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Graphical Abstract: 

ZnO/ZnS core/shell nanorod arrays were integrated onto a cotton platform via a simple, low-temperature 
hydrothermal growth technique.  
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Integration of ZnO/ZnS Nanostructured Materials 

into a Cotton Fabric Platform 

Thushara J. Athauda, Ujith S. K. Madduma-Bandarage, and Yolanda Vasquez a,*  

Inorganic semiconductor nanostructures coupled to flexible substrates such as natural and 
synthetic fibrous materials have been studied for a wide range of potential applications that 
includes wearable electronics, protective textiles, portable and flexible photovoltaic and solar 
cell devices. Here, we report the fabrication of ZnO/ZnS core/shell nanorod arrays on a cotton 
platform via a simple, low-temperature hydrothermal growth technique. ZnO nanorods were 
converted to ZnO/ZnS core/shell nanorod arrays through a mild sulfidation process with 
sodium sulfide. TEM, XRD, and XPS were used to characterize the nanorods to reveal a highly 
crystalline ZnO core with a polycrystalline ZnS shell. Photoluminescence measurements 
demonstrate a remarkably large UV emission for the ZnO/ZnS nanorod arrays on cotton. Such 
materials are anticipated to be useful for wearable, portable electronic devices and as 
protective textiles.  
 

 

 

 

 

Introduction 

Wearable, stretchable electronics have garnered significant 
attention as the demand for portable consumer electronic 
devices increases. Inorganic semiconductor nanostructures on 
both flexible substrates such as natural and synthetic fibrous 
materials and rigid materials such as ITO, glass, and silicon 
wafer have been studied for a wide range of novel applications 
such as, UV photodetectors,1,2 photocatalysis,3 solar cells,4 
nanogenerators,5,6 piezoelectric devices,7 sensors,8,9 nanoscale 
lasers,10 field emitters,11 optoelectronic devices,12 and 
protective,13 and biocidal garments.14 Traditional materials like 
silicon wafers, glass, and ITO, however, are brittle and rigid. 
The allure of fibrous materials is that they not only bend but 
also stretch, compress, twist, and deform into complex, 
curvilinear shapes while maintaining high levels of 
performance.15 Integration of semiconductor heterostructures, 
such as core/shell architectures,16,17 superlattices,18,19 and 
biaxial nanostructures,10,20 on flexible fibrous materials with a 
low-cost method is crucial for the development of functional 
devices and the realization of variety of wearable electronics, 
protective textiles, portable and flexible photovoltaic and solar 
cell devices. 
 
Currently, progress has been made on the synthesis of inorganic 
semiconductor nanostructures on flexible substrates such as 
plastics,21 paper,22 epoxy surfaces,23 electrospun fibers,24–27 and 
fabrics with a myriad of applications.13,28,29 For instance, Guo et 

al. have reported a technique to grow ZnO nanowires on 
electrospun NiO fibers with excellent UV-photosensing 

properties.24 Wang and co-workers have investigated a novel 
stretchable strain sensor based on a ZnO/polystyrene hybrid 
nanostructure on a polydimethylsiloxane (PDMS) film.9 ZnO 
nanowires on carbon fibers have also been reported as an anode 
material in flexible dye-sensitized solar cells.4 
 
For natural and synthetic fibrous materials, the inorganic 
structure integrated onto the fiber and physical structure of the 
fiber surface are the key factors for device functionality and 
performance.30–32 A number of advantages can be offered for 
heterostructures such as ZnO/ZnS architectures including 
superior optoelectronic properties due to type-II band alignment 
at the interface of the two different materials.33 Both ZnO and 
ZnS are important II-VI semiconductors with wide band-gaps 
of 3.37 and 3.67 eV, with prominent applications in flat-panel 
displays,34 sensors,8,9 lasers,10 electroluminescent devices,3,4 
photocatalysis,3 and non-linear optical devices.35,36 Importantly, 
the piezoelectric properties of ZnO/ZnS nanowire arrays have 
recently been exploited to produce nanogenerators capable of 
converting mechanical energy into electricity, a desirable 
property for wearable, portable electronic devices.5,6 
 
In this paper, we report the growth of ZnS polycrystalline shells 
onto vertically oriented ZnO nanorod arrays to form ZnO/ZnS 
core/shell nanorods on a cotton surface via a simple sulfidation 
technique. This process involves treatment of the cotton 
substrate with ZnO nanocrystals that form nucleation sites for 
subsequent anisotropic growth of single crystalline ZnO  
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Figure 1. SEM images of (a) woven cellulose fibers modified 
with ZnO nanorods and individual cellulose fibers decorated 
with ZnO nanorods (inset).  Magnified ZnO nanorods on the 
cotton surface (b, c), and cross-sectional view of ZnO nanorods 
arrays (c, inset). TEM images showing (d) a representative 
single ZnO nanorod, (e) lattice fringes with spacing of 0.26 nm 
that corresponds to the (0002) plane of WZ-type ZnO, and (f) 
indexed SAED patterns along the [01�0] zone axis direction. 

