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ABSTRACT: Large-area Cu nanosheets are synthesized by a strategy of Cu
nanocrystal self-assembly, and then aqueous conductive Cu nanosheet ink is
successfully prepared for direct writing on the conductive circuits of flexible
electronics. The Cu nanocrystals, as building blocks, self-assemble along the
⟨111⟩ direction and grow into large-area nanosheets approximately 30−100
μm in diameter and a few hundred nanometers in thickness. The laminar
stackable patterns of the Cu nanosheet circuits increase the contact area of
the Cu nanosheets and improve the stability of the conductor under stress,
the result being that the Cu nanosheet circuits display excellent conductive
performance during repeated folding and unfolding. Moreover, hetero-
structures of Ag nanoparticle-coated Cu nanosheets are created to improve
the thermal stability of the nanosheet circuits at high temperatures.
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1. INTRODUCTION

In the past decade, flexible electronics, including flexible
display,1−3 flexible antenna arrays,4,5 flexible radiofrequency
identification tags,6−8 and electronic circuits in clothing,9,10

have received considerable attention because of their low cost,
light weight, and favorable dielectric properties.11 Until now,
many manufacturing techniques such as aerosol-jet printing,12

inkjet printing, lithography technology,13 etc., have been
developed to fabricate conductive patterns on flexible
electronics. However, these technologies involve complicated,
time-consuming, and expensive processes.14 Therefore, re-
searchers are paying more attention to direct writing methods,
which can make a desired conductive pattern on various
substrates with a one-step procedure.15 In particular, con-
ductive ink for direct writing on paper substrates remains a
priority.
Enormous effort has been devoted to the development of

highly conductive ink materials to meet the needs of flexible
electronics, such as conductive polymers, organometallic
compounds, metal precursors, and nanoscale metallic particles.
Conductive polymer circuits exhibit high flexibility, and the
manufacturing routes are relatively simple and cost-effective;
however, the conductivity is relatively low.16 Organo-metal or
metal precursor-produced circuits represent good conductivity,
but additional heat treatment was required to reduce the
metallic species.17 Recently, novel metallic materials such as
gold and silver nanostructures have been widely explored in

devices as conductive components because of their high
conductivity and strong antioxidation properties.18−20 For
example, flexible silver electrocircuits have been fabricated by
a silver nanowire inkjet printing method. The printed
electrocircuits shows low resistivity in the range from 8.76 ×
10−8 to 9.18 × 10−8 Ωm, which fully meet the requirement for
application in electrocircuits.21 Gold/silver nanoparticle-ink
printing technology can increase the density of metallic
particles, and the conductivity of the pattern can be mediated
by the number of the printing layers and the sintering
process.22,23 However, in practical applications, the dispersi-
bility of the nanowire in a viscous solution, the alignment of an
individual nanowire in the conductive patterns, and the
cracking problem of the nanoparticle-based conductive patterns
on flexible and stretch substrate still need to be addressed.24

Two-dimensional (2D) nanostructures such as nanodisks
and nanosheets exhibit outstanding physical and chemical
properties, because of their ability to serve as anisotropic
building blocks in terms of their high aspect ratios of the size
and thickness.25 A 2D Cu nanostructure, in particular, is a
promising alternative novel metal material for conductive ink
because of its low price and high conductivity. To the best of
our knowledge, a few strategies have been developed to
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synthesize 2D Cu nanostructures.26,27 In particular, large-area
Cu nanosheets with high radius/thickness ratios have not been
reported. Therefore, an environment-friendly aqueous synthesis
strategy capable of generating large-area 2D Cu nanosheets for
conductive ink remains a challenge.
Herein, a Cu nanocrystal self-assembly strategy was

