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Nanorods of wurtzite ZnS were synthesized by a hydrothermal method at 200°C and a co-precipitation method at
room temperature in the presence of ethylenediamine (en) aqueous solutions. It was found that the wurtzite ZnS
nanorods with uniform diameter around 80 =20 nm, length about 300 = 100 nanometer appears at a proper con-
centration of en, unit [Zn] : [S] ratio, and an appropriate duration by the hydrothermal method. Much longer
wurtzite ZnS nanorods with length from 300 to 2000 nm and diameter from 80 to 200 nm were obtained via the
co-precipitation method. A very minor undecomposed ZnS-0.5en phase coexisted with the wurtzite ZnS
nanorods in the co-precipitation method was identified and arguably thought to be due to the low temperature
used. ZnO coated ZnS core-shell structures were successfully fabricated by annealing the ZnS nanorods in an
oxygen flow at 650°C for 3-5 min. The coating of ZnO layer on ZnS nanorods results in a significant increase of
photoluminescence (PL) intensity (30 times) at 490-500 nm visible regions for those of hydrothermal method
and mild increase (double) for those of co-precipitation method.
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1. Introduction

ZnS has been of great research interest as a result of
its unique applications in optoelectronic and luminescent
devices.”® For these applications, the crystallographic struc-
tures and morphology control of ZnS are critical to tune their
luminescent properties. For instance, the wurtzite ZnS nano-
rods exhibit much narrower and stronger blue emission as
compared to the cubic ZnS nanograins. However, hexagonal
wurtzite ZnS is a thermodynamically metastable phase, and
cubic sphalerite ZnS is the most stable phase under ambient
conditions. It was reported that the hexagonal structure could
be transformed spontaneously to the cubic by contact with
some organic molecules at ambient temperature.? Conversely,
bulk cubic ZnS can transform to the hexagonal structure over
1020°C.%-® Even for nanocrystalline cubic sphalerite ZnS (2.8
nm), the transformation to wurtzite could be achieved in a
vacuum at a temperature over 400°C.” Generally, the hydro-
thermal route leads to the formation of cubic ZnS in
nature. The attempt to prepare wurtzite ZnS nanorods using
enthylenediamine (en) as liquid media, produces a complex
compound ZnS.0.5en,* which need to be further decom-
posed to wurtzite ZnS in an inert atmosphere at temperatures
above 350°C.»-19 Therefore, it is a great challenge to synthe-
size wurtzite ZnS nanorods and retard its transformation to
the cubic phase under milder conditions, such as under hydro-
thermal or room temperature conditions.

The surface control of ZnS nanoparticles is another
important factor for their luminescent properties, because the
luminescence efficiency of ZnS nanoparticles is inferior due to
the increased surface area and proportionately higher unsatu-
rated dangling bond rated non-radiative recombination sites
or some other kinds of dead layers due to surface defects. Suc-
cesses in preparing ZnO or ITO capped ZnS (denoted as core/
shell) nanostructure materials and their enhanced luminescent
properties were reported,®-?-1V-18) which is based on their
saturated dangling bonds and substantially decrease non-
radiative centers (dead layers), moreover, they can also
withstand high temperature treatments and electron bombard-
ment without increasing the ZnS particle size or time depen-
dent luminescence degradation (or aging effects).
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Herein, we report simple approaches to synthesize wurtzite
ZnS nanorods using hydrothermal and co-precipitation pro-
cess in aqueous solution at low temperature. In order to tune
the surface of ZnS nanorods, ZnO/ZnS core-shell structures
were successfully fabricated by annealing the ZnS nanorods in
an oxygen flow. Further, the photoluminescent properties of
ZnS nanorods and their ZnO/ZnS core-shell dependent-
luminescent properties are investigated.

