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E
lectrical and optical properties of me-
tal nanowire (NW) films make them
promising materials for transparent

conductive film (TCF) applications. It has been
demonstrated that Au NW,1,2 Ag NW,3,4 and
Cu NW films5�7 can have sheet resistances
(Rs) comparable to or lower than commonly
used indium tin oxide (ITO) films at the same
optical transmittance (T). Metal NW films on
plastic substrates can have better mechan-
ical properties than ITO films for flexible
electronics.4�6 However, metal NW films
can have low oxidation resistance, poor
adhesion to the substrate, and low stability
in harsh environments. NW films have elec-
trically nonconductive open spaces, while
some applications require continuously
conductive regions. One strategy to over-
come the drawbacks of metal NW films
involves the addition of components such
asmetal nanoparticles, thinmetal films, oxide
nanostructures, or conductive polymers.8�12

Typically, the added constituent can only
address one of the weaknesses of NW films,
and adding multiple constituents may lead
to processing and cost-related issues.
In this context, reduced graphene oxide

(RG-O) offers versatile functional proper-
ties.13�17 We recently demonstrated18 that
the addition of RG-O into metal NW films

resulted in hybrid films with improved elec-
trical conductivity, as RG-O provides two-
dimensional pathways for charge transfer
between nonpercolated metal NWs. Here,
we show that RG-O platelets deposited on
top of Cu NW films simultaneously address
multiple problems, acting as an oxidation-
resistant layer, a conductive and continuous
transparent film that fills in open spaces
betweenNWs, and an additionalmaterial that
protects the NWs from harsh environments.

RESULTS AND DISCUSSION

Cu NWs (average length >20 μm, average
diameter <60 nm, purchased from Nano-
Forge) were dispersed in a mixture of
97.0 vol % isopropyl alcohol (IPA) and 3.0
vol % hydrazine monohydrate (N2H4 3H2O)
at a concentration of ∼1.2 mg/mL. Spray
coating of this dispersion onto a target sub-
strate yields a thin film of randomly oriented
Cu NWs with open spaces between them
(Figure 1a). RG-O films were fabricated by
spin coating a dispersion of graphene oxide
(G-O) platelets, followed by chemical and
thermal reduction processes (see Methods).
The resulting RG-O films have a con-
tinuous and smooth surfacemorphology, as
shown by atomic force microscopy (AFM) in
Figure 1b.
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ABSTRACT Hybrid films composed of reduced graphene oxide (RG-O) and Cu

nanowires (NWs) were prepared. Compared to Cu NW films, the RG-O/Cu NW hybrid

films have improved electrical conductivity, oxidation resistance, substrate

adhesion, and stability in harsh environments. The RG-O/Cu NW films were used

as transparent electrodes in Prussian blue (PB)-based electrochromic devices

where they performed significantly better than pure Cu NW films.
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The sheet resistance and optical transmittance of
the Cu NW and RG-O films are listed in Figure 1c. To
improve electrical conductivity, the as-deposited Cu
NW films were annealed in a tube furnace at 180 �C for
30min under Ar (95%)þH2 (5%) at 1 atm pressure. The
Cu NW films with an optical transmittance at 550 nm of
T550 > 95% had no globally connected network of NWs
(i.e., the films were nonconductive). Longer spraying
time increases the density of NWs, yielding percolated
networks, and decreases both the T550 and Rs of the
films. Typical films with T550 = 90% have a sheet resi-
stance of Rs = 295( 19.5Ω/sq. Typical RG-O films with
T550 = 90% have a sheet resistance of Rs = 19.6 (
2.7 kΩ/sq. Contributing to the Rs of the RG-O films are
structural defects and junction resistances between
RG-O platelets.18

Figure 2a shows a schematic detailing the assembly
process of RG-O films onto Cu NW films. The disper-
sions of the Cu NWs (1.2 mg/mL) and G-O (1.0 mg/mL)
shown in Figure 2b were used to produce thin films
(Figure 2c) of Cu NWs and RG-O by spray and spin
coating, respectively. A poly(methyl methacrylate)
(PMMA) was spin coated on top of the RG-O films,
and the resulting PMMA/RG-O film was subsequently

delaminated from the glass substrate in 1 M NaOH
aqueous solution (Figure 2d), as described elsewhere.19

