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the synthesis of fl uorescent CdS and ZnS nanocrystals. [ 9 ]  

Recently, a more straightforward method to in situ fabri-

cate nanoparticles has been proposed by Chiolerio et al. [ 10 ]  

In this method, silver nitrate solution was directly inkjet-

printed onto mesoporous silicon substrates and subsequently 

reduced into silver nanoparticles by the hydride-covered sil-

icon surface. [ 10a ]  The as-fabricated silver nanoparticles hugely 

enhanced the Raman signals, which was promising to con-

struct sensing platforms. [ 10b ]  

 So far, a variety of techniques have been applied to 

pattern functional nanomaterials, such as mask-based 

lithography, [ 11 ]  microcontact printing, [ 12 ]  nanoimprint lithog-

raphy, [ 13 ]  and inkjet printing. [ 14 ]  Among these patterning 

technologies, inkjet printing is particularly attractive because 

of its direct-writing, mask-free, and fl exible characteristics of 

the substrate. As a versatile inkjet printing technique, reac-

tive inkjet printing has caught much attention to fabricate 

patterns in a more cost-effective way, which combines the 

processes of material deposition and reaction. [ 15 ]  Moreover, 

the wide spectrum of the reactive inks allows one to fabricate 

various patterns that perform different functionalities. [ 16–18 ]  

 Recently, nanocomposites that comprise a polymer 

host doped with semiconductor nanoparticles have been 

widely exploited because they combine the advantages of 

each component and their properties are easily tailored by 

combining different constituents. [ 19 ]  For example, semicon-

ductor–polymer nanocomposites reserve fl uorescent property 

of the semiconductor and admirable processing property of 

the polymer. [ 20 ]  Semiconductor–photonic crystal (PC) nano-

composites can emit modifi ed fl uorescence through the 

modu lation of the photonic bandgap. [ 21 ]  The photoinitiator-

free UV-cured semiconductor magnetite-polymer nano-

composites can be used in magnetic fi lter devices. [ 22 ]  The 

UV-curable titanium oxide/silver-polymer nanocomposites 

show outstanding piezoresistive properties, which can be 

used in strain measurement. [ 23 ]  The wide range of available 

inks makes the reactive inkjet printing an effi cient technique 

to fabricate the above mentioned nanocomposite patterns. 

However, it is still a challenge to in situ fabricate QD-

contained nanocomposites by reactive inkjet printing 

because of the diffi culty in formulating the reactive inks. 

Herein, we fabricate fl uorescent CdS QD-polymer nanocom-

posite patterns through inkjet printing a cadmium source-

loaded ink, followed by treating the patterns with hydrogen 

sulfi de gas. Furthermore, CdS QD-PC nanocomposites 

with enhanced fl uorescence are fabricated by introducing DOI: 10.1002/smll.201403005
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  Semiconductor quantum dots (QDs) are a class of nano-

materials, which exhibit exceptional optoelectronic proper-

ties because of their size-dependent quantum confi nement 

effects. [ 1 ]  Accordingly, QDs have enormous potentials as an 

essential component in high-effi ciency luminescent devices, [ 2 ]  

light-emitting devices, [ 3 ]  photovoltaic cells, [ 4 ]  and other 

related devices. To integrate them with the abovementioned 

solid-state devices, the QDs must be precisely and accurately 

patterned in predetermined locations on a substrate. [ 5 ]  Pres-

ently, there are two main strategies to pattern nanomaterials: 

the ex situ and in situ approaches. For ex situ approach, nano-

materials are fi rstly synthesized hydrothermally or solvother-

mally and then patterned, [ 6 ]  which suffers from drawbacks 

such as tedious synthesis procedures and tiresome purifi ca-

tion processes. Whereas the in situ approach is able to carry 

out functional material synthesizing by prepatterning their 

precursors, which is fast and cost effective, providing a pos-

sible way for large-area patterning. [ 7 ]  For example, Duan and 

coworkers incorporated a divalent cadmium ion-contained 

precursor into the photopolymerizable resins and fabricated 

3D luminescent microstructres by combining multiphoton 

polymerization and in situ synthesis of CdS nanoparti-

cles. [ 8 ]  Chen and co-workers utilized a microfl uidic spinning 

technique to fabricate multidimensional microreactors for 
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monodispersed poly(styrene–methyl methacrylate–acrylic 

