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Abstract: This study introduces a method of patterning carbon nanotube (CNTs) forests that is both
fast and simple. We found that, as commercially available oil-based markers undergo nanotube
synthesis, a thin film forms that prevents the catalyst, ferrocene, from coming into contact with the
surface of the test sample. This, thus, blocks CNT growth. Through further deduction, we used
styrene maleic anhydride (SMA) to conduct CNT patterning, in addition to analyzing the relationship
between the weight percent concentration of the SMA and the extent to which it blocked CNT growth.
We developed two separate methods for applying ink to soft and hard substrates: one method
involved ink printing and the other laser stripping. In the CNT pattern we produced, a minimum
line width of around 10 um was attained.
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1. Introduction

Known for their superior electrical, chemical, and mechanical strength, carbon nanotubes (CNTs)
possess a vast array of prospective applications. In particular, their abnormally high current-carrying
capacity and excellent field emission properties makes them an integral component [1-3] in the
field of future electronics. The preparation of patterned CNTs also holds development potential for
real-life applications, such as field-emission displays [4—7], CNT sensor chips [8-10], probes [11-16],
and field-effect transistors [17-19]. To incorporate CNTs into nanoelectromechanical systems,
effective and controllable patterned synthesis of CNTs on specific substrates is crucial. A variety
of methods have contributed to the preparation of CNT patterning and are still in use today,
including shadow masking, photolithography, electron beam lithography, and soft lithography [20-28].

However, all such methods rely on the photolithographic process to produce even the most
basic catalyst patterns. Further, such methods rely on the photolithographic process to coat CNTs in
unsuitable materials and then synthesize arrays of patterned CNTs. Other methods employ anodic
aluminum oxide nano-templates as a growth-limiting template [29] or utilize plasma etching [30,31] for
post-synthesis processing. Though not reliant on the photolithographic process, these latter methods
are limited to producing arrays that are tubular or fascicular in form and lack the control necessary to
create the required patterns. Therefore, there is an urgent need to develop a low-cost CNT patterning
process that features high pattern accuracy and quick and simple specimen handling.

This study introduces a method that obviates the need for photolithography and its various
time-consuming steps: evaporation, etching, and masking. Instead, it draws on certain polymer
materials, transforming them into ink and using the resulting composition to form a barrier between
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the substrate and the catalyst, ferrocene (Merck, Darmstadt, Germany). This method allows for rapid
CNT forest patterning and can be carried out using either ink printing or laser stripping.

2. Experiments

This experiment employed a high-temperature furnace to synthesize vertically aligned carbon
nanotubes using a three-step chemical vapor deposition (CVD) method. The furnace itself comprised
three separate compartments or chambers: the sublimation, transition, and growth chambers; each of
which allowed for independent temperature control. All three chambers also contained a heater and a
thermocouple, with temperatures set at 250 °C, 400 °C, and 600 °C, respectively. In addition, glass fiber
blankets were used for isolation, enabling each chamber to maintain its own distinct temperature.

Substrates used in the experiment included commercially available household aluminum foil as
well as silicon wafers, both of which were cleaned thoroughly with acetone, isopropanol, and deionized
water, in that particular sequence, to remove any impurities from the substrate surface. The cleaned
aluminum foil was placed on a quartz plate and then loaded into the growth chamber. Next, a quartz
boat carrying ferrocene (Merck, Germany) was placed outside the sublimation chamber. Once the
reaction began, it was moved into the chamber to undergo the CNT synthesis reaction. When the
ferrocene was heated to over 400 °C it pyrolyzed to produce iron and carbon atoms, which were further
used in the production of CNT. Specifically, iron atoms were used as catalysts, while carbon atoms
constituted a partial carbon source for CNT forests.

