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Abstract: Luminescent nanoparticles have reached a high level of maturity in materials and spectral
tunability for optics and optoelectronics. However, the lack of facile methodology for heterojunction
formation of the nanoparticles provides many challenges for scalability. In this paper we demonstrate
a simple procedure to synthesize a nanoparticle-embedded polymer nanorod hybrid structure
via a template-based electrochemical method using anodic aluminum oxide membranes. This
method enables the formation of interactive nanostructures wherein the interface area between the
two components is maximized. As a proof of concept, semiconducting CdSe nanoparticles were
embedded in polypyrrole nanorods with dimensions that can be finely tuned. We observed enhanced
photoluminescence of the hybrid structures compared with bare polypyrrole nanorods.
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1. Introduction

Since the report that polymers with conjugated backbone structures can become superconductors
at room temperature, research on organic conductors has been extensively studied [1–3]. The structure
of most conductive polymers has the characteristic of alternating single and double bonds, with
the advantages of being able to control their electrical conductivity by doping and having an easy
manufacturing process in thin film, powder, or in various nanostructures. The use of these conductive
polymers includes electrode materials, static electricity removal, electromagnetic wave shielding and
absorption, etc. Its great advantage is its very diverse workability which is lightweight and can be mass
produced. However, since mechanical properties or thermal stability are insufficient in completely
replacing metals or other materials, studies on manufacturing methods of various conducting polymer
composites have been conducted to overcome this problem [4,5].

In the case of metal or semiconductor nanoparticles, when the size is reduced to less than 100
nm, the optical, electrical, magnetic, and chemical properties of the existing material may change,
or the properties may be significantly improved due to the maximized surface area and quantum
effects. For example, inorganic quantum dots (QDs) such as CdSe, InP, perovskite CsPbX3, etc., are
considered promising semiconductor nanoparticles because they have unique optical and electronic
properties due to quantum effects [6–9]. Therefore, studies on the formation of heterojunctions using
the unique physicochemical properties of these nanoparticles and, in particular, many attractive
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methods applicable to optoelectronic devices have been reported [10–17]. Such heterojunctions can be
formed by physical adsorption, growth on other nanostructures, electrostatic adsorption, and covalent
bonding chemistry [18–20]. The optimal approach to form the maximum possible interface between
two nanostructured materials is to embed one in another. Using this method, many researchers
have fabricated various types of heterogeneous nanostructures using advanced technologies such
as chemical vapor deposition (CVD) [21], atomic layer deposition (ALD) [22,23], electron-beam
lithography (EBL) [24], and solution synthetic methods [25–27]. Previous studies focused primarily
on the formation of the composite structure itself, and there remains room for improvement by
controlling the shapes and dimensions of the hybrid nanostructures. Huynh et al. fabricated a
composite nanowire of CdSe nanocrystal rod and poly(3-hexylthiophene) and applied it to photovoltaic
devices. In manufacturing nanocomposite wires, they used a method of growing into nanowires by
synthesis of a polymer material, but there were disadvantages in the difficulty to adjust the length
of the nanowires and control the diameter [28]. Chen et al. have produced nano-patterned hybrid
nanostructures by e-beam lithography and plasmon-assisted polymerization and observed enhanced
optoelectronic properties; however, the materials’ generality and scalability of this process present
significant questions about its suitability to industry scale [29].

In this study, we describe an effective synthetic pathway based upon template
electropolymerization to produce conducting polymer nanorods in which optically active quantum
dots are embedded (Figure 1). Templated electropolymerization is renowned for the high throughput
synthesis of conducting polymer nanostructures whose dimensions are confined in well-defined porous
membranes. Anodic aluminum oxide (AAO) membranes have been widely used for this purpose
owing to their vertically aligned, close-packed uniform nanopores whose diameters can be controlled
from tens to hundreds of nanometers [30–33]. In addition to the well-known synthesis, in this study
we embedded nanoparticles of choice, CdSe quantum dots, as proof of our concept by dispersing
colloidal nanoparticles in the polymer precursor solution during the electropolymerization. Various
combinations can be realized by slightly modifying this method and altering the types of associated
nanostructures that can be synthesized through electrochemical synthesis.