developed to prepare large-area Cu nanosheets, employing
CuSO4 as the Cu source and C6H12O6 as the reductant in the
presence of polyvinyl pyrrolidone (PVP). X-ray diffraction
(XRD) and selected-area electron diffraction (SAED) analysis
confirmed that Cu nanocrystals, as building blocks, self-
assembled along the ⟨111⟩ direction and then grew into
large-area Cu nanosheets approximately 30−100 μm in
diameter and several hundred nanometers in thickness. Cu
nanosheet ink offers a vital opportunity to write alternately
stackable Cu nanosheet circuits directly on a flexible substrate.
The laminar stackable pattern of Cu nanosheet circuits
increases the contact area of the Cu nanosheets and improves
the stability of the conductor, the result being that the Cu
nanosheet circuits displayed excellent conductive performance
during repeated folding and unfolding. Further, hetero-
nanostructures of Ag nanoparticle-coated Cu nanosheets were
produced by a galvanic displacement reaction, which can
improve the thermal stability and conductivity of the Cu
nanosheets at high temperatures.

2. EXPERIMENTAL SECTION
Synthesis of Conductive Cu Nanosheets and Ag Nano-

particle-Coated Cu Nanosheets. For the synthesis of Cu
nanosheets, 1.0 g of C6H12O6·H2O, 0.5 g of PVP, and 10 mL of
CuSO4 (0.1 mol/L) were dissolved in 25 mL of deionized water while
the mixture was being vigorously magnetically stirred, and then the
mixture was transferred into a Teflon-lined autoclave and heated at
180 °C for 180 min. The brown-red products were collected, washed
three times with deionized water and ethanol, and then dried under
vacuum at 60 °C (see Figure S1a of the Supporting Information).

For the synthesis of Ag nanoparticle-coated Cu nanosheets, 3.0 mg
of Cu nanosheets was dispersed in 15 mL of deionized water and 0.1
mL of a AgNO3 solution (0.05 mol/L) was added dropwise while the
mixture was being vigorously stirred for 5 min. The precipitates were
separated from the solution by centrifugation. Then the precipitates
were washed three times with deionized water and then dried under
vacuum at 60 °C.

Preparation of Cu Nanosheet Ink and Circuits. To prepare Cu
nanosheet ink, 4.0 mg of carboxymethyl cellulose (CMC) was
dispersed in an aqueous solution containing 12 mL of water and 8 mL
of methanol, and the mixture was stirred for 360 min. Cu nanosheets
were added to the CMC solution to achieve a desired CMC:Cu weight
ratio of 3:100. The mixture was stirred at 4000 rpm for 10 min and
allowed to dry in air until a solid loading of 35−65 wt % Cu was
obtained (Figure S1b of the Supporting Information). The circuit
patterns can be easily drawn with a conductive pen on paper (Figure
S1c of the Supporting Information).

Characterization. The morphology and elemental composition of
the as-prepared Cu nanosheets were characterized via scanning
electron microscopy (SEM) (Hitachi S-4800) and dispersive X-ray
spectroscopy (EDX) (Oxford), respectively. Transmission electron

Figure 1. SEM images of Cu nanosheets (a and b) and XRD patterns of Cu nanosheets (inset of panel a) and EDX patterns of Cu nanosheets (inset
of panel b).

Figure 2. SEM images of as-prepared Cu products at 180 °C for various reaction times: (a) 45, (b) 55, (c) 65, (d) 80, (e) 100, and (f) 180 min. The
inset of panel a is the XRD pattern of the sample at 45 min, and the inset of panel b is a high-resolution SEM image.
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microscopy (TEM) images and selected-area electron diffraction
(SAED) were collected on a JEOL-2010 instrument. XRD patterns
were obtained on a Bruker D8-discover instrument operating with Cu
Kα radiation (λ = 1.5406 Å). Thermogravimetric analysis (TGA) was
conducted in a static air atmosphere (10 °C/min) (shanghai precision
scientific instrument ZRY-2P).