nanorods by incubation in a growth solution. The thickness of 
the ZnS shell of the core/shell nanorods can be easily tuned by 
controlling the reaction time between sodium sulfide and the 
ZnO nanorods. The morphology, composition, crystal structure, 
and optical properties of the ZnO/ZnS core/shell hetero 
structures were systematically investigated. 
 
Results and discussion 

Arrays of ZnO nanorods which are stable under harsh washing 
conditions were synthesized on the cotton substrate by a simple 
two-step hydrothermal growth technique according to a 
previously published procedure (see Experimental Section).28 
The hydrothermal growth technique involves a seeding step 
where ZnO nanocrystals act as nucleation sites on the surface of 
the treated cotton. Subsequently, the growth of the ZnO 
nanoparticles into nanorods is carried out in an equimolar 
aqueous solution of zinc nitrate hexahydrate and 
hexamethylenetetramine,28 a weak base, which slowly 
hydrolyzes in water to produce ammonia (Equation 1). 
Ammonia is then hydrolyzed (Equation 2) to give hydroxide 
ions that react with the Zn2+ released from zinc nitrate 
hexahydrate to yield Zn(OH)2. Under mild heating (80-95 °C), 
Zn(OH)2 is converted into ZnO solid crystals that coalesce 
during the growth process to give highly crystalline ZnO 
nanorods. (Equations 3 & 4).37,38  

 
�������	�
� � 6��
��� → 6���
���� � 4������		 (1) 

������ � ��
��� → ��	
����� � 
������																	   (2) 

�������� � 2O���aq� → Zn�OH���aq�																			       (3) 

���
������� → ZnO�s� �	��
���																		                (4) 

 

Scheme 1. Hydrothermal sulfidation process for generating a 
ZnS shell on ZnO nanorods. 

 
The ZnO nanorods are grown on a woven cotton fabric that 
consists of parallel sets of micrometer-scale fibers that intersect 
orthogonally in the weave structure. Cellulosic cotton consists 
of hollow cylinders with a diameter between 12 and 22 µm.30 
Figures 1a-1c show SEM images of cellulose fibers modified 
with ZnO nanorods and individual hollow fibers whose surface 
is covered with the ZnO nanorods. Cross-sectional SEM images 
of the nanorod arrays vertically oriented on the cellulose fibers 
can be seen in Figure 1c. The densely packed nanorods exhibit 
a hexagonal morphology with an average diameter of 163.11 ± 
11 nm and length of 1.23 ± 0.12 µm. It must be noted, however, 
that small variations in the sizes of the ZnO nanorods can occur 
since the weave structure of the cotton surface can limit 
diffusion of the reactive species. Figure 1d-1f show 
representative TEM images and a selected area electron 
diffraction (SAED) pattern of ZnO nanorods. The lattice 
spacing was found to be approximately 0.26 nm, which 
corresponds to the (0002) plane of the hexagonal Wurtzite-type 
ZnO phase (WZ, P63mc). The SAED pattern taken from an 
individual ZnO nanorod demonstrates that the rods are high 
quality and single-crystalline in nature (Figure 1f), with some 
rods showing twinning defects (Figure 1c). 
 
ZnO nanorods were converted into ZnO/ZnS core/shell 
nanorods by reacting the ZnO functionalized cotton fibers with 
an aqueous sodium sulfide solution at 60 ºC for 2 to 8 h 
(Scheme 1). During the sulfidation process, sodium sulfide 
hydrolyzes in the aqueous solution to produce sulfide ions (S2-) 
at 60 ºC that then react with the Zn2+ ions from the outer  
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Figure 2. SEM images of ZnO/ZnS core/shell nanorods treated with 
Na2S for (a) 2 h; (b) 4 h; (c) 6 h; and (d) 8 h on cotton surface 
(insets, corresponding cross-sectional view). SEM images of the 
core/shell nanostructures after annealing at 120 ºC for 2 h for ZnO 
nanorods treated with Na2S for (e) 2 h; (f) 4 h; (g) 6 h; and (h) 8 h; 
(i) Graph of the size distribution of ZnO/ZnS core/shell nanorods 
after sulfidation. 