acid) (poly(St–MMA–AA)) microspheres that serve as the 

PC building blocks into the inks. The fabricating process is 

straightforward and fl exible, which would fi nd diverse applica-

tions in patterning nanocomposites for optoelectronic devices. 

  Figure    1   shows that fl uorescent CdS QD-polymer and 

CdS QD-PC nanocomposite patterns are fabricated by 

reactive inkjet printing. The fabricating processes are sche-

matically illustrated in Figure  1 a. For the fabrication of CdS 

QD-polymer nanocomposites, poly acrylic acid (PAA) was 

selected as the polymer matrix because of its high water 

solubility and excellent printability. Meanwhile, highly mono-

dispersed poly(St–MMA–AA) microsphere latex loaded 

with divalent cadmium ions was formulated as the ink for 

the preparation of CdS QD-PC nanocomposites. The two 

cadmium source-loaded inks were inkjet-printed, followed 

by solution evaporation and poly(St–MMA–AA) micro-

sphere assembly. Subsequently, CdS QD-PAA and CdS 

QD-PC nanocomposites were in situ generated by treating 

the printed patterns with hydrogen sulfi de gas. PAA ink 

solution loaded with cadmium ions (called as NC ink) was 

transparent (Figure  1 b), with surface tension measured as 

33.36 ± 0.11 × 10 −3  N m −1 , and viscosity as 10.21 ± 1.39 mPa 

S. For the milky cadmium ion-loaded poly(St–MMA–AA) 

microsphere ink suspension (called as PC ink, Figure  1 c), the 

surface tension was measured as 42.82 ± 0.26 × 10 −3  N m −1 , 

and the viscosity was 29.37 ± 2.15 mPa S. Both the surface 

tension and the viscosity were important for the printability. 

These inks could be steady and consecutively ejected from 

the printing nozzle, and the morphology of the deposited ink 

droplets could be well controlled to avoid the coffee ring 

effect. [ 24 ]  Patterns constructed by dot arrays were printed 

on hydrophobic polydimethylsiloxane (PDMS) substrates, 

as shown in Figure  1 d,e. The as-printed patterns were trans-

parent and became yellowish after hydrogen sulfi de gas treat-

ment, indicating the production of CdS.  

 Firstly, the fabrication of CdS QD-PAA nanocomposite 

patterns were investigated, as shown in  Figure    2  . Optical 

microscope photograph of the CdS QD-PAA nanocomposite 

dot arrays are shown in Figure  2 a, demonstrating their great 

size homogeneity. The PDMS substrate was hydrophobic, 

with contact angle of 123.2 ± 3.0°, as shown by the insert 

image in Figure  2 a. The hydrophobicity of the substrate 

resulted in depinning of the three phase contact line of the 

ink droplets during their solution evaporation; hence, pre-

vented the formation of coffee ring, leading to dome-shaped 

dot patterns. [ 24a , 25 ]  The dome-shaped patterns were con-

fi rmed by scanning electron microscope (SEM) observation 

(Figure  2 b). For comparison, the same ink was printed onto 

hydrophilic polyethylene terephthalate (PET) surface with 

water contact angle of 67.4° ± 1.8 ° (Figure S1, Supporting 

Information). The hydrophilicity of the substrate would lead 

to the pinning of the three phase contact line of the ink drop-

lets, hence coffee-ring-shaped patterns were formed after 

solvent evaporation (Figure S1b, Supporting Information). [ 26 ]  