3. RESULTS AND DISCUSSION

The morphology of the as-prepared Cu nanosheets reveals its
large area 30−100 μm in diameter and several hundred
nanometers in thickness (Figure 1a,b). The phase and purity of
the as-prepared Cu nanosheets were confirmed by the XRD
pattern (inset of Figure 1a). The distinguishable diffraction
peaks at 2θ values of 43.3°, 50.4°, and 74.2° correspond to the
(111), (200), and (220) crystal planes, respectively, of the face-
centered cubic structure (JCPDS No. 04-0836). No impurities
were detected, indicating the high purity of products. In
addition, the sharp peaks indicated that the product is well-
crystallized. EDX analysis further confirmed that the obtained
samples were pure Cu nanosheets (inset of Figure 1b).
It is well-known that the intrinsic properties of nanocrystals

can be tailored by controlling their size, shape, and
structure.28,29 Understanding the growth mechanism and the
shape guiding process of nanocrystals is critical to controlling
the shape and size of nanoparticles.30,31 The evolution of the
shape of the Cu nanostructures prepared at 180 °C with
different reaction times has been investigated (Figure 2). Figure
2a depicts the SEM image of the sample obtained after 45 min;
irregular Cu crystals with 10 μm in diameter on average were
produced. XRD diffraction (inset of Figure 2a) reveals its face-
centered cubic Cu structure. When the reaction was conducted
for 55 min, the Cu nanoparticles, as building blocks, began to
aggregate (Figure 2b). The high-resolution SEM image (inset
of Figure 2b) shows individual Cu crystals connected with each
other, but the outline of the building block was still visible.
When the reaction time was increased to 65 min, Cu crystals
grew into large blocks (Figure 2c). When the reaction time was
extended to 80 min, these Cu nanocrystals self-assembled into
sheet structures with a small area approximately 10−20 μm in
diameter and 2 μm in thickness (Figure 2d). When the reaction
time was increased to 100 min, these small sheets grew into
large sheets (Figure 2e). When the reaction time was increased
to 180 min, large-area Cu nanosheets approximately 30−100
μm in diameter and 600 nm in thickness with a smooth surface
were produced (Figure 2f).

Capping agents have been extensively applied to control the
surface energies and growth rates of different facets and
therefore the shape assumed by the nanostructures.32 PVP has
been widely used as a surface-capping agent to stabilize the high
surface energy in the synthesis of metallic nanoparticles, such as
Au, Ag, Pt, and Pd.33−38 PVP has also had a great impact on the
formation of the the resultant Cu products in this study. During
the synthesis, carbonyl groups of PVP can coordinate with Cu
ions to form complexes, and then the PVP could weaken the
catalytic activity of Cu ions on the glucose carbonization
reaction.39−41 The glucose just acted as a reducer in the
presence of PVP in the reaction, and then pure Cu products
were formed. On the other hand, Cu nanosheets and carbon
microspheres were generated simultaneously when the reaction
took place in the absence of PVP (see Figure S2a of the
Supporting Information), the result being that the carbon mass
fraction of the products was increased from 5% (as shown in
Figure 1b) to 46% (as shown in Figure S2b of the Supporting
Information).
The SAED pattern of Cu nanosheets reveals that the planar

surface of the nanosheet was parallel to the {111} facets of the
face-centered cubic Cu (Figure 3a), because the electron beam
was perpendicular to the sheet. Figure 3b displays a SAED
pattern of the lateral surfaces of Cu nanosheets, which is
consistent with the {220} plane of Cu. It is well-known that the
growth tendency of nanocrystals is determined by the growth
rates of different facets.42 SAED and XRD (insets of panels a
and b of Figure 1) analysis confirms that Cu nanosheets grew
along the ⟨111⟩ direction. In addition, the thickness of Cu
nanosheets was decreased with a prolonged reaction time; small
particles on Cu nanosheets gradually disappeared, and
eventually, Cu nanosheets with smooth surfaces were produced.
The formation of Cu nanosheets is strongly related to the
reaction among Cu2+, H2O, and C6H12O6, which can be
described as follows:

