range

of 10–50 ml. Figure 9 shows the deposition yield of CNT–

Fig. 8 Macro image of CNT–ZnS:Mn nanocomposites deposited in

the presence of different PVP values
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Fig. 9 Deposition yield curves of CNT–ZnS:Mn nanocomposites

versus different EG concentration
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Fig. 11 The comparison of deposition yield for CNT–ZnS:Mn
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ZnS:Mn nanocomposites as a function of EG concentra-

tion. As illustrated in the figure, maximum deposition yield

belonged to the CNT–ZnS:Mn sample synthesized in the

presence of 40 ml EG. Similar trend was also observed for

current densities versus time (Fig. 10). It is suggested that

the effect of EG concentration on the viscosity as well as its

capping and surface modifying roles lead to the optimum

point of deagglomeration in nanocomposites at 40 ml. At

higher EG concentrations, nanocomposites start to floccu-

late. Furthermore, the highest current density at 40 ml EG

verifies the surface charge increasing, electrostatic stabil-

ization and consequently successful EPD process.

Formation of a non-conductive layer on the CNTs surface

at EG concentrations above 40 ml suppresses current

density values.

Electrophoretic deposition process for deposition of

CNT–ZnS:Mn nanocomposites in the presence of PVP and

EG are illustrated in Figs. 11 and 12. It seems that PVP

yields more successful EPD process than EG. It may be

related to higher dielectric constant (esolvent) of mixed

ethanol–EG in comparison with the pure ethanol [35, 41,

42]. Based on the Hamaker’s law, the mobility of charged

particles increases with esolvent [42–45]. So, the high

velocity of particles towards the cathode leads to the for-

mation of a dense insulator layer on the electrode in the

initial stage of deposition. As a result, the deposition trend

dramatically decreases and a non-uniform layer is obtained.

The lower deposition yield and the higher current densities

in the case of EG confirm the above mechanism.

Fig. 13 SEM micrographs of CNT–ZnS:Mn nanocomposites depos-

ited on the aluminium substrates a without surface modifier, b with

PVP and c with EG

Fig. 14 TEM micrographs of CNT–ZnS:Mn nanocomposites syn-

thesized in the presence of a PVP and b EG
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3.4 Microstructural studies

Figure 13 shows the SEM micrographs of CNT–ZnS:Mn

samples deposited on the aluminium electrode in the pre-

sence of (a) 25 wt% PVP and (b) 40 ml EG. Although the

surface modifiers improved the deposition homogeneity but

some agglomerated areas are observed in both samples. It

can be related to the intense agglomeration during the

synthesis process or lack of proper distribution of surface

modifiers around the CNT surfaces due to higher surface

area in nanoscale. However, macro features of the depo-

sition are superior in the presence of EG.

Both micrographs in Fig. 14 show that some discrete

ZnS particles are formed on the surface of CNTs. However,

some agglomerates are observed between the CNTs. For-

mation of both particulate and agglomerated features are

obvious in the case of EG. It can be concluded from SEM

and TEM micrographs that the surface modifiers have three

distinctive roles in the formation of CNT–ZnS:Mn nano-

composites: (1) deagglomeration of CNTs, (2) deagglom-

eration of ZnS:Mn nanoparticles during synthesis through

covering the CNTs surface and increasing the repulsion

between nanoparticles and, (3) improving the EPD

characteristics. Schematic representation of these three

mechanisms is shown in Fig. 15.

It is suggested that PVP can affect the second and the

third mechanisms while the first one is more sensitive to

EG. It has been reported that the functionalized CNTs with

EG have better distribution in aqueous media [43–46].

3.5 Photoluminescence properties

Primary studies of luminescence properties showed that

unmodified CNT–ZnS:Mn nanocomposites could not be

excited under the exposure of UV light. It was not only due

to the strong agglomeration of ZnS:Mn nanoparticles on

the CNTs surface, but the adsorption of UV light by CNTs

carbon structure [47]. However, surface modifying of

nanocomposites led to emission of light in the orange–red

region of visible spectrum. Photoluminescence (PL) spec-

tra of CNT–ZnS:Mn nanocomposites in the presence of

different PVP:CNT ratios are illustrated in Fig. 16. PL

spectra consist of a sharp peak with a maximum at 590 nm.

This emission is due to the recombination of electron–hole

which is highly activated by Mn2? diffusion in ZnS net-

work. The peak intensities of all samples were dramatically

Fig. 15 Schematic

representation of EPD process

of CNT–ZnS:Mn

nanocomposites in the presence

of PVP and EG as surface

modifiers
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low. The emission phenomenon in the ZnS:Mn nanoparti-

cels depends on the generation of two electron–hole pairs

during the excitation of cubic zinc sulfide under the

exposure of 330 nm UV light, but the existence of com-

petitive path for the transformation of electrons into the

CNT channels instead of relaxation causes quenching of

PL intensities. However, the improvement of PL intensity

at PVP:CNT weight ratio of 0.25 confirms direct relation

between the surface modification and PL intensities. With

increasing PVP:CNT weight ratios up to 1, suspension

stability decreased and the nanocomosite agglomeration

increased, leading to PL quenching. Due to the weakening

of PL spectra above 0.5 weight ratios, maximum peak

intensities cannot obey the regular law.

PL spectra of CNT–ZnS:Mn nanocomposites modified

by different EG concentrations are shown in Fig. 17. As it

is expected, there is a maximum PL intensity correspond-

ing to more stable suspension and proper attachment of

ZnS:Mn nanoparticels to CNTs. Unlike the PVP, the

maximum emission intensity was not appeared for the most

stable suspension. It can be related to other properties of

EG such as capping [46, 48] or solvent effects [48] which

can influence the PL intensities. As shown in Fig. 18,

consistency of stability with other properties of EG is the

main reason for introducing the CNT–ZnS:Mn sample

synthesized in the presence of 40 ml EG as the best

luminescent nanocomposite. Because of a high interaction

between CNT electron emitters with ZnS:Mn luminescent

particles, this nanocomposite can be applicable for modern

display technologies such as field emission displays (FED).

4 Conclusions

The present work focused on the preparation of ZnS:Mn

nanoparticle–CNT composites for luminescent applica-

tions. The results generally showed that the synthesis of

ZnS:Mn nanoparticles in the presence of CNTs and then

depositing by EPD method is an effective mean for prep-

aration of ZnS:Mn/CNT nanocomposites. Addition of PVP

and EG surface modifiers in the synthesis step leads to

appropriate distribution of primary ZnS:Mn particles and

uniform distribution of nanocomposite components. The

best modification was achieved either by addition of

0.25 wt% PVP (weight ratio to CNT) or 40 ml EG to the

aqueous medium before formation of ZnS:Mn nanoparti-

cles. EPD results showed that the maximum deposition

yield, current density and PL emission was attained for the

optimum concentrations of surface modifiers. Moreover,

more uniform deposits were obtained for PVP-containing

samples, while the highest PL intensities were observed in

the presence of 40 ml EG.
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