The delaminated PMMA/RG-O films were washed sev-
eral times with deionized (DI) water in order to remove
the residual NaOH and then transferred on top of Cu
NW films using a dry transfer method.20,21 After trans-
fer, the PMMA layer was removed with acetone, result-
ing in the final RG-O/Cu NW hybrid films as shown in
Figure 2e. To improve electrical conductivity, the ob-
tained RG-O/Cu NW films were annealed in a tube
furnace at 180 �C for 30min under a Ar (95%)þH2 (5%)
gas mixture at 1 atm pressure.
Figure 3a shows sheet resistances and optical trans-

mittances of the composite films. The RG-O films used
in the hybrid film fabrication had Rs = 36.6( 4.7 kΩ/sq
and T550 = 95.5%. The hybrid films had Rs = 34( 2.6Ω/sq
at T550 = 80%, which can be compared to pure Cu NW
films (Rs = 51 ( 4.0 Ω/sq) and pure RG-O films (Rs =
7.6( 0.86 kΩ/sq), each also at T550 = 80%. Individual Cu
NWs with an average length >20 μm can connect two
or more RG-O platelets, and the metallic conductivity
of these NWs can decrease or eliminate the platelet�
platelet junction resistance.18 In turn, the film of over-
lapped and stacked RG-O platelets can bridge initially

Figure 1. (a) SEM imageof anetworkof CuNWsonaSiO2/Si substrate. (b) AFM imageof RG-Ofilmson aSiO2/Si substrate. The line
profile shows a smooth surface. (c) Optical transmittance and sheet resistance of spin-coated RG-O and spray-coated Cu NW films.

Figure 2. (a) Schematic of preparation of RG-O/Cu NW hybrid films. (b) Photographs of G-O dispersed in water (1.0 mg/mL)
and Cu NWs dispersed in IPA with 3.0 vol % N2H4 3H2O (1.2 mg/mL). (c) RG-O (top) and Cu NW (bottom) films on glass
substrates. (d) A 2 � 2 cm2 PMMA/RG-O film delaminated from the glass substrate in 1 M aqueous solution of NaOH.
(e) Photograph of 2 � 2 cm2 RG-O/Cu NW films on a glass substrate after the PMMA layer was removed.
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nonconnected Cu NWs. The lateral size of RG-O plate-
lets may be as large as several micrometers, as shown
in Figure 3b. A single RG-O platelet with such a lateral
size can bridge two or more nonconnected Cu NWs
separated by any distance smaller than the lateral size
of the platelet. This may result in higher electrical
conductivity of the hybrid films because of the absence
of RG-O interplatelet junction resistances. Without RG-O
platelets, the nonconnected Cu NWs cannot con-
tribute to the electrical conductivity of the Cu NW films.
The continuous RG-O film also eliminates the empty
spaces between NWs, as shown in Figure 3c, and
provides a two-dimensional conductive platform for
charge carriers, which is particularly attractive for dye-
sensitized solar cells.22 Overall, the synergy between
Cu NWs and RG-O platelets allows for the fabrication of
hybrid films with electrical conductivity better than
pure RG-O and pure Cu NW films.
The RG-O film can also protect the Cu NWs under-

neath it from oxidation, resulting in improved stability
of the hybrid film. Figure 4a shows the change of Rs
over time of pure Cu NW and hybrid RG-O/Cu NW films
in ambient atmosphere at room temperature and at
60 �C. The room temperature Rs of Cu NW films increases
from 57 ( 2.5 Ω/sq (as-prepared sample) to 69 (
3.2 Ω/sq after 72 h, and the Rs of the samples at 60 �C
increases from 56 ( 2.5 Ω/sq (as-prepared sample) to

