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Abstract: Copper nanowires (CuNWs) are promising electrode materials, especially for used in flexible and transparent electrodes, due to their
advantages of earth-abundant, low-cost, high conductivity and flexibility. However, the poor stability of CuNWs against oxidation and chemic-
al corrosion seriously hinders their practical applications. Herein, we propose a facile strategy to improve the chemical stability of CuNWs by
in situ coating of carbon protective layer on top of them through hydrothermal carbonization method. The influential factors on the growth of
carbon film including the concentration of the glucose precursor (carbon source), hydrothermal temperature, and hydrothermal time are sys-
tematically studied. By tailoring these factors, carbon layers with thickness of 3—8 nm can be uniformly grown on CuNWs with appropriate
glucose concentration around 80 mg-mL ™, hydrothermal temperature of 160-170°C, and hydrothermal time of 1-3 h. The as-prepared carbon-
coated CuNWs show excellent resistance against corrosion and oxidation, and are of great potential to use broadly in various optoelectronic

devices.
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1. Introduction

Metal nanowires such as silver nanowires (AgNWs) and
copper nanowires (CuNWs) with advantages of low cost,
high flexibility, and good conductivity, are considered to be
promising electrode materials, especially for transparent con-
ductive electrode applications [1-2]. Compared to AgNWs,
which have been widely used in various optoelectronic
devices (e.g. sensors, organic light-emitting diodes, and solar
cells) [3—6], comparable film transparency and conductivity
can be achieved with CuNWs and copper is more advantage-
ous in terms of material cost [7—14]. However, less attention
has been paid to CuNWs, one possible reason could be that
copper is less stable than silver, and CuNWs can be easily
oxidized in ambient air, resulting in significant drop of the
film conductivity [15-20].

The stability of CuNWs films against oxidation can be im-
proved through protective coatings, for example, using alu-
minum (Al) doped ZnO (AZO), AZO/ALO; [18,20], and
electroless nickel (Ni) as physical barriers [21]. However, the
film conductivity and transparency are typically comprom-
ised in these cases, due to the increased surface roughness. It
is also reported that highly conductive CuNWs film with en-
hanced oxidation resistance could be obtained by embedding
the CuNWs network into pre-coated poly(3,4-cthylenedi-
oxythiophene):poly(styrenesulfonate) (PEDOT:PSS) film
[17], but the long-term stability of such composite film needs
to be further verified, as the environmental stability of PE-
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DOT:PSS is poor. Recently, CuNWs/graphene and
CuNWs/reduced graphene oxide (rGO) core—shell nanowires
have been proposed for preparing high performance trans-
parent conducting electrodes with excellent stability, trans-
parency, and conductivity [15-16,19]. In the former case, the
graphene layer was deposited via plasma enhanced chemical
vapor deposition method at temperature over 500°C, which is
energy consuming and thus unfavorable for low-cost, large-
scale production. In the latter case, though mild preparation
conditions were used, the CuUNWs/rGO core—shell nanowires
had to be prepared in a complicated way, including the syn-
thesis of GO, the coating of GO on CuNWs, and the thermal
reduction of GO to rGO, which is disadvantageous for scal-
able production either. Therefore, it is meaningful to develop
new facile and cost-effective methods that can be used to pre-
pare stable core—shell structured CuNWs for high-perform-
ance transparent electrode applications.

Hydrothermal carbonization is a cheap and sustainable
way to generate various carbon materials [22], which has
been widely used to prepare carbon-coated nanoparticles (in-
cluding metals) for achieving enhanced stability against ox-
idation and degradation [23-26]. It is therefore possible to
produce carbon-coated metal nanowires through this method.
Herein, we report the synthesis of carbon-coated CuNWs
(CuNWs@C) using hydrothermal carbonization method with
glucose precursor, and the influences of precursor concentra-
tion, hydrothermal temperature, and hydrothermal time on
the growth of the carbon layer were systematically studied.
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Under appropriate condition, carbon layers with thickness
around 3-8 nm could be uniformly coated on the surface of
CuNWs. The coating of thin carbon film showed negligible
influence on the conductivity and transmittance of the CuN-
Ws, while significantly improved their stability against oxid-
ation and chemical corrosion. The resulting CANWs@C with
high robustness are expected to be applied extensively in op-
toelectronic devices.