During the experiment, as the temperature began to rise, 1000 sccm of Ar and 250 sccm of Hp
were funneled through a three-inch quartz tube; and the temperature increase duration was set to
20 min to ensure that all three chambers reached their respective temperatures. Next, the tube pumped
through 50 sccm of CyHy, followed by powdered ferrocene, which was pushed through the tube to
sublimate, and then moved with the gas flow into the growth chamber for the synthesis reaction,
as shown in Figure 1. When the substrate used was aluminum foil, the temperature of the growth
chamber was 600 °C; when using silicon wafers, the temperature was 750 °C. No other changes were
made. However, the height of the nanotubes were affected by the growth time applied, but this can be
adjusted as required.
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Figure 1. Synthesis setup and recipes for the experiment, which involved a three-step chemical vapor
deposition (CVD) process.
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3. Results and Discussions

The method adopted in this study was the floating catalyst method [32]. Moreover, the CNTs
synthesized were Fe-filled Multi-wall carbon nanotubes. When using aluminum foil as a substrate,
the CNTs grew to a height of around 50 um in 15 min; with silicon as a substrate, they grew to a height
of around 250 pum in 15 min. Figure 2 presents a photograph obtained through transmission electron
microscopy (TEM; JEOL JEM-2100F, Tokyo, Japan at 200 kV), they have an approximate diameter of
tens of nm.

(a

Figure 2. (a—c) Transmission electron microscopy images show Fe particles along the length of the
carbon nanotube (CNT).

Through observations made by way of scanning electron microscopy (SEM; JEOL JSM-6390, Tokyo,
Japan at 15 kV), we found that the areas of samples coated in ink developed a thin film that directly
impacted nanotube morphology, as shown in Figure 3a. Conversely, and as anticipated, CNT forests
grew unimpeded in the areas where no ink was applied. We recognized the potential value of this
phenomenon and inferred that a specific element that was present in ink caused a thin film to form on
the surface of the sample before the ferrocene was sublimated. When the ferrocene reaches the test
specimen, the film layer blocks it from coming in contact with the substrate just as the CNT synthesis
reaction is set to occur. Moreover, as CNTs display growth selectivity during synthesis, they only grow
on certain materials [33]. Therefore, by blocking contact between the catalyst and the substrate surface,
the thin film effectively prevents the growth of CNTs.

 (©

without ink

Figure 3. (a) A film layer forms on ink-coated areas of the sample following CNT synthesis; the resulting
morphology contrasts to the areas without ink. (b) Nanotubes grow under the film layer, rupture its
surface, and continue growing upward. (c) Following synthesis, the area of the sample coated in ink is
elevated by a CNT forest growing underneath it.

However, the consistency of the film also determines the degree to which growth is stifled. Thus,
we can see that some catalysts still managed to drill through the bottom of the film layer and make
contact with the substrate, producing a CNT forest which in turn ruptured the surface of the film.
This is clearly evident in Figure 3b, while Figure 3c shows how the entire film structure was elevated by



Nanomaterials 2019, 9, 1332 40f9

the CNT forest growing below it. We therefore believe that gaining a better grasp on the characteristics
of this film layer, to the point of being able to effectively control its behavior, will be of substantial
benefit to the process of CNT patterning.

Our initial step was to obtain ink from numerous commercially available, oil-based markers and
smear it across aluminum foil to conduct preliminary synthesis testing. (See Figure 51 in Supplementary
Materials for details.) In the end, we found that the vast majority of tested inks produced the desired
effect. Commercially available inks comprise various elements, including solvents, pigments, resins,
and dispersants [34,35]. However, the focus of this study was not to describe the unique formula used
by each ink manufacturer and test each composition. Instead, we aimed to verify the efficacy of this
new method through a process of deduction and testing.

