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ABSTRACT

In this study, we investigated the relationship between the synthesis time of single crystal copper nanosheets (Cu NSs) and their
crystal growth, yield, size, and their electrical properties. The Cu NSs synthesized for 2 and 4 hours showed very low yields,
while synthesis yields began to increase after 6 hours of synthesis time, reaching approximately 33% in a 12-hour reaction.
The size of the Cu NSs was proportionally controlled by the synthesis time, and an average size of 16 um could be recovered
after a 12-hour reaction. In particular, when conductive films were prepared by Cu NSs of different sizes, the conductive films
made with larger particle sizes exhibited lower sheet resistance characteristics. Due to the unique characteristics of Cu NSs in
shape and structure, single crystal copper nanosheets are expected to be used as metal fillers for next-generation conductive inks

for printed electronics in the future.
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Fig. 1. Schematics of synthesis procedure for single crystalline copper nanosheets (Cu NSs).
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Fig. 2. Optical microscopy images of single crystalline copper nanosheets at different reaction times (a) 2 hr, (b) 4

hr, (c) 6 hr, (d) 8 hr, (e) 10 hr, and (f) 12 hr.
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Fig. 3. SEM images of single crystalline copper nanosheets at different reaction times (a) 2 hr, (b) 4 hr, (c) 6 hr,

(d) 8 hr, (¢) 10 hr, and (f) 12 hr.
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Fig. 4. SEM and EBSD analysis of single crystalline copper nanosheets at different reaction times (a) 2 hr, (b) 4

hr, (c) 6 hr, (d) 8 hr, (¢) 10 hr, and (f) 12 hr.
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SEM: Scanning electron microscopy
EBSD: Electron backscatter diffraction
Cu NSs: Copper nanosheets

IPA: Isopropyl alcohol

HDA: Hexadecylamine

ACKNOWLEDGEMENTS

Author Contributions

YJ, SK, BJL, SB, TWK were involved in
experiments, analysis, and discussion. YJ, SK, TWK
drafted the manuscript. All authors read and approved

the final manuscript.

Funding

This research was supported by the National
Research Foundation of Korea (Grant Number
2022M3H4A4097517) and also supported by the

Commercializations Promotion Agency for R&D

268



QUQIMHRISESX], 2023E 128, HM2H 23S, pp. 261-271
Journal of Flexible & Printed Electronics, December 2023, Vol. 2, Issue 2, pp. 261-271

Outcomes (COMPA) grant funded by the Korean
Governmen t(Miinistery of Science and ICT,2023)

Declarations of Competing Interests
The authors declare that they have no competing

interests.

REFERENCES

[1] Liu, Z.; Xu, J.; Chen, D.; Shen, G. Flexible
Electronics Based on Inorganic Nanowires. Chem.
Sic. Rev. 2015, 44 (1), 161-192.

[2] Cheon, B. J.; Kim, J. W,; Oh, M. C. Plastic
Optical Touch Panels for Large-scale Flexible
Display. Opt. Express. 2013, 21 (4), 4734-4739.

[3] Yoon, B.; Ham, D. Y.; Yarimaga, O.; An, H.; Lee,
C. W.; Kim, J. M. Inkjet Printing of Conjugated
Polymer Precursors on Paper Substrates for Colori-
metric Sensing and Flexible Electrothermochromic
Display. Adv. Mater. 2011, 23 (46), 5492-5497.

[4] Wang, P. C.; MacDiarmid, A. G. Integration of
Polymer-dispersed Liquid Crystal Composites with
Conducting Polymer Thin Films toward The
Fabrication of Flexible Display Devices. Displays
2007, 28 (3), 101-104.

[5] Allen, K. J. Reel to Real: Prospects for Flexible
Displays. Proceedings of the IEEE. 2005, 93 (8),
1394-1399.

[6] Shankar, R.; Amert, A.; Kellar, J. J.; Whites, K.
W. Silver Nano-Ink for Aerosol-Jet (m3d) Printed
Solar Electrodes. Nanomater. Energy. 2013, 2 (1),
20-24.

[7] Lee, H. H.; Chou, K. S.; Huang, K. C. Inkjet

Printing of Nanosized Silver Colloids. Nanote-

chnology. 2005, 16 (10), 2436.