2. Experimental
2.1. Synthesis of CuNWs

50 mg CuCl,-2H,0, 150 mg glucose, and 400 mg hexa-
decylamine were dissolved in 20 mL deionized (D. 1.) water
in a 25 mL vial. After stirred at room temperature for
overnight, the mixture was heated at 100°C for 6 h [10]. Then
the suspension was centrifuged and rinsed with hexane/isop-
ropyl alcohol (IPA) for 3 times. Finally, the CuNWs were
dispersed in 3 mL IPA. All of the chemicals were purchased
from Sinopharm, China, and used without further purifica-
tion.

2.2. Synthesis of CuNWs@C

0.5-3 g glucose was added into a mixed solution of 5 mL
D. L. water and 10 mL IPA, to which the as-prepared CuN-
Ws suspension in IPA (3 mL) was added. The mixed suspen-
sion was transferred into a 50 mL autoclave and heated at
160-200°C for 1-5 h, followed by centrifuged and rinsed
with the mixture of D. I. water and IPA for 2 times. Then the
resulted CUINWs@C were dispersed in 3 mL IPA.

2.3. Preparation of CuNW and CuNW@C-based thin
films

The as-prepared nanowire suspension in IPA was first di-
luted and then filtered through a cellulose acetate membrane.
After that, the membrane with captured nanowires was trans-
ferred onto glass substrate by applying pressure on the back-
side of the membrane. Finally, the cellulose membrane was
removed by dipping the substrate in acetone, followed by
washing of the CuNW film with acetic acid or annealing of
the CUNW@C film at 200°C in glovebox for 5 min to im-
prove film conductivity.

2.4. Preparation of dye-sensitized solar cells (DSSCs)

The dye-sensitized TiO, photoanode, I"/I7 electrolyte,
and the polyaniline (PANI) nanoparticles were prepared ac-
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cording to the procedures previously reported by our group
[27-28]. The mixed solution of PANI and PEDOT:PSS was
prepared by direct dispersing PANI nanoparticle in the com-
mercial PEDOT:PSS solution (PH 1000, Clevios) at 2
mg-mL™". The counter electrodes (CEs) were prepared by
spin-coating of the mixed solution on CuNWs and
CuNWs@C substrates and annealed at 130°C for 20 min.
The DSSCs were assembled in a sandwich structure with
electrolyte between the photoanodes and CEs.

2.5. Characterizations

The morphology of the nanowire was observed by scan-
ning electron microscope (SEM; SU8010, Hitachi, Japan)
and transmission electron microscope (TEM; JEF 2010 FEF,
JEOL, Japan). The TEM sample was prepared by directly
dropping of the diluted nanowire solution in IPA on Cu grid.
The X-ray diffraction (XRD) was characterized using PANa-
lytical X Pert diffractometer. The sheet resistance of the
nanowire-based film was measured using four-point probe
method (RTS-4, Guangzhou 4-probe Tech Co., Ltd., China).
The transmittance of the nanowire film was obtained with
UV-Vis spectrometer (Lambda 650, Perkin-Elmer, USA).
The photovoltaic performance of the DSSC was measured
under air mass (AM) 1.5, 100 mW-cm > simulated illumina-
tion with an active device area of 0.25 cm’.

3. Results and discussion

Fig. 1 shows the schematic illustration of the method used
for the preparation of CuNWs and CuNWs@C. The CuNWs
were synthesized by the reduction of copper chloride (CuCl,)
by glucose with the presence of hexadecylamine (HDA) as
capping agent, according to a one-pot procedure reported in
the literature [10]. As can be seen in Fig. 2, the as-synthes-
ized CuNWs with an average diameter around 50 nm, were
up to tens of micrometers long, and could be well dispersed
in IPA.