+ +

→ + +

+

+

CH OH(CHOH) CHO H O Cu

Cu CH OH(CHOH) COOH 2H
2 4 2

2

2 4

On the basis of the experimental results described above, the
growth mechanism of the Cu nanosheet structures is tentatively
proposed, and the formation of the Cu nanosheets includes the
following three steps (Figure 3c): (1) irregular Cu nano-
particles formed at an early stage, (2) Cu nanoparticles, as
building blocks, self-assembled along the ⟨111⟩ direction to

Figure 3. SAED patterns of Cu nanosheets (a and b) and growth mechanism of Cu nanosheets (c).
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form small-scale sheets, which is similar to the oriented
attachment mechanism,43 and (3) small-scale sheet structures

merged into large-area Cu nanosheets, which is similar to
Ostwald ripening.44

Figure 4. Photographic images of the Cu nanosheet circuit that can support the LED chips on photocopy paper (a) without power and (b) powered
by a 9 V battery. (c) Schematic diagrams of various folding angles. (d) Relative conductance of the Cu nanosheet circuits as a function of folding or
unfolding cycle. (e) Array of LED chips on a circuit board, including negative and positive angle folding. (f) Bending process of the Cu nanosheet
circuits under stress.

Figure 5. Simulation images (a1−c1), SEM images of folding circuits (a2−c2), and high-resolution images of folding circuits (a3−c3). (d) Schematic
diagrams of folding Cu nanosheet circuits.
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Recently, metal ink was found to exhibit very interesting
properties as a printing ink on flexible electronics, especially on
paper substrates because it is environment friendly, recyclable,
foldable, and lightweight.45−48 Cu nanosheet inks are being
considered as a preferable material in flexible electronics,
including flexible display, radiofrequency identification, and
fabricated electronic circuits, because of the low cost and less
electromigration.49 Cu nanosheet inks can potentially be
applied to a variety of functional circuits with complex shapes
on paper substrates. For instance, a few LED chips on a Cu
nanosheet circuit on photocopy paper were fabricated using a
direct writing approach (Figure 4a,b), and the resistivity of the
circuit is ∼1.2 × 10−7 Ωm. The luminescent strip can maintain
its stability after a number of folding and twisting cycles, to
cater to various applications. Figure 4c displays various folding
angles over the range of −180° to 180°, indicating folding of
the Cu nanosheet circuit outside and inside the paper substrate,
respectively. As an innovative ink with tremendous potential
applications in flexible electronics, it is essential to maintain the
conductivity of the mental ink circuits after the folding process.
The ratio of the measured conductance (G) to the initial
conductance (G0) of the Cu nanosheet circuits on paper
substrates was investigated via repetitive folding and unfolding
as demonstrated in Figure 4d. To reduce the deviation, all
measurements were repeated five times to obtain an average
value. The Cu circuits maintained ∼80.9% of their original
conductance after 1000 cycles of −180° folding and ∼89.2% of
the onset conductance after 1000 cycles of 180° folding. The
Cu nanosheet circuits displayed an excellent stability in terms of
conductance on paper substrates. In practical applications,
some paper-based electronic circuits need to be folded at either
negative or positive angles. A foldable Cu nanosheet circuit
board was created by placing LED chips on the paper for
negative and positive folding angles (Figure 4e). Figure 4f
shows the LED chips performed well on the paper-based circuit
board regardless of the folding angle. The Cu nanosheet circuits
worked well even when the paper had been fully folded
together. The remarkable folding stability indicates not only the
good connection between Cu nanosheets but also strong
adhesion between Cu nanosheets and paper substrates. Layered
conductive structures can slide easily because of the loose
interlayer coupling.50 To investigate the change in the internal
structure of the Cu nanosheet circuits after bending, a liner
array of five Cu electrodes was produced (width of 750 μm and
length of 2 cm) spaced 1.5 mm apart using a conductive pen on
photocopy paper and dried at room temperature for 1 h in air.
Optical images of the electrode pattern paper substrate in a flat
state are shown in Figure 5a1. The corresponding SEM image
(Figure 5a2) and the high-resolution images (Figure 5a3)
reveal that these Cu nanosheets were spread out and stacked on
the paper substrate. When the paper-based circuits were bent
slightly (Figure 5b1), the corresponding SEM images show that
no trace of cracks or delamination on circuits was observed
(Figure 5b2). SEM images demonstrate that these Cu
nanosheets overlapped together to form a laminar structure
of alternating plates (Figure 5b3 and Figure S3a of the
Supporting Information). When the substrate was bent to
−180° (Figure 5c1), the SEM image displays a laminar
structure of the Cu nanosheets that could bend together with
the paper, rather than split on the paper (Figure 5c2,c3 and
Figure S3b of the Supporting Information). The laminar
structure of nanosheet ciruits can increase the contact area of
Cu naosheets under stress and maintain the stability of the