Figure 1. Schematic illustration of synthetic procedures for the CdSe-embedded PPy nanorods.
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2. Materials and Methods

2.1. Materials

Commercial AnodiscTM wafers (13 mm wafer diameter and ~230 nm pore diameters, Whatman)
were used for the synthesis of most nanorods in this study. For the synthesis of thinner nanorods, an
AAO membrane was manually fabricated by anodizing Al foil (99.999%, from Sigma-Aldrich, Seoul,
Korea) in 0.3 M oxalic acid solution at 47 DC V of applied voltage. The electro plating solutions,
Orotemp 24 RTU for Au and Techni Silver 1025, were purchased from Technic Inc. (Seoul, Korea)
Other chemicals, pyrrole, CdSe quantum dot nanoparticles, tetrahydrofuran, and tetrabutylammonium
tetrafluoroborate were purchased from Sigma-Aldrich. Deionized (DI) water was purified to the
resistivity of 18.2 MΩ through a Millipore water purification system (USA) and used for all the aqueous
solutions and necessary steps.

2.2. Synthesis of CdSe-Embedded PPy Nanorods

PPy nanorods containing CdSe nanoparticles were synthesized by a method developed from the
well-established templated electropolymerization on AAO substrates (Figure 1) [20,26].

Specifically, Ag film 100 nm thick was deposited on one side of a commercial (or home-grown) AAO
membrane by an ion coater (IB-3, Eiko Engineering Co., Ltd., Ibaraki, Japan). Then, a three-electrode
electrochemical setup (BAS 100, BASi, West Lafayette, IN 47906, USA) was configured in which the Ag
layer, a Pt plate, and an Ag/AgCl electrode were used as the working, counter, and reference electrodes,
respectively. A Teflon cell and an O-ring were used to prevent leakage of the plating solution. First,
sacrificial Ag was electrochemically deposited by −800 mV potential for 5 min to cover defective pores
located at the bottom of the AAO membranes. Au was deposited on top of the Ag rods by −750
mV potential for 30 min. Then, CdSe-embedded PPy nanorods were grown by 1200 mV potential
for 2 h using 20 mL of a homemade tetrahydrofuran solution containing 0.1 M of pyrrole, 1 mg of
CdSe nanoparticles, and 0.1 M of tetrabutylammonium tetrafluoroborate. Several methods reported
to fabricate PPy in aqueous condition with LiClO4 [34], but we chose the organic solvent to improve
quantum yield of QDs [35]. It is important to note that this growth condition is optimized for growing
CdSe-embedded polymer nanorods. When the concentration of CdSe was low (0.5 mg or 0.1 mg of
CdSe), there was no fluorescence effect of CdSe, and when the concentration of CdSe was higher than 1
mg (2 mg of CdSe), the AAO hole was blocked by CdSe nanoparticles; therefore, CdSe-embedded
nanorods were not formed (data not shown). Next, sacrificial Ag and AAO templates were sequentially
removed by etchant 3 M HNO3 and 3 M NaOH, respectively, for 3 h each; the hybrid nanorods from
the AAO membrane were dispersed into solution. The nanorods were then rinsed with DI water three
times using centrifugation and were transferred to ethanol for improved dispersion on substrates for
characterizations. A control sample without the CdSe nanoparticles can be synthesized in a similar
manner except for the inclusion of CdSe nanoparticles in the PPy electropolymerization step.

2.3. Characterization

Morphological analysis of control PPy nanorods and CdSe-embedded PPy nanorods were
evaluated by scanning (SEM, LEO SUPRA 55, Zeiss, Germany) and high-resolution transmission
electron microscopy (HRTEM, model JEM-3010, JEOL, Tokyo, Japan). The optical properties of the
nanorods were studied using optical/fluorescence micrographs and photoluminescence spectra, and
the samples were prepared by dropping onto the silicon substrate. A two-channel SMU (Keithely 2612)
was used for electrical measurements of nanorods.

3. Results and Discussion

The successful synthesis of PPy-CdSe composite nanorods was verified by electron microscopy
(Figure 2). As previous studies have shown, this method can synthesize well-defined polypyrrole
nanorods where the diameters of the nanorods closely match the expected pore diameters of the AAO
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membrane, as observed by scanning electron microscopy (SEM, Figure 2a). However, it was difficult
to observe the embedded CdSe quantum dots with SEM because it mostly provides topographic
surface analysis, and the size of quantum dots are similar or smaller than the resolution limit of SEM.
Transmission electron microscopy (TEM) would be an acceptable substitute, but the nanorods are
too thick to allow transmission of electrons in order to form an image. To characterize the hybrid
nanorods with TEM, thinner nanorods were synthesized using a homemade AAO membrane with pore
diameters of 25 ± 5 nm and a thickness of 30 µm. The synthesis of composite nanorods can be carried
out via the same process with the homemade templates, and this results in thinner nanorods. TEM then
enabled the observation of CdSe quantum dots embedded in polypyrrole nanorods (Figure 2b). Each
component (PPy, Cd, and Se elements) was also confirmed by an energy-dispersive X-ray spectroscopic
spectrum (Figure 2a, inset).