It has been shown in previous study that the glucose would
suffer aromatization and carbonization under hydrothermal
condition at temperatures over 160°C [23], which offers an
ideal strategy for the in situ formation of carbon protective
layer on CuNWs, if they are autoclaved together with gluc-
ose. To ensure the uniform growth of the carbon layer, the in-
fluences of the amount of glucose, the autoclave temperature
and time were systematically studied. The total volume of the
mixed solution used for hydrothermal process was fixed at 18

CuNWs@C

Fig. 1. Schematic illustration of the synthesis of copper nanowires (CuNWs) and carbon coated copper nanowires (CuNWs@C).
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Fig. 2. SEM images of the as-synthesized CuNWs: (a) low
magnification image; (b) high magnification image. The inset
shows the dispersion of CuNWs in IPA.

mL (5 mL H,0 and 13 mL IPA), corresponding to a 36%
filling of the 50 mL autoclave (the details were described in
the experimental section).

In case of studying the influence of the concentration of
the glucose, the autoclave temperature and time were fixed at
160°C and 3 h, respectively. It can be clearly seen from the
TEM images in Fig. 3(a)—(c), the growth of carbon layer is
directly related to the amount of glucose used. When a small
amount of glucose was used (0.5 g, 27.8 mg-mL™"), there was
no uniform carbon layer formed. By contrast, smooth carbon
layer with uniform thickness of ~8 nm was grown with high-
er amount of glucose (1.5 g, 83.4 mg:mL™"). However, too
much glucose (3 g, 116.8 mg-mL™") was found to result in

thick and rough carbon shell, which is possibly due to the
over growth of the carbon layer caused by the increased
growth rate at high concentration of glucose precursor.

Then, with fixed autoclave temperature of 160°C and an
appropriate amount of glucose (1.5 g, 83.4 mg-mL™"), the in-
fluence of autoclave time was investigated. As displayed in
Fig. 3(d)—(f), a short autoclave time of 1 h was found enough
to grow continuous carbon film on CuNW, but the film
thickness was only 2-3 nm. Thicker carbon layer (~7 nm)
was uniformly formed with longer autoclave time of 2 h,
which was comparable to the result obtained at 3 h autoclave
time (Fig. 3(b)). Similar to the influence of excessive gluc-
ose, prolonged autoclave time of 5 h also led to thicker car-
bon layer with rougher surface morphology. In this case, the
non-uniform film growth could be ascribed to the heterogen-
eous surface reaction due to the exhaustion of the glucose
precursor.

Finally, based on fixed amount of glucose (1.5 g, 83.4
mg-mL ") and autoclave time (2 h), the influences of higher
autoclave temperatures of 170, 180, and 200°C were invest-
igated. As shown in Fig. 3(g)—(i), the carbon layer grown at
170°C was identical to the case at 160°C. It seems that 180°C
is a critical point for the growth of carbon film. At this tem-

©

Fig. 3. TEM images of the CuNWs@C prepared with different conditions: (a)—(c) the influence of different amounts of glucose (0.5,
1.5, and 3 g in 18 mL total solution) with fixed autoclave temperature of 160°C and autoclave time of 3 h; (d)—(f) the influence of dif-
ferent autoclave times (1, 2, and 5 h) with fixed amount of glucose (1.5 g) and autoclave temperature of 160°C; (g)—(i) the influence of
different autoclave temperatures (170, 180, and 200°C) with fixed amount of glucose (1.5 g) and autoclave time of 2 h.
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perature or above, the aromatization and carbonization of the
glucose could be highly accelerated and thus resulting in non-
uniform film growth [22-23].

Accordingly, with an appropriate amount of glucose
(~83.4 mg'mL™) as carbon source, medium autoclave tem-
perature of 160—170°C, and autoclave time of 2-3 h, smooth
and uniform carbon layer with thickness of ~8 nm can be
successfully in situ grown on CuNWs, and batch production
of CuNWs@C could be realized. The uniform coating of car-
bon layers on different CuNWs could be directly observed by
TEM as shown in Fig. 4(a). Besides, the surface morphology
of the CuNWs changed strikingly after carbon coating as
comparing the SEM images in Fig. 4(b) and Fig. 2(b), which
further confirmed the success of our strategy in mass produc-
tion of CuNWs@C. The presence of carbon element on the
surface of CuNWs was further confirmed by the energy dis-
persive spectroscopy (EDS) (Fig. 4(c) and (d)). Notably, the
oxygen observed could be due to the residual hydroxyl group
on surface of the carbon layer, in agreement with the previ-
ous report [23]. The crystal structures of the CuNWs before
and after carbon coating were examined by XRD and the res-
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ults were presented in Fig. 4(e). The similar XRD patterns of
the CuNWs and CuNWs@C indicated that there was no
structure change (e.g., oxidation) occurred to CuNWs during
the hydrothermal process and the carbon layers grown on
CuNWs were amorphous.