94( 4.7Ω/sq also after 72 h. The change in Rs values is
due to the oxidation of the Cu NW films, and the more
rapid increase at 60 �C is due to the faster kinetics of
oxidation at higher temperatures.10 The Rs of the
hybrid RG-O/Cu NW films shows no significant change
after 72 h at room temperature and also at 60 �C. This is
consistent with Raman spectroscopy studies (Figure 4b).
Cu NW films, kept at room temperature for 72 h, show
Raman peaks at about 214, 460, and 644 cm�1. The
Raman spectrumof theCuNWfilms kept at 60 �C for 72 h
exhibits the same peaks but with higher intensity and
several additional peaks in the range of 200�800 cm�1.
These Raman peaks are due to different copper oxides:
CuO (299, 342, 500, 634 cm�1), Cu2O (214, 644 cm�1),
Cu(OH)2 (450�470 cm�1, 540�580 cm�1).23�25 The
higher intensity Raman peaks of the Cu NW films held
at 60 �C for 72 h, compared to the room temperature
sample, alongwith the presence of CuOpeaks, indicate
a higher oxidation level (i.e., likely a thicker oxide layer)
of the Cu NWs. In contrast, Raman spectra of RG-O/Cu
NW hybrid films show only low-intensity peaks at
around 214 and 644 cm�1 due to the surface Cu2O
layer formed during the film fabrication processes.
The spectra of the hybrid films (72 h at room tem-
perature or at 60 �C) are similar to that of the pure Cu
NW films directly after fabrication (see Supporting
Information).

Figure 3. (a) Transmittance and sheet resistance of the pure Cu NW films and RG-O/Cu NW hybrid films. (b) SEM image of
individual RG-O platelets with lateral sizes indicated. (c) SEM image of a typical RG-O/Cu NW film.

Figure 4. (a) Changes in Rs of pure CuNW films and RG-O/CuNWhybrid films kept at room temperature (RT) and also at 60 �C,
each for 72 h. (b) Raman spectra of CuNWfilms kept at room temperature (bottom) and60 �C (middle) for 72 h andof RG-O/Cu
NW films kept at 60 �C for 72 h (top). (c) Cu 2p3/2 XPS spectrum of Cu NW film kept at room temperature (bottom) and 60 �C
(middle) for 72 h, and of RG-O/Cu NW films kept at 60 �C for 72 h (top).
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X-ray photoelectron spectroscopy (XPS) studies of
these films (Figure 4c) at binding energies of Cu 2p3/2
(932.4 eV) were done to further evaluate the possible
protection against oxidation by the RG-O film. The
bottom spectrum in Figure 4c was obtained from pure
Cu NW films held at room temperature for 72 h. The
high-intensity peak (dashed red curve) at ∼932.4 eV is
assigned to the spectral overlap of Cu 2p3/2 and
Cu2O,

26 and the low-intensity peak (dotted blue curve)
at ∼934.7 eV is assigned to Cu(OH)2.

27 The spectrum
obtained from the Cu NW film held at 60 �C for 72 h
shows a peak that can be deconvoluted into peaks that
correspond to Cu(OH)2 (934.7 eV) (dotted blue curve),
CuO (933.6 eV), and the shakeup satellites of CuO
(940.3 and 943.1 eV) (solid dark green curves).26,28

The presence of different copper oxides in the latter
spectrum indicates the higher level of oxidation of the
Cu NW film held at 60 �C for 72 h. These copper oxide
compounds were not observed in the XPS spectra of
RG-O/Cu NW films, which are similar to that of the as-
prepared Cu NW films (see Supporting Information).
These data show the high stability of the RG-O/Cu NW
films against oxidation, and that the RG-O layer pro-
tects the underlying Cu NWs from oxidation.
Recent reports show the improved electrical con-

ductivity of hybrid films composed of Cu metal grids29

and Cu NWs30 assembled with graphene grown by
chemical vapor deposition (CVD). In contrast, our results
on RG-O/Cu NW hybrid films provide a solution-based
route to fabricate both the single-component and
hybrid films. Additionally, compared to RG-O/Ag NW
hybrid films reported in our prevous work,18 RG-O/Cu
NW films are more cost-effective as Cu NWs that are
significantly less expensive than Ag NWs.6 In addition,
our results on oxidation resistance of RG-O/Cu NW
hybrid films are consistent with the recent studies on
the protection of metal surfaces from oxidation with
RG-O films17 and CVD-graphene grown onto metal
substrates.24 Another approach to improve the oxida-
tion resistance of Cu NW films is by coating Cu NWs with
a Ni shell that yields oxidation-resistant cupronickel

NWs.10 However, compared to RG-O, the Ni coating
addresses only the oxidation of Cu NWs and lowers the
aspect ratio of the Cu NWs, which can adversely affect
the optical transmittance of the films.31