2. Experimental procedure

The starting precursors were zinc acetate dihydrate (Zn
(CH5C00),(2H,0), and thiourea (CH,N,S) for the hydro-
thermal process® and zinc acetate dihydrate and sodium sul-
fide nona-hydrate for the co-precipitation process (co-ppt)
which was a modification from literature,'® respectively. All
the chemicals were analytical grade and used as received.
Equal moles (0.8M) of zinc acetate and thiourea were mixed
with ethylenediamine (en, H,NCH,CH,NH,) solution in an
autoclave and sealed within a stainless container. The concen-
trations of ethylenediamine were varied from 12%, 40%, 67%
and 90% (to the total volume of solution, 100 ml), respective-
ly. I.e. the concentration of en in the reaction medium is
described as a volume ratio in x en to (100—x) H,O. The
hydrothermal process was carried out at 200°C for 2-12 h. The
final products were filtered and dried in an oven at 65°C for
2 h. For the co-precipitation process, 0.8 M zinc acetate and
sodium sulfide nona-hydrate were prepared into solutions
individually. The co-precipitation process was performed by
dropping and stirring these two solutions in 1 : 1 ratio into a
67% ethylenediamine solution in a speed of approximately
2 ml/min. The precipitates were put away for 12 h in a hood
and finally collected by filtering and dried in an oven at 65°C
for 2 h. For the formation of ZnS-ZnO core-shell structures,
ZnO layer was grown on the ZnS nanorods by annealing in
oxygen at 200-700°C for 1-5 min in a tube furnace.

Crystalline information was obtained using X-ray diffracto-
metry (XRD, M18XHF MAC Science, Japan) equipped with
a copper target (A,,;=1.5405 A). The scanning rate was 6°/
min from 20=10° to 60° and the operation voltage and current
of XRD were 50 kV and 100 mA, respectively. A scanning
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Fig. 1. Effect of concentration of ethylenediamine (en) on the final

crystallization of ZnS powders via the hydrothermal process.
(a) 12%, (b) 40%, (c) 67% and (d) 90% of en. It is clear that well
crystallized hexagonal ZnS could be obtained using 67% en.

electron microscope (SEM, Hitachi S-4000) at 30kV and
transmission electron microscope (TEM, model TECANAI
20, Phillips) at 120 kV was employed to reveal the morphol-
ogies as well as the diffraction patterns (via selected area elec-
tron diffraction, SAED of TEM) of nanorods. A photo-
luminescence spectrometer was used to evaluate the properties
of luminescence of final products. Photoluminescence (PL)
measurement was performed by the excitation from 325 nm
He-Cd laser at room temperature.

3. Results and discussion

3.1 ZnS nanorods via hydrothermal process

The effect of ethylenediamine (en) on the formation of
wurtzite ZnS was shown in Fig. 1. When the concentrations of
en were 12% and 40%, ZnS was cubic phase (Figs. 1(a) and
(b)). However, when 67% of en was used, hexagonal phase
of wurtizite ZnS formed (Fig. 1(c)). As the concentration of
en increased to 90%, the products were ZnS-0.5en. (Fig. 1
(d)). It was suggested® that SCMT (solvent coordination
molecular template) mechanism may not happen when low
concentration en was used (12% and 40%) and the products
were cubic ZnS. When high concentration of en (90%) was
used, however, the reaction ZnS-0.5en=7ZnS+1/2 en, could
not simply go forward. Because of the chemical equilibrium
between ZnS-0.5en and ZnS, ZnS-0.5en is not easily decom-
posed to ZnS completely in a medium with a high en concen-
tration, especially in pure en solvent. We also changed the
starting precursors [Zn*2]/[S™2] ratio to 1/4 and 4/1 in 67%
en solution, however, in these cases, cubic ZnS nanoparticles
resulted. From above experiments, we confirmed that the wur-
tzite ZnS nanorods would only form in a proper [Zn*2]/
[S72] ratio (1 : 1) and en concentration (67%).

The duration of hydrothermal process also has a profound
effect on the crystal growth of ZnS nanorods. Figure 2 shows
the XRD results for the duration 2h, 6 h, 20 h, and 48 h at
200°C using 67% en as solvent. It is clear that (110) - (002) -
(101) peaks of hexagonal crystals were enhanced at longer du-
rations. In order to understand the growth rate in different
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Fig. 2. Formation of ZnS nanorods vis hydrothermal process, from
bottom to top, 2 h, 6 h, 20 h, and 48 h.
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Fig. 3. Crystal growth ratio of [200]/[101] during hydrothermal

process.

directions of crystal, Scherrer’s equation was used to trans-
form X-ray intensities of [002] and [101] into growth rate of
crystal in these two directions as a function of time. i.e.