To this end, we first consulted a wide sample of related literature and discovered that
the combination of styrene and maleic anhydride monomers, as found in the styrene-maleic
anhydride (SMA) copolymer, is a commonly-used dispersant found in ink pigments [36-38].
We also saw that in research on microcapsules containing phase change materials [39,40],
the methanol-melamine—formaldehyde film that formed after mixing with SMA was virtually identical
to the film structures we had observed. Thus, we hypothesized that the concentration of SMA would
affect the consistency of the film and proceeded to conduct testing and observation using different
levels of SMA concentration. As expected, when the SMA was at a lower concentration of 9.1 wt%,
as displayed in Figure 4a, its blocking capacity was far more limited, allowing a considerable portion of
the CNT forest to push through the surface. This indicates that the ferrocene came in contact with the
substrate surface and catalyzed CNT synthesis. Yet when the concentration was increased to 16.7 wt%,
as shown in Figure 4b, the thin film produced by the SMA effectively covered the substrate surface,
preventing surface ruptures and creating a striking contrast between the ink-covered area and the CNT
forest. Through further experiments, we confirmed that the film layer forms prior to CNT synthesis.
From Figure 4c we can see that, in room temperature conditions, when the test specimen has been
covered with a coat of SMA ink, the thin layer of film has already formed and produced visible marks
from clinging to the substrate and sample surfaces.

(@) (b)

without ink

Figure 4. (a) At a styrene-maleic anhydride (SMA) concentration of 9.1 wt% nanotubes continue to
grow, producing an unclear pattern. (b) At a concentration of 16.7 wt%, the pattern is clear and the
covering holds. (c) Exposed to room temperature conditions, the film layer has already formed prior to
CNT synthesis.

After better understanding the characteristics of the film layer, we devised two separate methods
that could be applied respectively to the soft substrate of aluminum foil and the hard substrate of
silicon wafer. With the soft substrate, we injected the ink composition into a regular household printer
with a continuous ink supply system (CISS). We then tightly pressed aluminum foil to a piece of A4
paper so that it fed smoothly into the printer without causing wrinkles or paper jams. After designing
the required patterns using computer software, we simply printed them onto aluminum foil and
loaded them into the chemical vapor deposition (CVD) system to synthesize. The process is outlined
in Figure 5a. For more details, please refer to Figure 52 in the Supplementary Materials.
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As can be seen from the above description, the process is both quick and convenient. From our
observation of horizontal and vertical stripes, shown in Figure 5b, we can see that in areas where the
ink was applied, CNT growth was effectively blocked. Yet our attempts to reduce the line width were
unsuccessful, as the ink used was different to the ink that originally came with the printer. The result
is shown in Figure 5c. Severe ink splattering affected the resolution, and the printer was unable to
keep the ink within the outline of the initial patterns. Thus, at present, this method is applicable to
millimeter-sized patterns and substrates that are flexible and thin.

(a)

Pattern Design

Figure 5. (a) Ink printing was used to pattern CNT forests on aluminium foil (b) and the horizontal
and vertical stripe patterns from Figure 5a were observed via scanning electron microscopy (SEM)
images. (c¢) Reducing line width caused ink splattering and diminished the ability of ink to block CNT
forest growth.

Substrates like silicon wafers lack pliability and cannot be fed into commercially sold printers to
undergo ink printing. Yet silicon is one of the main materials used in the semiconductor industry right
now. To solve this dilemma and enhance pattern accuracy, we developed an alternate approach that
proved to be even more effective and led to vastly enhanced pattern accuracy.

This method utilizes laser stripping. The silicon is coated in ink and a UV laser (Taiwan 3 Axle
Technology-TAUV using Nd:YVO, 355 nm, Taichung, Taiwan) is applied, not for image projection or
contact masking, but to create a pattern by using the direct writing system to remove the ink. This is
followed by CNT synthesis, which causes nanotube growth in the areas removed by the laser and
renders a patterned effect. The process is outlined in Figure 6a and described in more detail in Figure S3
of the Supplementary Materials. With laser stripping, pattern accuracy is determined by the spot size
of the laser. Moreover, specimen preparation is simple and fast, and a line width of just 10 pm can be
achieved. Figure 6b shows SEM images of patterns we designed with this approach. As can be clearly
seen, the resulting nanotube patterns were extremely successful.
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Figure 6. (a) The process of patterning CNT forests on a silicon wafer using laser stripping. (b) SEM

was used to observe a synthesized CNT forest pattern with a minimum line width of 10 um.