Figure 2. Electron micrographs of the CdSe-embedded PPy nanorods synthesized with different AAO
template pore sizes, (a) 300 nm (SEM) and (b) 25 ± 5 nm (TEM). The inset in (a) is the EDS spectrum of
CdSe-embedded PPy nanorod that shows the C, Cd, and Se elements.

Polypyrrole photoluminescence normally does not occur at wavelengths longer than 500 nm,
and this is in agreement with our experimental result where no detectable signal was observed in the
control polypyrrole nanorods with fluorescence microscopy (Figure 3a,b).
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Figure 3. (a) An optical micrograph and (b) a fluorescence micrograph of the control sample, PPy
nanorods without CdSe nanoparticles. No observable photoluminescence was detected for the control
sample. (c,d) Respective data for CdSe-embedded PPy nanorods where emissions from the hybrid
nanorods were captured. (e) A photoluminescence spectrum from the CdSe-embedded PPy nanorods
(black), deconvoluted peak fittings (red, green, and blue dotted lines), and the cumulative peak fitting
(magenta).

Interestingly, the CdSe-embedded polypyrrole nanorods showed photoluminescence signals
along the nanowires (Figure 3c,d), which differed from the fluorescence of CdSe quantum dots
(Figure 4b). The CdSe quantum dots showed a single photoluminescence peak at 594.5 nm, whereas the
photoluminescence peak of the CdSe-embedded polypyrrole nanorods was much broader and could
be deconvoluted into three different Gaussian curves (R2 = 0.996); the wavelengths of the three peaks
were 552.1, 591.1, and 662.7 nm (Figure 3e). To test any effect from the electrolyte during the synthesis,
CdSe quantum dots were dispersed into the plating solution (w/o pyrrole monomer, 0.1 M) containing
tetrahydrofuran and toluene before a dropcast film was prepared for spectroscopy, but no meaningful
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change in photoluminescence was detected (Figure 4c). In contrast, when the CdSe quantum dots were
mixed with the plating solution containing pyrrole monomer (the pyrrole molecules are presumably
adsorbed onto the quantum dot surfaces), we observed a blue-shift of the single photoluminescence
peak to 567 nm (Figure 4d).

Figure 4. (a) UV–vis absorption spectrum of CdSe nanoparticles. (b) Photoluminescence (PL) spectrum
of CdSe nanoparticles. The excitation wavelength of PL is 500 nm. PL spectra with (d) and without
(c) pyrrole monomer in CdSe and plating solution mixtures.

These data indicate that the photoluminescence of CdSe has been affected by the hybridization
with polypyrrole through the interface formation. There are several possible explanations for the
observed change in photoluminescence. The changes in energy band structure of the quantum dots by
interfacing with polypyrrole can induce chemical and/or physical modification of the surface states [20].
The energy transfers between the quantum dots and polypyrrole can also result in such a change [36].
If the photon energy is absorbed by the quantum dots and, instead of directly emitting light, the
photon transfers to polypyrrole where excitons recombine, a similar effect to what is observed can
occur. Lu et al. have shown that the CBM (conduction band minimum) of PPy is higher than that
of CdSe, and the VBM (valence band maximum) of PPy is lower than that of CdSe. However, the
oxidation-induced energy level is close to the VBM of CdSe [37]. The energy level places around
0.4–0.7 eV from VBM of PPy (5.7 eV). In our experimental result (Figure 4d), the photoluminescent
peak shifted from 592 to 567 nm, and the value corresponded to 0.09 eV. The calculated value was close
to the extracted value from the experiment. In addition, the insertion or adsorption of CdSe quantum
dots to polypyrrole could be regarded as doping of the conducting polymer, providing an additional
energy state for excitons to recombine and emit light [38]. Further studies, such as exploration into the
transient photoluminescence spectrum, should be conducted to clearly identify the mechanism.