 

 

Figure 3. (a) TEM image of 8 h treated ZnO/ZnS core/shell 
nanorod, and (b) TEM image showing the interface of ZnO and 
ZnS core/shell nanorod; (c) SEM image of the cross-section of 
ZnO/ZnS core/shell nanorods (detached from cotton surface); 
(d) High-magnification TEM image of a ZnS crystallite at edge 
of ZnO/ZnS core/shell nanorod with a lattice spacing of 0.31 
nm that corresponds (111) plane of the ZB structure; (e) SAED 
patterns of the polycrystalline nature of the ZnS shell that can 
be indexed to the ZB crystal structure; (f) EDX and (g) XPS 
data collected from the ZnO/cotton and  8 h treated 
ZnO/ZnS/cotton samples. 
 
surface of ZnO nanorod to form ZnS nanoparticles according to 
Equation 5.33,39-42     
 
�������� � "���aq� → ZnS�s�																			                      (5) 

Figure 2 shows SEM images of ZnO nanorods immersed in the 
sodium sulfide solution at varying time intervals. The 
sulfidation process results in the formation of ZnS nanocrystals 
at the surface of the ZnO nanorods. The ZnO/ZnS core/shell 
hybrid nanorods maintain the original hexagonal morphology 
of the ZnO nanorods; however, the surface becomes rough as 
the polycrystalline ZnS nanoparticle aggregates form a shell on 
the ZnO nanorods. This is especially evident as the sulfidation 
process time is increased from 2 to 8 h (Figure 2).  

Importantly, two competing factors occur in the deposition of 
the ZnS layer. Initially, sulfide deposition results in an increase 
in the thickness of the nanorod core/shell structure. At the same 
time, an overall decrease in the diameter of the ZnO/ZnS 
nanorods occurs as some ZnS particles may ultimately break 
away. The sulfide ions first react with Zn2+ ions to form the 
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ZnS shell, which results in an overall increase in the size of the 
ZnO/ZnS core/shell nanostructure. However, as sulfidation time 
increases ion exchange between S2- and O2- results in the 
formation of nanoparticles at the surface that break away, 
which decreases the overall size of the ZnO/ZnS structure.41,42 
We believe that there is a competition between the outward 
diffusion of Zn2+ and inward diffusion of S2- to form ZnS. This 
mechanism has also been described by Dawood and 
Neveux.41,42   
 
In order to increase the grain size of the ZnS nanoparticles and 
ensure a robust ZnS shell, heat treatment of the ZnO/ZnS cotton 
samples was performed in an oven at 120 ºC for 2 h (post 
sulfidation).  SEM images of the heated samples show an 
increase in the grain size of the ZnS shell, while retaining the 
hexagonal morphology of the ZnO template (Figures 2e - 2h). 
At longer sufidation times, the morphology of the nanorods 
changes somewhat as the vertices of the hexagonal ZnO/ZnS 
nanostructures become rounded (Figure 2h). The core-shell 
structures noticeably decrease in size from 163 ± 10.9 nm to 
111 ± 16.1 nm with increased sulfidation time (Figure 2i). 
 
Figures 3a and 3b show representative TEM images of the ZnS 
nanoparticle coating on the ZnO nanorod surface. ZnS 
nanoparticles are approximately 15–20 nm and well distributed 
on the surface of ZnO nanorods. Figure 3c shows a cross-
sectional view of ZnO/ZnS core/shell structures (8 h treatment), 
with uniform ZnS layer throughout the length of the nanorods. 
The lattice spacing is about 0.31 nm (Figure 3d), which 
corresponds the (111) plane of the cubic ZnS structure (ZB, F 
43m). The indexed SAED pattern corresponds to 
polycrystalline ZnS with reflections assigned to the (111), 
(200), (220), and (311) planes of cubic ZB-type ZnS (Figure 
3e). 
 
Elemental analysis of the ZnO/ZnS core/shell structures was 
carried out using Energy Dispersive X-ray (EDX) 
Spectroscopy. For clarity, only representative EDX spectra of 
the ZnO nanorods and ZnS/ZnO core/shell structures produced 
after treatment with Na2S for 8 h are presented (Figure 3f, see 
SI). EDX analysis of ZnO nanorod modified cotton revealed 
only a Zn peak. An atomic ratio of about 79:21 of zinc to sulfur 
was found for the ZnS/ZnO core/shell structures; providing 
evidence that sulfur was indeed incorporated to produce a ZnS 
shell on the ZnO nanorods. XPS measurements were performed 
on ZnO/cotton samples, and on ZnO/ZnS/cotton samples 
treated for 8 h (Figure 3g). The two peaks located 
approximately at 159 eV and 233 eV correspond to the Sulfur 
S2p and S2s peaks, respectively, and are attributed to Zn–S 
bonding in the ZnO/ZnS/cotton samples.43,44 Taken together, 
the SAED, EDX, and XPS provide strong evidence that the ZnS 
shell was successfully synthesized through the chemical 
conversion process. 
 