In most device applications, coffee ring effect would result in 

inhomogeneity of the printed features; hence failure of the 

devices, thus needing to be avoided. [ 27 ]  In this contribution, 

to fabricate patterns with homogeneous fl uorescence, PDMS 

was selected as a substrate to eliminate the coffee ring effect.  
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 Figure 1.     Fluorescent CdS QD-polymer and CdS QD-PC nanocomposites are patterned by reactive inkjet printing. a) Schematic illustrations of 
the nanocomposite fabricating processes. NC or PC inks are inkjet-printed, followed by solution evaporating or poly(St–MMA–AA) microsphere 
assembling in the ink. The patterns are subsequently treated by hydrogen sulfi de gas to in situ fabricate CdS QD-polymer or CdS QD-PC 
nanocomposites. b, c) Photographs of the NC ink solution and the PC ink suspension which are loaded with divalent cadmium ions, respectively. 
d, e) Photographs of 1 cm × 1 cm patterns printed on PDMS surfaces before and after H 2 S treatment, respectively. The as-printed patterns are 
transparent and become yellowish after H 2 S treatment. The left panel is printed with the NC ink and the right panel is printed with the PC ink, 
respectively.
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 The optical properties and morphological structures of 

the as-fabricated CdS QD-PAA nanocomposites were inves-

tigated as shown in Figure  2 c–f. Fluorescence microscope 

image displayed that orange red fl uorescence was emitted by 

the printed patterns (Figure  1 c). The ultraviolet-visible (UV–

vis) absorbance and fl uorescence emission spectra revealed 

that the CdS QD-PAA nanocomposites had an absorbance at 

about 415 nm and a narrow emission peak at 678 nm, respec-

tively. From the absorption onset of the nanocomposites, the 

average size of the CdS QDs could be calculated by using 

Brus Equation, [ 28 ]  which is expressed as
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 where Δ E (r) was the bandgap energy of the CdS QDs,  E  gap  

was the bandgap energy of bulk CdS (2.42 eV),  h  was the 

Planck’s constant,  r  was the average size of the nanoparticles, 

 m  e  
*  was the effective mass of electron (0.19  m  e  in CdS), and 

 m  h  
*  was the effective mass of hole (0.8  m  e  in CdS). The cal-

culated average particle size of the CdS QDs was 10.4 nm. 

To confi rm the estimated particle sizes of the CdS QDs, 

transmission electron microscope (TEM) observation of 

the nanocomposites was carried out, as shown in Figure  2 e. 

The measured diameter was 7.1 ± 1.6 nm, which was smaller 

than the calculated values. This mismatch between the cal-

culated and measured values was possibly attributed to the 

red shift of the tested UV–vis absorbance of the sample. It 

was noteworthy that the particle size was larger than Duan’s 

results. [ 8 ]  This was mostly because that the space available 

within the linear PAA polymer matrix was larger than that 

in the crosslinking polymer networks, hence the size of the 

in situ synthesized CdS QDs was less confi ned during the 

gas treatment process. The high resolution TEM image of a 

single CdS nanocrystal inserted in Figure  2 e clearly revealed 

the lattice fringes, which evidenced the formation of crystal-

line CdS QDs. Furthermore, selected area electron diffraction 

(SAED) pattern in Figure  2 f indicated that the crystalline 

CdS QDs had a face-centered cubic structure. [ 8 ]  

 Photonic crystals that were constructed by periodic die-

lectric materials were widely used to modify spontaneous 

emission because of their special light manipulation prop-

erties. [ 29 ]  Previously, fl uorescent contrast was amplifi ed by 

applying PCs to the photochromic optical storage system. [ 30 ]  