Finally, the current–voltage (IDS−VDS) characteristics were measured on a microchip where two
Au electrodes (gap distance of 5 µm) were bridged by a nanorod sample. The nanorod-based electronic
devices were fabricated onto a SiO2 substrate 300 nm thick by a conventional photolithographic
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technique. The gap between the electrodes of the device was 5 µm and contacted with a gold
(Au) electrode of 100 nm thickness (Figure 5a). Bare polypyrrole nanorods showed relatively low
current with asymmetric IDS−VDS characteristics, which resulted from the Au segment at one side of
polypyrrole nanorods and contact resistance. In particular, because the PPy-Au segments were directly
bonded, the Schottky characteristics were reflected, and a diode-shaped IDS-VDS curve was shown on
the bare polypyrrole nanorods [34]. Between the applied voltages −2 V to +2 V, the CdSe-embedded
polypyrrole nanorods showed slightly higher current and quasi-linear ohm-like properties than the
bare polypyrrole nanorods, which could be a result of increased carrier density by doping (Figure 5).
However, above the applied voltage +2.5 V the total current flow of CdSe-embedded polypyrrole
nanorods was lower than that of the bare polypyrrole nanorods, which was probably due to the contact
resistance of the embedded CdSe nanoparticles.

Figure 5. (a) Representative optical micrograph of a nanorod-bridged gapped Au electrode. (b) I-V
characteristics of a CdSe-embedded PPy nanorod (black) and a control PPy nanorod without CdSe
nanoparticles (red).

4. Conclusions

In conclusion, we have demonstrated the synthesis and characterization of CdSe quantum
dot-embedded polypyrrole nanorods. The hybrid nanorods consisting of gold and PPy segments were
electrochemically manufactured using a template synthesis method. Using this method we were able
to successfully form nanostructures in which the interface area between the two components was
maximized. The construction of the desired composite nanomaterials has been verified, and the hybrid
structure exhibited optical and electronic properties distinguishable from each isolated component
(polypyrrole and CdSe). Moreover, the fluorescence properties of CdSe-embedded PPy nanorods were
confirmed, and their blue shift phenomenon was studied. Considering the wide variety of materials
available for electrochemical synthesis and colloidal nanoparticles, scientists and engineers in the
fields of photovoltaics, optoelectronics, catalysis, and biosensing may utilize this method for a variety
of applications.

Author Contributions: Conceptualization, W.-S.K., J.-H.K., and J.-H.L.; methodology, T.O., H.-S.K., and G.-H.N.;
analysis, W.-S.K., T.O., K.-S.K., and S.-H.P.; writing—original draft preparation, W.-S.K., T.O., and J.-H.L.;
writing-review and editing, J.-H.K. and J.-H.L.; All authors have read and agreed to the published version of
the manuscript.

Funding: This study was supported by grants from the National Research Foundation of Korea (NRF), Creative
Materials Discovery Program (2019M3D1A1078938), and Priority Research Centers Program (2019R1A6A11051471).
This work was also supported by the National Research Foundation of Korea (NRF) grant funded by the Korea
government (MSIT) (No. NRF-2019R1F1A1059188). We would like to thank the BK21 Program of Molecular
Science and Technology at Ajou University and R&D Center for Advanced Pharmaceuticals & Evaluation at Korea
Institute of Toxicology.



Appl. Sci. 2020, 10, 5966 8 of 9

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Little, W.A. Possibility of Synthesizing an Organic Superconductor. Phys. Rev. 1964, A134, 1415–1424.
[CrossRef]

2. Huang, D.; Yao, H.; Cui, Y.; Zou, Y.; Zhang, F.; Wang, C.; Shen, H.; Jin, W.; Zhu, J.; Xu, W.; et al.
Conjugated-Backbone Effect of Organic Small Molecules for n-Type Thermoelectric Materials with ZT over
0.2. J. Am. Chem. Soc. 2017, 139, 13013–13023. [CrossRef] [PubMed]

3. Fahlman, M.; Fabiano, S.; Gueskine, V.; Simon, D.; Berggren, M.; Crispin, X. Interfaces in organic electronics.
Nat. Rev. Mater. 2019, 4, 627–650. [CrossRef]

4. Yoon, C.O.; Reghu, M.; Moses, D.; Heeger, A.J.; Cao, Y.; Chen, T.-A.; Wu, X.; Rieke, R.D. Hopping transport
in doped conducting polymers in the insulating regime near the metal-insulator boundary: Polypyrrole,
polyaniline and polyalkylthiophenes. Synth. Met. 1995, 75, 229–239. [CrossRef]