4. Conclusions

In summary, we found that commercially available oil-based ink markers contain a polymer
helpful for patterning CNTs. This polymer is known as SMA and is a common dispersant in ink.
We used SMA in testing and came up with two methods for more effectively patterning CNTs:
ink printing and laser stripping. The results of subsequent experiments were successful. Using the
laser stripping method, we were able to produce intricate CNT patterns with line widths of just 10 pm.
Aside from being extremely cost-effective, both methods require minimal preparation, are quick and
easy to carry out, and obviate the countless complex steps associated with conventional methods of
photolithography. Our approach offers ample opportunities for large-scale commercialization.

This study proposed new methods of CNT patterning that hold vast potential. Further,
our conclusions verified the validity of these methods by way of experimentation. To conclude,
we hereby outline some relevant items for consideration and posit possible directions for future research:

1. The initial ink printing method turned up several issues, including how to smoothly feed
aluminum foil into the printer, how to avoid ink splattering, and how to enhance pattern
resolution. If equipment was developed that addressed these issues, the ink printing method
would have a much broader application.

2. If using a laser with a smaller spot size, the line width of the patterns could be reduced even
further, resulting in an increase to the concentration of nanotube forest arrays and an improvement
in application.

3. The laser stripping method is equally applicable to thin and highly pliable materials, such as
aluminum foil, as long as the parameters are adjusted properly so that the aluminum surface is
not damaged when the ink is removed.
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4. Apart from SMA, we believe that there are other materials that could equally achieve the task of
blocking CNT forest growth. Any polymer that does not carbonize under high heat and possesses
high melt viscosity could be employed to achieve CNT patterning. As nanotube synthesis
involves immense heat, materials with low viscosity and high fluidity could affect the overall
integrity of the pattern.

Supplementary Materials: The following are available online at http://www.mdpi.com/2079-4991/9/9/1332/s1,
Figure S1: Oil-based markers to conduct preliminary synthesis testing, Figure S2: The specimen preparation
process for CNT patterning using inkjet printers, Figure S3: Laser stripping to remove the ink from the surface of
the sample

Author Contributions: Conducted the experiment and wrote the paper, Y.-R.L.; provided suggestions for the
experimental direction and parameter modification, C.-P.H., C.-C.S. and S.-H.C.; All authors contributed to the
discussion of the results and analyzed the data.

Funding: This research was funded by Ministry of Science and Technology, Taiwan, the Republic of China,
grant number 106-2221-E-002-128-

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

References

1. Wei, B.Q,; Vajtai, R.; Ajayan, PM. Reliability and current carrying capacity of carbon nanotubes. Appl. Phys.
Lett. 2001, 79, 1172-1174. [CrossRef]

2. Baughman, R.H.; Zakhidov, A.A.; de Heer, W.A. Carbon nanotubes—The route toward applications. Science
2002, 297, 787-792. [CrossRef]

3.  De Volder, M.EL.; Tawfick, S.H.; Baughman, R.H.; Hart, A.J. Carbon Nanotubes: Present and Future
Commercial Applications. Science 2013, 339, 535-539. [CrossRef]

4. Deheer, W.A; Chatelain, A.; Ugarte, D. A Carbon Nanotube Field-Emission Electron Source. Science 1995,
270,1179-1180. [CrossRef]

5. Fan,S.S,; Chapline, M.G.; Franklin, N.R.; Tombler, T.W.; Cassell, A.M.; Dai, H.]. Self-oriented regular arrays
of carbon nanotubes and their field emission properties. Science 1999, 283, 512-514. [CrossRef] [PubMed]

6. Park, S.; Gupta, A.; Yeo, S.; Jung, J.; Paik, S.; Mativenga, M.; Kim, S.; Shin, ].; Ahn, J.; Ryu, J. Carbon nanotube
field emitters synthesized on metal alloy substrate by PECVD for customized compact field emission devices
to be used in X-ray source applications. Nanomaterials 2018, 8, 378. [CrossRef] [PubMed]