Fluorescent signals were enhanced by PCs to perform high 

sensitive chemical detections. [ 31 ]  Moreover, fl uorescence 

molecule-doped PC domes were inkjet-printed to fabricate 

wide viewing-angle displays. [ 24a ]  In this work, monodispersed 

poly(St–MMA–AA) microspheres that served as the PC 

building blocks coupled with divalent cadmium source were 

introduced into the inks to in situ fabricate CdS QD-PC 

nanocomposite patterns with enhanced fl uorescence. One 

major challenge to fabricate PC domes by inkjet printing 

was to achieve assembly of the poly(St–MMA–AA) micro-

spheres before total evaporation of the ink droplets. To over-

come this challenge, on the one hand, hydrophobic PDMS 

surfaces were used as substrates to facilitate sliding of the 

three phase contact lines; on the other hand, ethylene glycol 

was added into the ink to slow down its evaporation. It was 

noteworthy that poly(St–MMA–AA) microspheres with 

suitable diameter should be selected to assemble into PCs 

with given photonic bandgap for the aim of enhancing QD’s 

fl uorescence emission. [ 32 ]  Here, poly(St–MMA–AA) micro-

spheres with diameter of 281 nm were used, which assembled 

into PCs with photonic bandgap just overlapped the emission 

of the in situ fabricated QDs. The as-fabricated PC domes 
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 Figure 2.     Fluorescent CdS QD-PAA nanocomposite patterns are in situ fabricated by reactive inkjet printing. a) Optical microscope photograph of 
the CdS QD-PAA nanocomposite dome array patterns, demonstrating their high homogeneity. Insert is the contact angle of the PDMS substrate, 
indicating its hydrophobicity which could prevent the coffee ring effect. b) 45° SEM observation of the CdS QD-PAA nanocomposite patterns. 
Insert is a magnifi ed image of a single dome. c) Fluorescent image of the dome array. d) Absorbance and emission spectra of the CdS QD-PAA 
nanocomposites. e) TEM observation of the CdS QD-PAA nanocomposites. Insert is a high resolution TEM image of a single CdS nanocrystal. 
f) SAED pattern of CdS nanocrystals, indicating their face-centered cubic structure.
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were characterized by optical microscope and SEM, as shown 

in Figure S2 (Supporting Information). Optical microscope 

photograph of the PC dome array revealed the structural 

color of the PC domes (Figure S2a, Supporting Information). 

In a single PC dome, poly(St–MMA–AA) microspheres were 

closely packed, as demonstrated by the SEM observations 

in Figure S2 (b–d) (Supporting Information). Therefore, the 

added divalent cadmium ions in the PC ink had no effect on 

the assembly of the poly(St–MMA–AA) microspheres and 

PC domes were successfully fabricated by inkjet printing. 

 Fluorescent CdS QD-PC nanocomposite patterns were 

achieved by simply treating the cadmium source-loaded PC 

domes with hydrogen sulfi de gas. [ 8,33 ]   Figure    3   thoroughly 

demonstrates the morphological structures and optical prop-

erties of the CdS QD-PC nanocomposites. Figure  3 a reveals 

that the color of the CdS QD-PC nanocomposite arrays 

became brown, which is a mixture of the red structural color 

of the PCs and the yellowish color of the in situ generated 

CdS QDs. In Figure  3 b, 45° SEM observation of a single 

printed dot shows the dome structure with rare defects, indi-

cating that the assembled PC structures were not damaged 

after gas treatment. A magnifi ed SEM image of the nano-

composites in Figure  3 c reveals the PC structures assembled 

by closely packed poly(St–MMA–AA) microspheres with 

randomly distributed CdS QDs. To further confi rm the in situ 

generation of CdS QDs, TEM observations were carried out. 