5. Yao, C.-J.; Zhang, H.-L.; Zhang, Q. Recent Progress in Thermoelectric Materials Based on Conjugated
Polymers. Polymers 2019, 11, 107. [CrossRef] [PubMed]

6. Alivisatos, A.P. Semiconductor Clusters, Nanocrystals, and Quantum Dots. Science 2006, 271, 933–937.
[CrossRef]

7. Liang, J.; Chen, D.; Yao, X.; Zhang, K.; Qu, F.; Qin, L.; Huang, Y.; Li, J. Recent Progress and Development in
Inorganic Halide Perovskite Quantum Dots for Photoelectrochemical Applications. Small 2019, 16, 1903398.
[CrossRef]

8. Brenner, T.M.; Egger, D.A.; Kronik, L.; Hodes, G.; Cahen, D. Hybrid organic—inorganic perovskites: Low-cost
semiconductors with intriguing charge-transport properties. Nat. Rev. Mater. 2016, 1, 15007. [CrossRef]

9. Chen, Y.-C.; Chou, H.-L.; Lin, J.-C.; Lee, Y.-C.; Pao, C.-W.; Chen, J.-L.; Chang, C.-C.; Chi, R.-Y.; Kuo, T.-R.;
Lu, C.-W.; et al. Enhanced Luminescence and Stability of Cesium Lead Halide Perovskite CsPbX3 Nanocrystals
by Cu2+-Assisted Anion Exchange Reactions. J. Phys. Chem. C 2019, 123, 2353–2360. [CrossRef]

10. Konstantatos, G.; Sargent, E.H. Nanostructured materials for photon detection. Nat. Nanotechnol. 2010, 5,
391–400. [CrossRef]

11. Kind, H.; Yan, H.; Messer, B.; Law, M.; Yang, P. Nanowire Ultraviolet Photodetectors and Optical Switches.
Adv. Mater. 2002, 14, 158–160. [CrossRef]

12. Wang, X.; Liow, C.; Qi, D.; Zhu, B.; Leow, W.R.; Wang, H.; Xue, C.; Chen, X.; Li, S. Programmable
photo-electrochemical hydrogen evolution based on multi-segmented CdS-Au nanorod arrays. Adv. Mater.
2014, 26, 3506–3512. [CrossRef] [PubMed]

13. Tian, B.; Zheng, X.; Kempa, T.J.; Fang, Y.; Yu, N.; Yu, G.; Huang, J.; Lieber, C.M. Coaxial silicon nanowires as
solar cells and nanoelectronic power sources. Nature 2007, 449, 885–889. [CrossRef]

14. Lu, W.; Lieber, C.M. Nanoelectronics from the bottom up. Nat. Mater. 2007, 6, 841–850. [CrossRef] [PubMed]
15. Reddy, A.L.M.; Gowda, S.R.; Shaijumon, M.M.; Ajayan, P.M. Hybrid Nanostructures for Energy Storage

Applications. Adv. Mater. 2012, 24, 5045–5064. [CrossRef] [PubMed]
16. Konstantatos, G.; Clifford, J.; Levina, L.; Sargent, E.H. Sensitive solution-processed visible-wavelength

photodetectors. Nat. Photonics 2007, 1, 531–534. [CrossRef]
17. Li, H.; Wang, X.; Xu, J.; Zhang, Q.; Bando, Y.; Golberg, D.; Ma, Y.; Zhai, T. One-dimensional CdS nanostructures:

A promising candidate for optoelectronics. Adv. Mater. 2013, 25, 3017–3037. [CrossRef]
18. Bognitzki, M.; Czado, W.; Frese, T.; Schaper, A.; Hellwig, M.; Steinhart, M.; Greiner, A.; Wendorff, J.H.