XRD patterns of nanorod modified samples before and after 
heating at 120 ºC for 2 h are presented in Figure 4a and Figure 

4b. The XRD peaks at 2θ values of 13.8°, 16.3°, and 22.9° 
correspond to (101), (101), (002) planes, respectively, of the 
cotton fiber (cellulose I structure) (JCPDS. No. 03−0226).28 
Diffraction peaks at 31.8° (100), 34.4° (002), 36.3° (101), 47.5° 
(102), 56.6° (110), 62.9° (103), 68.0° (112), 69.1° (201), 79.9° 
(202) correspond to the hexagonal-WZ type ZnO with lattice 
constants of a = 3.250 Å and c = 5.207 Å (JCPDS No. 01-089-
7102). The strong and sharp (002) diffraction peak indicates 
preferential growth along the c-axis for the ZnO nanorods. No 
observable crystalline impurities are detected for ZnO nanorods 
grown on the cotton substrate. 
  
XRD patterns of the ZnO and ZnO/ZnS core/shell 
nanostructures, obtained by varying the sulfidation reaction 
time are shown in Figure 4a. ZnO/ZnS core/shell structures 
exhibit strong diffraction from ZnO. Only the (111) peak of 
ZnS is evident, since the (220) and (311) peaks of zinc-blende 
type ZnS (JCPDS No. 01-089-2422; a = 5.318 Å) overlap with 
the (102) and (110) diffraction peaks of Wurtize type ZnO.  
 

 

Figure 4. (a) XRD patterns of untreated cotton fibers, ZnO (b) 
XRD patterns of ZnO/ZnS core/shell naorods after annealing 
120 ºC for 2 h. 
 
 
 
The intensity of the ZnS (111) peak increases with reaction 
time, which indicates an increase in the crystallite size. The 
diffraction intensities of ZnO crystal planes decrease with 
sulfidation as a result of the conversion of ZnO to ZnS.  
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Figure 5. PL spectra of (a) ZnO nanorods; ZnO/ZnS core/shell 
structures obtained by sodium sulfide treatment for (b) 2 h; (c) 
4 h; (d) 6 h; and (e) 8 h (Insert: Graph of the band-gap 
increment of ZnO nanorods and ZnO/ZnS core/shell 
nanostructures). 
 
The optical properties of ZnO nanorods and ZnO/ZnS 
core/shell nanostructures were investigated using 
photoluminescence (PL) measurements under a 325 nm 
excitation light source over a wavelength range of 350−800 nm 
and at room temperature (Figure 5). PL spectra of the ZnO 
nanorods shows a strong UV near band-edge emission in the 
range of 3.2-3.4 eV, that has been attributed to excitonic 
recombination of charge carriers between the conduction and 
valence bands of the ZnO crystal.28,45,46  The ZnO/ZnS 
core/shell nanostructures exhibit enhanced UV emission with 
increased sulfidation time when compared to ZnO nanorods 
alone. This is consistent with other reports of ZnO/ZnS 
heterostructures. 28,45,47 The calculated band gap of ZnO 
nanorods is 3.32 eV while ZnS coated ZnO nanostructures 
show 3.36, 3.39, 3.43, and 3.46 eV for 2, 4, 6, and 8 h treated 
samples, respectively (Figure 5). 
 

Conclusions 

ZnO nanorods were used as a template to generate ZnO/ZnS 
core/shell nanorod arrays on flexible cotton platform via a 
simple sulfidation strategy. This optimized growth technique is 
straightforward, cost-effective, environmentally benign, 
reproducible, and scalable. The presence of a uniform ZnS shell 
around the ZnO nanorod enhances the UV emission, which 
results in a blue-shift in the optical spectrum as compared to the 
ZnO nanorods alone. The ZnO/ZnS core-shell structures, 
specifically, can find potential applications in UV-sensing on 
cotton materials. Furthermore, nanoarchitectures are a stepping-
stone towards producing wearable, flexible electronic devices. 
 