[8] Wada, Y. Possible Application of Micromachine
Technology for Nanometer Lithography. Microelectron.
J. 1998, 29 (9), 601-611.

[9] Hon, K. K. B.; Li, L.; Hutchings, I. M. Direct
Writing Technology—Advances and Developments.
CIRP Annals. 2008, 57 (2), 601-620.

[10] Dang, R.; Song, L.; Dong, W.; Li, C.; Zhang, X;
Wang, G. et al. Synthesis and Self-assembly of
Large-area Cu Nanosheets and Their Application
as An Aqueous Conductive Ink on Flexible Ele-
ctronics. ACS Appl. Mater. Interfaces 2014, 6 (1),
622-629.

[11] Wu, Z.; Yang, S.; Wu, W. Shape Control of Inor-
ganic Nanoparticles from Solution. Nanoscale.
2016, 8 (3), 1237-1259.

[12] Kim, J.; Hong, S.; Jang, H. J.; Choi, Y.; Park, S.
Influence of lodide Ions on Morphology of Silver
Growth on Gold Hexagonal Nanoplates. J.
Colloid Interface Sci. 2013, 389 (1), 71-76.

[13] Fan, Z.; Zhang, H. Crystal Phase-Controlled Syn-
thesis, Properties and Applications of Noble
Metal Nanomaterials. Chem. Soc. Rev. 2016, 45
(1), 63-82.

[14] Zhang, S.; Zhang, X.; Jiang, G.; Zhu, H.; Guo,
S.; Su, D. et al. Tuning Nanoparticle Structure
and Surface Strain for Catalysis Optimization.
Chem. Soc. 2014, 136 (21), 7734-7739.

[15] Seifert, G.; Stalmashonak, A.; Hofmeister, H.;
Haug, J.; Dubiel, M. Laser-Induced, Polarization
Dependent Shape Transformation of AwAg
Nanoparticles in Glass. Nanoscale Res. Lett.
2009, 4, 1380-1383.

[16] Zhang, L.; Wang, Z.; Lu, Z.; Xia, K.; Deng, Y.;

269



RUQUMTRIBIEX], 20234 128, H2@ H28, pp. 261-271
Journal of Flexible & Printed Electronics, December 2023, Vol. 2, Issue 2, pp. 261-271

Li, S. et al. Synthesis of LiYF4: Yb, Er Upcon-
version Nanoparticles and Its Fluorescence Pro-
perties. J. Nanosci. Nanotechnol. 2014, 14 (6),
4710-4713.

[17] Jin, R.; Cao, Y.; Mirkin, C. A.; Kelly, K. L,;
Schatz, G. C.; Zheng, J. G. Photoinduced Con-
version of Silver Nanospheres to Nanoprisms.
Science 2001, 294 (5548), 1901-1903.

[18] Shankar, S. S.; Rai, A.; Ankamwar, B.; Singh,
A.; Ahmad, A.; Sastry, M. Biological Synthesis
of Triangular Gold Nanoprisms. Nat. Mater.
2004, 3 (7), 482-488.

[19] Aherne, D.; Ledwith, D. M.; Gara, M.; Kelly, J.
M. Optical Properties and Growth Aspects of
Silver Nanoprisms Produced by a Highly Repro-
ducible and Rapid Synthesis at Room Tempe-
rature. Adv. Funct. Mater. 2008, 18 (14), 2005-
2016.

[20] Guo, Q.; Zhao, Y.; Wang, Z.; Skrabalak, S. E.;
Lin, Z.; Xia, Y. Size Dependence of Cubic to
Trigonal Structural Distortion in Silver Micro-
and Nanocrystals under High Pressure. J. Phys.
Chem. C 2008, 112 (51), 20135-20137.

[21] Kusada, K.; Kobayashi, H.; Yamamoto, T.;
Matsumura, S.; Sumi, N.; Sato, K. et al. Discov-
ery of Face-Centered-Cubic Ruthenium Nanopar-
ticles: Facile Size-Controlled Synthesis Using
the Chemical Reduction Method. J. Am. Chem.
Soc. 2013, 135 (15), 5493-5496.