Nanostructured Fibers via Electrospinning. Adv. Mater. 2001, 13, 70–72. [CrossRef]
19. Robel, I.; Bunker, B.A.; Kamat, P.V. Single-Walled Carbon Nanotube–CdS Nanocomposites as Light-Harvesting

Assemblies: Photoinduced Charge-Transfer Interactions. Adv. Mater. 2005, 17, 2458–2463. [CrossRef]
20. Guo, Y.; Zhang, Y.; Liu, H.; Lai, S.-W.; Li, Y.; Li, Y.; Hu, W.; Wang, S.; Che, C.-M.; Zhu, D. Assembled

Organic/Inorganic p−n Junction Interface and Photovoltaic Cell on a Single Nanowire. J. Phys. Chem. Lett.
2010, 1, 327–330. [CrossRef]

21. Lauhon, L.J.; Gudiksen, M.S.; Wang, D.; Lieber, C.M. Epitaxial core–shell and core–multishell nanowire
heterostructures. Nature 2002, 420, 57–61. [CrossRef] [PubMed]

22. Meng, X.; Wang, X.; Geng, D.; Ozgit-Akgun, C.; Schneider, N.; Elam, J.W. Atomic layer deposition for
nanomaterial synthesis and functionalization in energy technology. Mater. Horiz. 2017, 4, 133–154. [CrossRef]

http://dx.doi.org/10.1103/PhysRev.134.A1416
http://dx.doi.org/10.1021/jacs.7b05344
http://www.ncbi.nlm.nih.gov/pubmed/28820584
http://dx.doi.org/10.1038/s41578-019-0127-y
http://dx.doi.org/10.1016/0379-6779(96)80013-0
http://dx.doi.org/10.3390/polym11010107
http://www.ncbi.nlm.nih.gov/pubmed/30960091
http://dx.doi.org/10.1126/science.271.5251.933
http://dx.doi.org/10.1002/smll.201903398
http://dx.doi.org/10.1038/natrevmats.2015.7
http://dx.doi.org/10.1021/acs.jpcc.8b11535
http://dx.doi.org/10.1038/nnano.2010.78
http://dx.doi.org/10.1002/1521-4095(20020116)14:2&lt;158::AID-ADMA158&gt;3.0.CO;2-W
http://dx.doi.org/10.1002/adma.201306201
http://www.ncbi.nlm.nih.gov/pubmed/24664589
http://dx.doi.org/10.1038/nature06181
http://dx.doi.org/10.1038/nmat2028
http://www.ncbi.nlm.nih.gov/pubmed/17972939
http://dx.doi.org/10.1002/adma.201104502
http://www.ncbi.nlm.nih.gov/pubmed/22740354
http://dx.doi.org/10.1038/nphoton.2007.147
http://dx.doi.org/10.1002/adma.201300244
http://dx.doi.org/10.1002/1521-4095(200101)13:1&lt;70::AID-ADMA70&gt;3.0.CO;2-H
http://dx.doi.org/10.1002/adma.200500418
http://dx.doi.org/10.1021/jz9002058
http://dx.doi.org/10.1038/nature01141
http://www.ncbi.nlm.nih.gov/pubmed/12422212
http://dx.doi.org/10.1039/C6MH00521G


Appl. Sci. 2020, 10, 5966 9 of 9

23. Ten Eyck, G.A.; Pimanpang, S.; Juneja, J.S.; Bakhru, H.; Lu, T.-M.; Wang, G.-C. Plasma-Enhanced Atomic
Layer Deposition of Palladium on a Polymer Substrate. Chem. Vap. Depos. 2007, 13, 307–311. [CrossRef]

24. Song, B.; Schneider, G.F.; Xu, Q.; Pandraud, G.; Dekker, C.; Zandbergen, H. Atomic-Scale Electron-Beam
Sculpting of Near-Defect-Free Graphene Nanostructures. Nano Lett. 2011, 11, 2247–2250. [CrossRef]
[PubMed]

25. Lee, J.-H.; Jeong, Y.K.; Peters, J.A.; Nam, G.-H.; Jin, S.; Kim, J.-H. In Situ Fabrication of Nano Transistors by
Selective Deposition of a Gate Dielectric around Carbon Nanotubes. ACS Appl. Mater. Interfaces 2015, 7,
24094–24102. [CrossRef] [PubMed]

26. Nam, G.-H.; Lee, J.-H.; Zahari, N.E.M.; Khalid, N.C.; Kang, W.-S.; Kim, J.-H. Single-Bundle
Carbon-Nanotube-Bridged Nanorod Devices with Control of Gap Length. J. Phys. Chem. C 2014, 118,
10463–10471. [CrossRef]

27. Ostermann, R.; Li, D.; Yin, Y.; McCann, J.T.; Xia, Y. V2O5 Nanorods on TiO2 Nanofibers: A New Class of
Hierarchical Nanostructures Enabled by Electrospinning and Calcination. Nano Lett. 2006, 6, 1297–1302.
[CrossRef]