Experimental 

Materials. Bleached, desized cotton fabric (#400) was purchased 
from TestFabrics (West Pittston, PA). Zinc acetate dihydrate 
(Zn(CH3COO)2•2H2O, ACS reagent, ≥ 98%), triethylamine 
((C2H5)3N ≥ 99.0%), ethanol (CH3CH2OH, ACS reagent, ≥ 99.5% 
(200 proof, absolute), isopropanol (C3H8O, anhydrous, 99.0%), 
sodium hydroxide (NaOH, ACS reagent, ≥ 97.0%, pellets), Triton X-
100, zinc nitrate hexahydrate (Zn(NO3)2•6H2O, reagent grade 98%), 
and hexamethylenetetramine (C6H12N4, ACS reagent, ≥ 99.5%) were 
purchased from Sigma-Aldrich. Citric acid (C6H8O7, ACS reagent, ≥ 
99.0%) was purchased from Spectrum Chemical Mfg. Corp. Sodium 
sulfide (Na2S•9H2O, hydrated) was purchased from Fisher Science 
Education. All chemicals were used as purchased with no further 
purification. 
 
Scouring of Cotton Fabric. The cotton scouring solution was 
prepared by dissolving 2.50 g of NaOH, 0.75 g of Triton X-
100, and 0.38 g of citric acid in 250 mL of high purity 
Nanopure water (18 MΩ/cm). Five cotton swatches (6 cm x 6 
cm) were placed in a 500 mL round-bottom flask containing 
250 mL of the scouring solution. The mixture was stirred at 
100°C for 1 h. The scoured swatches were removed from the 
solution, rinsed thoroughly with high purity water (18 MΩ/cm), 
and dried under ambient conditions. 
 
Preparation of ZnO seed solution. First, 50 mM solution of 
Zn(CH3COO)2•2H2O was prepared by dissolving 0.55 g in 50.0 
mL of isopropanol. The resulting solution was stirred (300 rpm) 
vigorously at 85 °C for 20 min. Then, 349 µL of triethylamine 
was added drop-wise to the solution and stirred at 85 °C for an 
additional 15 min. The final solution was allowed to cool to 
room temperature.  
 
Preparation of ZnO growth solution. First, a 100 mM 
solution of hexamethylenetetramine was prepared by dissolving 
9.81 g in 700 mL of high purity water (18 MΩ/cm). Once 
dissolved, 20.8 g of Zn(NO3)2•6H2O was added and the 
resulting solution was stirred for 24 h at room temperature. 
ZnO growth solution was filtered (Whatman®, 150 mm) prior 
to use. 
 
Hydrothermal growth of ZnO nanorod arrays. The scoured 
cotton swatches were dip-coated into the 50 mM ZnO seed 
solution for 5 min., rinsed with ethanol, then suspended from a 
wire rack, and cured at 120 °C for 1 h in a convection oven 
(BINDER Inc.). To ensure uniform deposition of ZnO 
nanowires on cotton surfaces in subsequent steps, the swatches 
were then immobilized on a glass piece (2.5 cm x 1.5 cm) using 
epoxy glue (LOCTITE stik’n seal ultra, Flextec Technology). 
The immobilized swatches were suspended vertically in 70 mL 
of the growth solution by affixing a piece of copper wire to the 
back of the glass slide in an amber jar (Jar Short Amber WM, 
Thermo Fisher Scientific) during growth process and incubated 
at 95 °C for 8 h in an oven. The container was removed from 
the oven, cooled to room temperature, and the swatches were 
thoroughly rinsed with high purity water (18 MΩ/cm), and 
allowed to air-dry at room temperature. 
 
Synthesis of ZnO/ZnS core/shell nanostructures. ZnO 
nanorod modified cotton samples were immersed vertically in a 
0.20 M Na2S•9H2O solution at 60°C for 2-8 h. After that, the 
samples were rinsed with high purity water (18 MΩ/cm) and 
allowed to air-dry at room temperature. 
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Characterization. The morphology of the ZnO nanorods and 
ZnO/ZnS core/shell nanorods modified cotton samples were 
analyzed using a FEI Quanta 600 FE-ESEM scanning electron 
microscope equipped with EDAX TEAM system. The samples 
were coated with 5−10 nm Pt/Au layer for SEM imaging. TEM 
images were acquired on a JEOL-JEM TEM operating at 200 
kV. Crystal structures were analyzed by X-ray diffraction using 
a Bruker D8-A25-ADVANCE X-ray diffractometer with Cu Kα 
radiation, employing a scanning rate of 0.02° s−1 within the 
range of 2θ = 10-75°, operating at 40 kV and 40 mA. 
Photoluminescence (PL) studies were performed at room 
temperature using a dual-scanning microplate Fluorolog-3 
Spectrofluorimeter using the excitation wavelength at 325 nm. 
UV-absorbance of the samples was studied using a Varian Cary 
50 UV−Vis Spectrophotometer in the wavelength range of 
280−580 nm and a scan rate of 300 nm/min. 
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