As mentioned before, Cu could be easily oxidized in am-
bient air, especially for CuNWs with large surface area,
which would significantly reduce their conductivity, present-
ing a big challenge for practical use of CuNWs as electrode
materials. Therefore, the coating of carbon protective layer is
expected to solve this problem. Fig. 4(f) compares the
changes of the sheet resistances of CuNWs and CuNWs@C
films upon air exposure. It can be found that the sheet resist-
ance of bare CuNWs film increased over 150 times after 500
h exposure, while that of CUNWs@C film remained un-
changed, demonstrating greatly enhanced oxidation stability
of the CuNWs after carbon coating. Notably, the coating of
an extra carbon layer didn’t affect the conductivity of the
CuNWs, due to the thin film thickness. In our preliminary
study, both the bare CuNWs and CuNWs@C films could
achieve less than 100 Q-sq™' film conductivities at average

500 nm
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(a) TEM and (b) SEM images of the CuNWs@C prepared in a batch. (¢) SEM image and (d) the corresponding EDS spec-

trum of the CuNWs@C (on silicon substrate). (¢) XRD patterns of the CuNWs and CuNWs@C. (f) Conductivity change of CuNWs

and CuNWs@(C films upon air exposure.
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visible transmittance (AVT) around 60%—70%.

Then the chemical stability of CUINWs@C film was fur-
ther evaluated by employing it as conductive substrate for
preparing CE for DSSCs, where the I /I3 liquid electrolyte
offers an ideal corrosive environment for stability test. Fig.
5(a) shows the device structure of the DSSC, which is com-
posed of a dye-sensitized TiO, photoanode, an I" /I3 electro-
lyte, and a CE. The CE was prepared by spin-coating of the
mixed solution of polyaniline (PANI) and PEDOT:PSS on
CuNWs@C conductive substrate (see details in the experi-
mental section). In comparison, a similar CE was also pre-
pared on bare CuN'Ws substrate. As can be seen in Fig. 5(b),

(@)

F:SnO, glass (FTO)

Glass

Fig. 5.

the CuNWs based CE resulted in quite poor photovoltaic per-
formance with open-circuit voltage (V,.) of 0.49 V, short-cir-
cuit current density (J.) of 6.15 mA-cm 2, fill factor (FF) of
0.25, and power conversion efficiency (PCE) of 0.75%, since
it couldn’t withstand the strong corrosion of the electrolyte.
In striking contrast, the CuNWs@C based CE worked well
and led to considerably higher V. of 0.63 V, J, of 14.5
mA-cm %, FF of 0.667, and PCE of 6.1%. This result also
highlights the promising application of CAINWs@C as elec-
trode materials in perovskite solar cells, since the iodine in-
duced corrosion of metal electrodes usually happens at the
perovskite/electrode interfaces [29-34].

(b)
155
— CuNWs@C based CE
g 10+
<
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(a) Device structure of DSSC and SEM image of a typical CuNWs based composite counter electrode; (b) current density

(J)—voltage (V) characteristics of the DSSCs based on CEs on CuNWs and CuNWs@(C substrates.

4. Conclusion

In summary, we reported a facile method for the synthesis
of CiNWs@C by hydrothermal treatment of CiNWs in the
presence of glucose. The influences of the amount of glucose,
the hydrothermal temperature, and hydrothermal time on the
growth of carbon films on CuNWs walls were systematically
investigated. With glucose precursor concentration about 80
mg-mL™", proper autoclave temperature of 160-170°C, and
autoclave duration of 1-3 h, carbon layer with thickness of
3-8 nm could be uniformly grown on CuNWs, rendering
greatly enhanced stability of the CUNWs@C against oxida-
tion and chemical corrosion. Our study paves a way for the
broad application of CuNWs as electrode materials for vari-
ous optoelectronic devices.
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