conductivity. The schematic diagrams of paper-based circuits of
the Cu nanosheet bending process are shown in Figure 5d. In
contrast, nanoparticle circuits were prone to forming cracks
after bending (Figure S4 of the Supporting Information),
because of the weak mutual connection and restriction between
nanoparticles.
It is worth noting that the Cu nanosheet ink can be applied

to fabricate complicated conductive patterns and devices by a
direct writing approach. In addition, the Cu nanosheets and its
circuits can work well after being stored under ambient
conditions for a long time (see Figures S5 and S6 of the
Supporting Information). Cu electrodes, electronic art, and
multicolor LED displays on paper substrates were produced by
using a conductive pen. The conductive pen consisting of Cu
nanosheets can easily be used to write on paper, which further
demonstrates strong adhesion between the Cu nanosheet ink
and the paper (the optical and SEM images of Cu words are
shown in Figure S7 of the Supporting Information). Electronic
art, lotus leaves, and Chinese characters were hand-drawn using
a conductive pen on photocopy paper. Then a surface-mounted
LED chip (3.2 mm × 1.6 mm × 1.1 mm) was set in a gap that
was placed in the blossom. After the ink had dried under
ambient conditions for 1 h, the LED was illuminated by using a
9 V battery (Figure 6b). Flexible displays have attracted much

attention because nanosheets meet the needs of the smaller and
higher-density installation design and can be freely bent, folded,
and arbitrarily arranged according to spatial layout require-
ments. To further verify the applicability of the Cu nanosheet
ink in large-area flexible displays, an array of multicolor LEDs
was fabricated (Figure 6c), in which a series of parallel circuits
with 0.6 cm spacing were printed on paper substrate by using a
conductive pen. Designed “ZSTU” letters were demonstrated
via the placement of LED chips (2.0 mm × 1.2 mm × 1.0 mm).
The surface-mounted LED chips were attached to the substrate
with silver paste.
As a kind of conductive material, Cu is widely used in daily

life.51−53 However, Cu can be easily oxidized at high

Figure 6. (a) Optical image of a conductive pen loaded with a
conductive Cu nanosheet ink. (b) Optical image of drawn conductive
electronic art. (c) Optical image of a flexible paper display containing
an LED array on paper.
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temperatures under some specific conditions and with certain
requirements. Generally, a Ag coating on Cu was widely applied
in the conductive fields because of its excellent conductive
property and thermal stability.54 Herein, Ag nanoparticle-
coated Cu nanosheets were prepared by a galvanic displace-

ment method, which can improve the thermal stability of Cu
nanosheets at high temperatures. The SEM image (Figure 7a)
presents that Ag nanoparticle coating covered the surface of Cu
nanosheets. XRD patterns confirmed that the as-prepared Ag
nanoparticle is a cubic structure (JCPDS No. 04-0783) (Figure

Figure 7. (a) SEM images of Ag nanoparticle-coated Cu nanosheets. (b) XRD patterns of Ag nanoparticle-coated Cu nanosheets. (c) EDX patterns
of Ag nanoparticle-coated Cu nanosheets. (d) HRTEM image and SAED pattern of Ag.