7. Campo, T, Pinilla, S.; Galvez, S.; Sanz, ] M.; Marquez, F.; Morant, C. Synthesis Procedure of Highly Densely
Packed Carbon Nanotube Forests on TiN. Nanomaterials 2019, 9, 571. [CrossRef] [PubMed]

8.  Kong, J.; Franklin, N.R.; Zhou, C.; Chapline, M.G.; Peng, S.; Cho, K.; Dai, H. Nanotube molecular wires as
chemical sensors. Science 2000, 287, 622-625. [CrossRef]

9. Qi, P; Vermesh, O.; Grecu, M,; Javey, A.; Wang, Q.; Dai, H.; Peng, S.; Cho, K.J. Toward large arrays of
multiplex functionalized carbon nanotube sensors for highly sensitive and selective molecular detection.
Nano Lett. 2003, 3, 347-351. [CrossRef]

10. Kam, N.W.S,; O’Connell, M.; Wisdom, J.A.; Dai, H.J. Carbon nanotubes as multifunctional biological
transporters and near-infrared agents for selective cancer cell destruction. Proc. Natl. Acad. Sci. USA 2005,
102, 11600-11605. [CrossRef]

11. Dai, H.; Hafner, ]. H,; Rinzler, A.G.; Colbert, D.T.; Smalley, R.E. Nanotubes as nanoprobes in scanning probe
microscopy. Nature 1996, 384, 147-150. [CrossRef]

12.  Hafner, ].H.; Cheung, C.L.; Lieber, C.M. Growth of nanotubes for probe microscopy tips. Nature 1999, 398,
761-762. [CrossRef]

13. Nishijima, H.; Kamo, S.; Akita, S.; Nakayama, Y.; Hohmura, K.I.; Yoshimura, S.H.; Takeyasu, K.
Carbon-nanotube tips for scanning probe microscopy: Preparation by a controlled process and observation
of deoxyribonucleic acid. Appl. Phys. Lett. 1999, 74, 4061-4063. [CrossRef]

14. Zhang, J.; Tang, J.; Yang, G.; Qiu, Q.; Qin, L.C.; Zhou, O. Efficient fabrication of carbon nanotube point
electron sources by dielectrophoresis. Adv. Mater. 2004, 16, 1219-1222. [CrossRef]

15. Slattery, A.; Shearer, C.; Shapter, J.; Quinton, J.; Gibson, C. Solution based methods for the fabrication of
carbon nanotube modified atomic force microscopy probes. Nanomaterials 2017, 7, 346. [CrossRef] [PubMed]


http://www.mdpi.com/2079-4991/9/9/1332/s1
http://dx.doi.org/10.1063/1.1396632
http://dx.doi.org/10.1126/science.1060928
http://dx.doi.org/10.1126/science.1222453
http://dx.doi.org/10.1126/science.270.5239.1179
http://dx.doi.org/10.1126/science.283.5401.512
http://www.ncbi.nlm.nih.gov/pubmed/9915692
http://dx.doi.org/10.3390/nano8060378
http://www.ncbi.nlm.nih.gov/pubmed/29843456
http://dx.doi.org/10.3390/nano9040571
http://www.ncbi.nlm.nih.gov/pubmed/30965642
http://dx.doi.org/10.1126/science.287.5453.622
http://dx.doi.org/10.1021/nl034010k
http://dx.doi.org/10.1073/pnas.0502680102
http://dx.doi.org/10.1038/384147a0
http://dx.doi.org/10.1038/19658
http://dx.doi.org/10.1063/1.123261
http://dx.doi.org/10.1002/adma.200400124
http://dx.doi.org/10.3390/nano7110346
http://www.ncbi.nlm.nih.gov/pubmed/29068385

Nanomaterials 2019, 9, 1332 80f9

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.
37.

38.