[22] Liao, H.; Zhu, J.; Hou, Y. Synthesis and Electro-
catalytic Properties of PtBi Nanoplatelets and
PdBi Nanowires. Nanoscale. 2014, 6 (2), 1049-
1055.

[23] Kim, J.; Rong, C.; Liu, J. P.; Sun, S. Dispersible

Ferromagnetic FePt Nanoparticles. Adv. Mater.
2009, 21 (8), 906-909.

[24] Ahn, Y.; Jeong, Y.; Lee, D.; Lee, Y. Copper
Nanowire-Graphene Core-Shell Nanostructure
for Highly Stable Transparent Conducting Ele-
ctrodes. ACS Nano. 2015, 9 (3), 3125-3133.

[25] Rathmell, A. R.; Wiley, B. J. The Synthesis and
Coating of Long, Thin Copper Nanowires to
Make Flexible, Transparent Conducting Films on
Plastic Substrates. Adv. Mater. 2011, 23 (41),
4798-4803.

[26] Sachse, C.; Wei, N.; Gaponik, N.; Miiller-
Meskamp, L.; Eychmiiller, A.; Leo, K. ITO-Free,
Small-Molecule Organic Solar Cells on Spray-
Coated Copper-Nanowire-Based Transparent Ele-
ctrodes. Adv. Energy Mater. 2014, 4 (2), 13
00737.

[27] Cui, F.; Yu, Y.; Dou, L.; Sun, J.; Yang, Q.;
Schildknecht, C. et al. Synthesis of Ultrathin
Copper Nanowires Using Tris (Trimethylsilyl)
Silane for High-Performance and Low-Haze Tran-
sparent Conductors. Nano Lett. 2015, 15 (11),
7610-7615.

[28] Kholmanov, I. N.; Domingues, S. H.; Chou, H.;
Wang, X.; Tan, C.; Kim, J. Y. et al. Reduced
Graphene Oxide/Copper Nanowire Hybrid Films
as High-Performance Transparent Electrodes.
ACS Nano. 2013, 7 (2), 1811-1816.

[29] Won, Y.; Kim, A.; Lee, D.; Yang, W.; Woo, K ;
Jeong, S. et al. Annealing-Free Fabrication of
Highly Oxidation-Resistive Copper Nanowire Com-
posite Conductors for Photovoltaics. NPG Asia
Mater. 2014, 6 (6), €105-e105.

[30] Park, Y. S.; Chae, H. K. Geometric Control and

270



QUQIMHRISESX], 2023E 128, HM2H 23S, pp. 261-271
Journal of Flexible & Printed Electronics, December 2023, Vol. 2, Issue 2, pp. 261-271

[31]

[32]

[33]

Intense Plasmon Resonances of Colloidal Trun-
cated Triangular Copper Nanoplates in Nonionic
Microemulsions Containing Tetrabutylammonium
Hydroxide. Chem. Mater. 2010, 22 (23), 6280-
6290.

Hu, H.; Zhou, J.; Kong, Q.; Li, C. Two-Dimen-
sional Au Nanocrystals: Shape/Size Controlling
Synthesis, Morphologies, and Applications. Part.
Part. Syst. Charact. 2015, 32 (8), 796-808.

Lee, J. W.; Han, J.; Lee, D. S.; Bae, S.; Lee, S.
H.; Lee, S. K. et al. 2D Single-Crystalline Copper
Nanoplates as a Conductive Filler for Electronic
Ink Applications. Small. 2018, 14 (8), 1703312.
Choi, H. K.; Lee, A.; Park, M.; Lee, D. S.; Bae,
S.; Lee, S. K. et al. Hierarchical Porous Film with
Layer-by-Layer Assembly of 2D Copper Nano-
sheets for Ultimate Electromagnetic Interference
Shielding. ACS Nano. 2021, 15 (1), 829-839.

[34] Choi, H. K,; Bae, S.; Lee, S. K.; Lee, S. H.; Lee,

K.; Ko, S. Y. et al. Tailoring the Internal Stru-
cture of Porous Copper Film via Size-Controlled
Copper Nanosheets for Electromagnetic Interfe-
rence Shielding. Mater. Sci. Eng. B. 2022, 278,
115611.

271