Figure 8. (a) TGA curves of Cu nanosheets and Ag-coated Cu nanosheets. (b) SEM image of a Ag-coated Cu nanosheet circuit. (c) TEM image of
Ag-coated Cu nanosheet ink. (d) Schematic diagrams of folding Ag-coated Cu nanosheet circuits (d). (e−g) Operation of a LED chip on the paper-
based circuit board before and after it had been crumpled.
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7b). EDX analysis reveals that the Ag content of the samples is
∼17.5 wt % (Figure 7c). The HRTEM image of Ag reveals a
parallel fringe spacing of 0.23 nm, which is consistent with the
(111) lattice planes of the cubic Ag, and the corresponding
SAED pattern indicates that Ag particles are single-crystal
structures (inset of Figure 7d).
The thermoanalytical technique is the most favored

technique for the rapid evaluation of the thermal stability of
various composites.55,56 To evaluate the thermal stability of Ag
nanoparticle-coated Cu nanosheets, the weight changes of Cu
nanosheets and Ag nanoparticle-coated Cu nanosheets were
recorded by TGA (shown in Figure 8a). The TGA curves of
the two samples had no significant weight gain below 350 °C.
The TGA curves of Cu nanosheets displayed an obvious weight
gain with an increase in temperature, because of the oxidization
of Cu nanosheets. When the temperature reached 650 °C, a
weight gain of 24.5% was observed. However, the TGA curve of
Ag-coated Cu nanosheets shows a major weight gain of only
7.8% even when the temperature was increased to 650 °C. It
confirms that the Ag nanoparticle coating can effectively
improve the thermal stability of the Cu nanosheets at high
temperatures.
The spatial arrangement of nanoparticles within circuit

boards is a crucial factor for the stability of conductance. Ag
nanoparticle loading on the surface and edges of Cu nanosheets
can effectively improve the area of contact between the layers
(shown in Figure 8b). When Ag-coated Cu nanosheets overlap
and stack together to form the laminar structure, Ag
nanoparticles can act as a conductive intermediary between
the Cu nanosheets. In particular, the Ag on the edge of Cu
nanosheets can contact another Ag nanoparticle in the same
plane attributed to reducing the gap in the adjacent Cu
nanosheets (Figure 8c). The bending circuit board of Ag-coated
Cu nanosheets shows a laminar structure that is similar to that
of the Cu naonosheet circuits; schematic diagrams of Ag-coated
Cu nanosheet circuits are shown in Figure 8d. Furthermore,
each Ag nanoparticle on the Cu nanosheet can be a good
connection point between the interlayer. Ag-coated Cu
nanosheet circuit boards with a LED chip were drawn on
paper, and the resistivity of the circuit is ∼8.9 × 10−8 Ωm. The
circuit boards worked well after being crumpled and
uncrumpled (Figure 8e−g), which demonstrates the Ag-coated
Cu nanosheet circuit shows good stability in application.
Further research into practical applications, such as the
conductance analysis of Ag-coated Cu nanosheet circuits,
improvement of the conductive pen, etc., is forthcoming.

4. CONCLUSION

In summary, large-area Cu nanosheets were synthesized by a
Cu nanocrystal self-assembly strategy, and aqueous conductive
Cu nanosheet ink was successfully prepared by mixing Cu
nanosheets in a CMC solution. The large-area Cu nanosheets,
assembled by Cu nanocrystal building blocks, were oriented
attached along the ⟨111⟩ direction and then self-assembled into
large-area nanosheets. The electronic circuits printed by the Cu
nanosheet ink revealed an excellent stability of conductance at
various folding angles because of the laminar stacked structure
of nanosheet circuits. Moreover, a Ag nanocrystal coating on
Cu nanosheets effectively improved the thermal stability of Cu
nanosheets at high temperatures. The facile and cost-effective
method can be a general way to make other kinds of aqueous
metal conductive inks on flexible electronics.
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