0.94

t:
B cos 03

where ¢ : length of crystal in a specific direction;

A : wave length of X-ray (1.5402 A for Cu target);

B: width of half height of X-ray diffraction peaks;

Og: two theta angle of diffraction peaks.
Figure 3 shows the ratio of growth rate in direction [002 ] over
[101]. It is clear that during the hydrothermal process, growth
rate in [002] direction is faster than that of [101]. i.e. In our
preparation condition, 67% en solution, ZnS crystals prefer to
grow in [002] direction and form 1-D nanorods. The aspect
ratio [002]/[101] saturates at 3 after 6 h. Longer duration
seems have little effect on the aspect ratio, but crystallinity of
ZnS nanorods becomes strong as XRD shown in Fig. 2. The
morphology of wurtzite ZnS nanorods is shown in Figs. 4(a)
and (b). The ZnS nanorods are about 200-400 nanometers in
length and around 80+20 nm in diameter. These morphol-
ogies are repeatedly confirmed and exhibited consistence in
the observation of SEM as well as TEM. The selected area
electron diffraction (SAED) in up-right corner of Fig. 2(b)
demonstrates the formation of single crystal of wurtzite ZnS
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Fig. 4. (a) SEM micrograph, (b) TEM micrograph and upper right
corner, SAED for ZnS nanorods obtained by hydrothermal process.

nanorods.

3.2 ZnS nanorods via co-precipitation

Co-ppt method was employed intentionally and anticipated
to form wurtzite ZnS nanorods at room temperature. Equal
moles of Na,S and zinc acetate (0.8 M) were mixed and
precipitates formed according following possible reactions:!®

Nazs . 2H20 +7Zn (CHgCOO) 2" 9H20
—>7ZnS + 2NaCH3COO +1 leo

Cubic ZnS nanoparticles with 10-50 nm in diameter were
obtained without using en, as the XRD results shown in
Fig. 5. However, by using 67% en as the precipitating solu-
tion, hexagonal wurtzite ZnS nanorods were readily formed
with a minor ZnS-0.5en phase. It is understandable that
7ZnS-0.5en phase only decomposed at certain high tempera-
ture (>180°C) and proper concentration®-'% and is difficult
to completely transform into ZnS at room temperature.
Figures 6(a) and (b) show the different morphologies of cu-
bic ZnS nanoparticles and wurtzite ZnS nanorods via co-ppt
method, respectively. Diameter of wurtzite ZnS nanorods
varying from 80 nm to 200 nm and length from 300 nm to
2 um were estimated from these micrographs. However, from
the area of the XRD peaks in Fig. 5, ZnS-0.5en is very minor
and the majority is wurtzite ZnS nanorods. Therefore, we
believed that formation of wurtzite ZnS nanorod via co-ppt at
room temperature is feasible, only the processing conditions
need to be optimized. From the results shown above, it is clear
that hydrothermal process produces single wurtzite ZnS
nanorods with uniform crystal sizes, while co-ppt results in
wurtzite ZnS nanorods with minor cubic phase and somewhat
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Fig. 5. ZnS phase formation via co-precipitation method.

200 nm

Fig. 6. ZnS nano-materials obtained via co-precipitation (a) with-
out using 67% en, and (b) with the use of 67% en.

varied and larger rod sizes. The major reason for this differ-
ence is thought to be due to the pressure and high temperature
used in hydrothermal process, which greatly facilitates uni-
form nucleation and growth.

3.3 Enhanced photoluminescence on ZnS/ZnO core-

shell nanorods

Annealing ZnS nanorods at 650°C under oxygen will form a
thin ZnO shell layer on the surface of ZnS, making these
nanorods core-shell structures. Figure 7(a) shows the crystal-
lization of ZnO phase on hydrothermal ZnS nanorods at
different annealing temperatures from 200-700°C for 5 min.
When the annealing temperatures are lower than 650°C, ZnS is
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Fig. 7. XRD for the ZnS nanorods annealed in oxygen at (a) differ-
ent temperatures for 5 min, (b) at 650°C for different durations.