The dilute PC ink was applied onto copper mesh-supported 

carbon fi lms and dried in air, followed by hydrogen sulfi de gas 

treatment. The TEM image of a single poly(St–MMA–AA) 

microsphere loaded with CdS QDs is given out in Figure  3 d, 

coupled with a high resolution TEM image of the nanocom-

posites in the insert, where the dark dots clearly verify the 

generation of CdS QDs. Fluorescent image of the printed CdS 

QD-PC nanocomposite dome array is shown in Figure  3 e, 

demonstrating that bright orange red fl uorescence is emitted 

by the nanocomposites. The photonic bandgap of the PC was 

centered at 668 nm, which overlapped with the emission of 

the QDs, as plotted by the black line in Figure  3 f. The fl uo-

rescence enhancement of the QDs was investigated by com-

paring the emission intensities with and without the PC 

structures. Compared with samples treated by heating which 

destructed the periodic PC structures, the emission of the CdS 

QD-PC nanocomposites was highly enhanced, attributing to 

the effi cient refl ection of the bandgap-matched PC surface.  

 Fluorescent QD-contained nanocomposite patterns were 

of signifi cance in high-effi ciency luminescent devices, anti-

counterfeiting technology and other related applications. [ 34 ]  

To demonstrate the versatile patterning capability of reac-

tive inkjet printing, dot-matrix-constructed fl uorescent CdS 

QD-PC nanocomposite patterns were fabricated, as shown in 

 Figure    4  . Photograph and fl uorescent image of a dot-matrix-

constructed text pattern are shown in Figure  4 a,b, respectively, 

indicative of the fl exibility of the reactive inkjet printing tech-

nique. Meanwhile, a dot-matrix-constructed 2D code pat-

tern was fabricated (Figure  4 c), which would fi nd numerous 

applications in encoding and anticounterfeiting. The detailed 

view of the dot matrix clearly revealed the regularly arranged 

pixels, manifesting the reliability of this method.  

 In conclusion, fl uorescent CdS QD-PAA nanocomposite 

patterns were fabricated by reactive inkjet printing, and their 

fl uorescence were enhanced by introducing monodispersed 

poly(St–MMA–AA) microspheres into the inks. Structural 

characterizations and optical measurements verifi ed that 

monodispersed CdS QDs were generated after simple gas 

treatment of the printed patterns. Dot-matrix-constructed fl u-

orescent CdS QD-PC nanocomposite patterns were printed 

small 2015, 
DOI: 10.1002/smll.201403005

 Figure 3.     Fluorescent CdS QD-PC nanocomposite patterns are in situ fabricated by reactive inkjet printing and microsphere assembling. a) Optical 
microscope photograph of the CdS QD-PC nanocomposite dome array printed on PDMS substrate. b) 45° SEM observation of a single dome 
constructed by the nanocomposites. c) Magnifi ed SEM image of the nanocomposites, revealing photonic crystal structures constructed by closely 
packed poly(St–MMA–AA) microspheres and randomly distributed CdS QDs. d) TEM observation of a single poly(St–MMA–AA) microphere loaded 
with CdS QDs by in situ gas treatment. Insert is a high resolution image of the nanocomposites. e) Fluorescent image of the printed CdS QD-PC 
nanocomposite dome array. f) Refl ection and emission spectra of the nanocomposite patterns, indicating the fl uorescence enhancement of the 
QDs by the bandgap-matched photonic crystals. Red and blue lines represent the fl uorescent emissions of CdS QDs-PCs nanocomposite before 
and after heat treatment, respectively.
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to demonstrate the versatile patterning capability of the reac-

tive inkjet printing. This technique is fl exible and effi cient for 

controllable patterning of the QD-contained nanocompos-

ites, and would be broadened to the fabrication of other func-

tional nanomaterials and optoelectronic devices.  

  Experimental Section 

  Materials : PDMS (Sylgard 184) was purchased from Dow-
Corning. PAA (with average molecule weight of 1800), cadmium 
chloride (CdCl 2 ·2.5H 2 O), and sodium sulfi de (Na 2 S·9H 2 O) were 
purchased from Sigma-Aldrich and used as received. Hydrochloric 
acid, ethylene glycol, and ethanol were purchased from Sinop-
harm Chemical Reagent Co., Ltd and used as received. The mono-
dispersed poly(St–MMA–AA) microspheres were synthesized by 
emulsion polymerization method. [ 30 ]  Deionized water was gener-
ated by Mini-Q water purifi cation system. 