Hu, X.; Wei, H.; Deng, Y.; Chi, X; Liu, J.; Yue, J.; Peng, Z.; Cai, J.; Jiang, P; Sun, L. Amplitude response
of conical multiwalled carbon nanotube probes for atomic force microscopy. RSC Adv. 2019, 9, 429-434.
[CrossRef]

Wong, H.P.; Appenzeller, J.; Derycke, V.; Martel, R.; Wind, S.; Avouris, P. Carbon nanotube field effect
transistors—Fabrication, device physics, and circuit implications. In Proceedings of the 2003 IEEE
International Solid-State Circuits Conference, San Francisco, CA, USA, 13 February 2003.

Schroter, M.; Claus, M.; Sakalas, P.; Haferlach, M.; Wang, D. Carbon Nanotube FET Technology for
Radio-Frequency Electronics: State-of-the-Art Overview. IEEE |. Electron Devices Soc. 2013, 1, 9-20.
[CrossRef]

Shulaker, M.M.; Hills, G.; Park, R.S.; Howe, R.T.; Saraswat, K.; Wong, H.S.; Mitra, S. Three-dimensional
integration of nanotechnologies for computing and data storage on a single chip. Nature 2017, 547, 74.
[CrossRef] [PubMed]

Kong, J.; Soh, H.T.; Cassell, A.M.; Quate, C.F,; Dai, H.]. Synthesis of individual single-walled carbon nanotubes
on patterned silicon wafers. Nature 1998, 395, 878-881. [CrossRef]

Huang, S.M.; Mau, AW.H.; Turney, TW.; White, P.A.; Dai, L. M. Patterned growth of well-aligned carbon
nanotubes: A soft-lithographic approach. J. Phys. Chem. B 2000, 104, 2193-2196. [CrossRef]

Joachim, C.; Gimzewski, ].K.; Aviram, A. Electronics using hybrid-molecular and mono-molecular devices.
Nature 2000, 408, 541-548. [CrossRef]

Bachtold, A.; Hadley, P.; Nakanishi, T.; Dekker, C. Logic circuits with carbon nanotube transistors. Sciernce
2001, 294, 1317-1320. [CrossRef] [PubMed]

Franklin, N.R,; Li, YM.; Chen, R.J.; Javey, A.; Dai, H.]J. Patterned growth of single-walled carbon nanotubes
on full 4-inch wafers. Appl. Phys. Lett. 2001, 79, 4571-4573. [CrossRef]

Javey, A.; Guo, J.; Wang, Q.; Lundstrom, M.; Dai, H.J. Ballistic carbon nanotube field-effect transistors. Nature
2003, 424, 654-657. [CrossRef] [PubMed]

Tselev, A.; Hatton, K.; Fuhrer, M.S.; Paranjape, M.; Barbara, P. A photolithographic process for fabrication of
devices with isolated single-walled carbon nanotubes. Nanotechnology 2004, 15, 1475-1478. [CrossRef]
Edgeworth, J.P.; Wilson, N.R.; Macpherson, J.V. Controlled growth and characterization of two-dimensional
single-walled carbon-nanotube networks for electrical applications. Small 2007, 3, 860-870. [CrossRef]
[PubMed]

Pander, A.; Hatta, A.; Furuta, H. FIB Secondary Etching Method for Fabrication of Fine CNT Forest
Metamaterials. Nano-Micro Lett. 2017, 9, 44. [CrossRef]

Lee, J.S.; Gu, G.H.; Kim, H.; Jeong, K.S.; Bae, J.; Suh, ].S. Growth of carbon nanotubes on anodic aluminum
oxide templates: Fabrication of a tube-in-tube and linearly joined tube. Chem. Mater. 2001, 13, 2387-2391.
[CrossRef]

Wang, Q.H.; Corrigan, T.D.; Daj, ].Y.; Chang, R.PH.; Krauss, A.R. Field emission from nanotube bundle
emitters at low fields. Appl. Phys. Lett. 1997, 70, 3308-3310. [CrossRef]