the major phase. However, ZnS phase almost disappears and
ZnO phase appears when temperature goes higher than 650°C.
The crystalline phases of samples after annealing at 650°C for
1-5 min are shown in Fig. 7(b). The formation of ZnO phase
during annealing in oxygen is not evident until the duration is
longer than 3 min, where ZnS peaks decrease. The ZnS peaks
did not completely disappear even the annealing was per-
formed for 5 min at 650°C. However, the ZnO phase was clear
at 3-5 min at 650°C. It is believed that the ZnS-ZnO core-shell
nanorods was formed for annealing time over 3 min. The PL
response for the ZnS nanorods synthesized from en hydrother-
mal process with/without oxygenation was shown in Fig. 8
(a). Figure 8(a) shows enhanced peaks of PL around 500 nm
for sample annealed at 650°C and 700°C. This is total contri-
bution from both ZnS and ZnO. The width of half height of
PL is about 150 nm, which is quite broad, and is believed due
to defects which is not associated with central radiation at 500
nm such as zinc vacancies, sulfur vacancies and dangling sul-
fur bonds at the interface of ZnS crystals.'® For the annealing
at 400°C, the intensity of PL is less than that of non-annealed
ZnS. This could be attributed to the oxygenation of the sur-
face of ZnS, and PL of ZnS decreased as the oxygen atom
occupied the position of sulfur. When the annealing tempera-
ture increases, these defects were mostly eliminated due to well
crystallization. The visible radiation at 500 nm was enhanced
more than 30 times compared to their original ZnS nanorods.
The PL intensity for specimens obtained from en hydrother-
mal process and annealed at 650°C for 1, 3, 5, and 10 min was
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Fig. 8. PL of ZnS nanorods annealed in oxygen, (a) at different
temperatures for 5 min, (b) at 650°C for different durations.

also shown in Fig. 8(b). PL was enhanced after annealing at
650°C for 3-5 min. However, after 10 min, PL was greatly
reduced due to the conversion of most ZnS to ZnO. In the case
of co-ppt process, the core-shell structure also enhanced PL of
ZnS nanorods at 500 nm, however, only about twice stronger
(not shown). We attribute this mild enhancement of PL from
products via co-ppt process to their much larger and scattered
crystal sizes as shown in Fig. 6(b).

It was well known that the emission and efficiency are very
sensitive to the nature of the nanoparticle surface, due to the
presence of gap surface states arising from surface non-
stoichiometry, unsaturated bonds, etc. Evidently, the capping
effect of ZnO shell reduced the number of dangling bonds on
the nanorod’s surface which was believed to provide surface
trap states for nonradiative recombination and enhance the
luminescent efficiency. But from the broad PL band in Fig. 8§,
it seems that the contribution of the surface-related nonradia-
tive recombination is still obvious. The possible reason might
be that the dead layer which was passivated by ZnO shell was
not completely eliminated. However, the PL intensity was
greatly enhanced after ZnO capping. A possible reason is the
capping stress proposed by Karar.!¥ The study of Karar on
ZnS/ZnO core-shell nanoparticles shows that the maximum
PL is observed for 30% ZnO capping (proper thickness of
ZnO) but lower PL for thinner or thicker shell thickness. Due
to the capping related stress, the corresponding luminescent
energy levels may be slightly altered due to a small variation in
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lattice parameters, leading to more efficient luminescent tran-
sitions, giving higher and sharper PL peaks.2?2? In the
present case, in addition to effective passivation, the capping
stress might be also important for the enhancement of PL.
The effectiveness of passivation and capping stress is more
profoundly in the hydrothermal case than in the co-ppt case,
where uniform size of ZnS and proper capping ZnO shell is
more likely achieved in hydrothermal process, in addition to
no intermediate phase of ZnS-0.5en. The optimum conditions
for the products via co-ppt method at room temperature and
its PL performance deserve more investigations.

4. Conclusion

Wurtzite ZnS nanorods have been synthesized via a
hydrothermal process as well as a simple co-precipitation (co-
ppt) method. However, for the co-ppt method carried out at
room temperature, very minor intermediate compound ZnS-
0.5 en remains due to incomplete decomposition. The ZnS-
ZnO core-shell nanorods are readily obtained by annealing
ZnS nanorods under oxygen at 650°C for 3-5 min. The pho-
toluminescence at the 490-500 nm visible range is greatly
enhanced more than 30 times after the formation of ZnO shell
on the hydrothermal ZnS nanorods. The effectiveness of pas-
sivation and proper capping thickness for the hydrothermal
nanorods are thought to be more profoundly than those of
co-ppt in the present study. This is attributed to that the
hydrothermal method results in uniform size, and single wur-
tzite phase of ZnS as well as proper capping shell thickness of
ZnO after annealing.
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