  Preparation of PDMS Substrates : PDMS base was mixed with 
a curing agent in the proportion of 10:1 by weight. The PDMS pre-
cursor was put into a centrifuge to remove air bubbles (5000 rpm, 
5 min). Then the precursor was spin-coated onto commercially 
available PET or glass surfaces (fi rstly 800 rpm for 10 s, then 
3000 rpm for 30 s). The PDMS precursor-coated surfaces were 
heated at 70 °C for 3 h to completely solidify the precursor. 

  Fabrication of CdS QD-PAA Nanocomposites : PAA (16 wt%) 
coupled with CdCl 2 ·2.5H 2 O (0.2  M ) were dissolved in water/ethanol 
mixed solvent (with volume ratio as 70:30) and used as the NC 
ink. The printing of the NC ink was performed by a Dimatix Fujifi lm 
DMP-2831 printed with 10 pL Dimatix materials cartridge, which 
was controlled with the Dimatix Drop Manager software. Only 
one nozzle was used during the printing. The printing frequency 
was set at 3.0 kHz and a customized waveform was utilized. The 
printed patterns were dried in air and subsequently put into a 
glass container where hydrogen sulfi de was generated by the reac-
tion between sodium sulfi de and dilute hydrochloric acid. After 
gas treatment for 1 h, the patterns were taken out and CdS QD-PAA 
nanocomposites were fabricated. 

  Fabrication of CdS QD-PC Nanocomposites : The PC inks were 
prepared by dispersing the poly(St–MMA–AA) microspheres (with 
latex concentration of 15 wt%) into a mixing solvent of deionzed 
water (70 wt%) and ethylene glycol (30 wt%). Meanwhile, 0.2  M  

CdCl 2 ·2.5H 2 O was added into the ink to intro-
duce cadmium source. The printing and 
gas treatment processes were the same 
as that in the fabrication of CdS QD-PAA 
nanocomposites. 

  Instruments and Characterization : The 
structures and morphologies of the CdS 
QD-PAA and CdS QD-PC nanocomposites 
were investigated by an optical microscope 
(Olympus MX40, Japan), a fi eld-emission scan-
ning electron microscope (JSM-7500, Japan), 
and a transmission electron microscope (JEM-
2100F, Japan). The fl uorescent images of the 
nanocomposites were obtained on a laser 
confocal microscope (Olympus FV1000-IX81, 
Japan). The large-scaled fl uorescent images 
were taken by a fl uorescence scanner (Champ-

Chemi Professional+, China) with 365-nm UV light excitation. The 
UV–vis absorbance spectrum was obtained by an ultraviolet-visible 
spectrophotometer (UV-2600, Japan). The fl uorescence spectrum 
was measured by a spectrometer (Princeton Instruments Acton 
SP2300, USA) equipped with a CCD camera (Princeton Instruments 
Pixis100, USA). The microrefl ectance spectrum observation of the 
PC was carried out by combining a refl ected microscope (Olympus 
MX40, Japan) and a fi ber optic UV–vis spectrometer (Ocean Optic 
HR 4000, USA). The illuminating light was focused onto the PC 
through an objective lens and the refl ected light was collected by 
the same lens and then transported to the spectrometer through 
the optic fi ber. The contact angles of the printing substrates were 
measured using a contact angle system (Dataphysics OCA20, Ger-
many) at ambient temperature.  
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 Figure 4.     Dot-matrix-constructed fl uorescent CdS QD-PC nanocomposite patterns are 
fabricated by reactive inkjet printing. a,b) Photograph and fl uorescent image of a dot-matrix-
constructed text pattern. c) Fluorescent image of a dot-matrix-constructed 2D code pattern. 
Inset is a detailed view of the dot matrix.
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