Liu, YM,; Liu, L.; Liu, P; Sheng, L.M.; Fan, S.S. Plasma etching carbon nanotube arrays and the field emission
properties. Diam. Relat. Mater. 2004, 13, 1609-1613. [CrossRef]

Cheng, HM,; Li, F; Su, G.; Pan, H.Y.; He, L.L.; Sun, X.; Dresselhaus, M.S. Large-scale and low-cost synthesis
of single-walled carbon nanotubes by the catalytic pyrolysis of hydrocarbons. Appl. Phys. Lett. 1998, 72,
3282-3284. [CrossRef]

Moisala, A.; Nasibulin, A.G.; Kauppinen, E.I. The role of metal nanoparticles in the catalytic production of
single-walled carbon nanotubes—A review. J. Phys. Condens. Matter 2003, 15, S3011-5S3035. [CrossRef]
Coman, V.; Copaciu, F. Analysis of Dyes and Inks. In Instrumental Thin-Layer Chromatography; Poole, C.E, Ed.;
Elsevier: Boston, MA, USA, 2015; Chapter 20; pp. 555-588.

Niaounakis, M. Inks. In Biopolymers: Processing and Products; Niaounakis, M., Ed.; William Andrew Publishing:
Oxford, UK, 2015; Chapter 14; pp. 447-458.

Schmidhauser, ].C.T.; Hahn, L.M. SMA Resin Amic Acids. U.S. Patent 6,232,405, 15 May 2001.

Gore, R.H.S.; Langenmayr, E.J.; Machleder, W.H.; Lorah, D.P; Van Dyk, A K.; Bortnick, N.M. Colorants,
Dispersants, Dispersions, and Inks. U.S. Patent 20030055178, 20 March 2003.

Guo, D.Z.S.D.; Chen, X. Ink System Containing Polymer Binders. U.S. Patent 8,946,320, 3 February 2015.


http://dx.doi.org/10.1039/C8RA08683D
http://dx.doi.org/10.1109/JEDS.2013.2244641
http://dx.doi.org/10.1038/nature22994
http://www.ncbi.nlm.nih.gov/pubmed/28682331
http://dx.doi.org/10.1038/27632
http://dx.doi.org/10.1021/jp994152w
http://dx.doi.org/10.1038/35046000
http://dx.doi.org/10.1126/science.1065824
http://www.ncbi.nlm.nih.gov/pubmed/11588220
http://dx.doi.org/10.1063/1.1429294
http://dx.doi.org/10.1038/nature01797
http://www.ncbi.nlm.nih.gov/pubmed/12904787
http://dx.doi.org/10.1088/0957-4484/15/11/017
http://dx.doi.org/10.1002/smll.200700029
http://www.ncbi.nlm.nih.gov/pubmed/17429817
http://dx.doi.org/10.1007/s40820-017-0145-5
http://dx.doi.org/10.1021/cm0014076
http://dx.doi.org/10.1063/1.119146
http://dx.doi.org/10.1016/j.diamond.2004.01.014
http://dx.doi.org/10.1063/1.121624
http://dx.doi.org/10.1088/0953-8984/15/42/003

Nanomaterials 2019, 9, 1332 90f9

39. Su, J.E; Wang, S.B.; Zhang, Y.Y.; Huang, Z. Physicochemical properties and mechanical characters of
methanol-modified melamine-formaldehyde (MMF) shell microPCMs containing paraffin. Colloid Polym. Sci.
2011, 289, 111-119. [CrossRef]

40. Su, J.E; Wang, S.B.; Zhou, ] W.; Huang, Z.; Zhao, Y.H.; Yuan, X.Y.; Zhang, Y.Y.; Kou, ]J.B. Fabrication and
interfacial morphologies of methanol-melamine-formaldehyde (MMF) shell microPCMs/epoxy composites.
Colloid Polym. Sci. 2011, 289, 169-177. [CrossRef]

@ © 2019 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/10.1007/s00396-010-2328-1
http://dx.doi.org/10.1007/s00396-010-2334-3
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Experiments 
	Results and Discussions 
	Conclusions 
	References