28. Huynh, W.U.; Peng, X.; Alivisatosen, A.P. CdSe Nanocrystal Rods/Poly(3-hexylthiophene) Composite
Photovoltaic Devices. Adv. Mater. 1999, 11, 923–927. [CrossRef]

29. Zhang, J.; Zhong, L.; Sun, Y.; Li, A.; Huang, J.; Meng, F.; Chandran, B.K.; Li, S.; Jiang, L.; Chen, X. Enhanced
Photoresponse of Conductive Polymer Nanowires Embedded with Au Nanoparticles. Adv. Mater. 2016, 28,
2978–2982. [CrossRef]

30. Park, S.; Lim, J.-H.; Chung, S.-W.; Mirkin, C.A. Self-Assembly of Mesoscopic Metal-Polymer Amphiphiles.
Science 2004, 303, 348–351. [CrossRef]

31. Chen, N.; Qian, X.; Lin, H.; Liu, H.; Li, Y.; Li, Y. Synthesis and characterization of axial heterojunction
inorganic–organic semiconductor nanowire arrays. Dalton Trans. 2011, 40, 10804–10808. [CrossRef] [PubMed]

32. Lee, W.; Ji, R.; Gösele, U.; Nielsch, K. Fast fabrication of long-range ordered porous alumina membranes by
hard anodization. Nat. Mater. 2006, 5, 741–747. [CrossRef] [PubMed]

33. Martín, J.; Maiz, J.; Sacristan, J.; Mijangos, C. Tailored polymer-based nanorods and nanotubes by “template
synthesis”: From preparation to applications. Polymer 2012, 53, 1149–1166. [CrossRef]

34. Kim, K.; Kwon, N.; Hong, J.; Chung, I. Fabrication and characterization of metal-semiconductor-metal
nanorod using template synthesis. J. Vac. Sci. Technol. A 2009, 27, 808–812. [CrossRef]

35. Spirin, M.G.; Brichkin, S.B.; Razumov, V.F. The solvent effect on luminescent properties of cadmium selenide
quantum dots. High Energy Chem. 2015, 49, 193–198. [CrossRef]

36. Raksawong, P.; Nurerk, P.; Chullasat, K.; Kanatharana, P.; Bunkoed, O. A polypyrrole doped with fluorescent
CdTe quantum dots and incorporated into molecularly imprinted silica for fluorometric determination of
ampicillin. Mikrochim. Acta 2019, 186, 338–344. [CrossRef] [PubMed]

37. Lu, S.-Y.; Lin, I.-H. Characterization of Polypyrrole-CdSe/CdTe Nanocomposite Films Prepared with an All
Electrochemical Deposition Process. J. Phys. Chem. B 2003, 107, 6974–6978. [CrossRef]

38. Xie, Y.; Du, H. Electrochemical capacitance of a carbon quantum dots–polypyrrole/titania nanotube hybrid.
RSC Adv. 2015, 5, 89689–89697. [CrossRef]

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1002/cvde.200606508
http://dx.doi.org/10.1021/nl200369r
http://www.ncbi.nlm.nih.gov/pubmed/21604710
http://dx.doi.org/10.1021/acsami.5b07137
http://www.ncbi.nlm.nih.gov/pubmed/26466360
http://dx.doi.org/10.1021/jp501886e
http://dx.doi.org/10.1021/nl060928a
http://dx.doi.org/10.1002/(SICI)1521-4095(199908)11:11&lt;923::AID-ADMA923&gt;3.0.CO;2-T
http://dx.doi.org/10.1002/adma.201505876
http://dx.doi.org/10.1126/science.1093276
http://dx.doi.org/10.1039/c1dt10926j
http://www.ncbi.nlm.nih.gov/pubmed/21863179
http://dx.doi.org/10.1038/nmat1717
http://www.ncbi.nlm.nih.gov/pubmed/16921361
http://dx.doi.org/10.1016/j.polymer.2012.01.028
http://dx.doi.org/10.1116/1.3100217
http://dx.doi.org/10.1134/S0018143915030145
http://dx.doi.org/10.1007/s00604-019-3447-0
http://www.ncbi.nlm.nih.gov/pubmed/31073696
http://dx.doi.org/10.1021/jp022508p
http://dx.doi.org/10.1039/C5RA16538E
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Materials 
	Synthesis of CdSe-Embedded PPy Nanorods 
	Characterization 

	Results and Discussion 
	Conclusions 
	References