The RG-O/Cu NW hybrid films were tested as
a transparent electrode in Prussian blue (PB)-based
electrochromic (EC) devices. Typical PB-based EC de-
vices are composed of a PB layer deposited onto an ITO
transparent electrode. Electrochemical reactions, in-
duced by an applied external electric field, cause
reversible modulations in the optical properties of PB
layers. Color changes from blue to colorless upon
reduction are caused by the conversion of a mixed-
valence (Fe2þ, Fe3þ) compound into a single-valence
(Fe2þ) compound (and vice versa upon oxidation) that
can be described as32,33

(blue)Fe4
3þ[Fe2þ(CN)6]3 þ 4Kþ þ 4e�

S (colorless)K4Fe4
2þ[Fe2þ(CN)6]3

In our studies, ITO electrodes were replaced by RG-
O/Cu NW electrodes on glass substrates. EC PB layers
on top of the RG-O/Cu NW transparent electrodes have
been electrochemically deposited using an aqueous
solution of 0.05 M hyrdochloric acid (HCl), 0.05 M
potassium hexacyanoferrate (III) (K3[Fe(CN)6]), and
0.05 M iron(III) chloride (FeCl3) in a 1:2:2 ratio.34,35

Applying an external field between the RG-O/Cu NW
electrode and a Pt counter electrode, both immersed
into the solution, results in the homogeneous deposi-
tion of PB layers onto the RG-O/Cu NW electrode (see
Supporting Information).33,34

Optical property modulation of the deposited PB
layers by the redox process has been tested using 1 M
KCl aqueous solution as an electrolyte (Figure 5a).
Electrochemical reduction of PB induced by an external
voltage (�0.6 V to the RG-O/Cu NW TCF) yields color-
less EC layers. Application of a reverse external field
induces an oxidation process, which generates mixed-
valence compounds and yields a blue color of the EC
layers. The optical transmittance corresponding to the
bleached (T550 = 79.2%) and colored (T550 = 36.4%)

Figure 5. (a) Schematic of an electrochromic device in an electrolyte solution. (b) Optical transmittance spectra of colored and
bleached states of PB films deposited on a RG-O/Cu NW transparent electrode. (c) As-prepared mixed transparent electrode
composed of pure Cu NW films (left) and RG-O/Cu NW films (right). Initial (colored) state (right top) and bleached state (right
bottom) of PB deposited on the mixed electrode.
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states of the PB are shown in Figure 5b. Typical
coloration and bleaching times for 90% transmittance
change are 75 and 95 s, respectively. These values are
close to that of an EC device using the same PB EC film
and same electrolyte but with an ITO electrode.32�34

Such PB EC films with reversible coloration/bleach-
ing properties cannot be obtained using pure Cu NW
transparent electrodes; indeed, a mixed transparent
electrode (a glass substrate with one-half covered by
pure Cu NW film and the other by RG-O/Cu NW hybrid
film, Figure 5c, as-prepared film) was made that shows
this. Homogeneous PB layers were deposited on top of
the electrode (Figure 5c, colored state). In electroche-
mical bleaching processes, the PB layers on top of the
RG-O/Cu NW film have been completely bleached,
while no bleaching of the PB layer deposited on the
pure Cu NW film was observed (Figure 5c, bleached
state). This is because pure Cu NWs form copper
hexacyanoferrate compounds during the deposition
of PB layers.36�38 During the process of formation of
these compounds, the Cu NW networks have been
destroyed, and consequently, this electrode lost its

high electrical conductivity. Also, Cu NW films im-
mersed into the electrolyte solution partially delami-
nate from the substrate, which also leads to the loss of
NW network conductivity. In contrast, in RG-O/Cu NW
films, the RG-O layer protects the CuNWs from reacting
with the harsh solution used for PB deposition, which
allows for repeatable cycling and homogeneous opti-
cal modulation of the PB EC layer, and there was no
delamination of the RG-O/Cu NW hybrid films when
immersed in the KCl solution.

CONCLUSION

A film composed of RG-O platelets assembled onto a
Cu NW film layer yields hybrid films with improved
electrical conductivity, 2-D film continuity (no empty
regions such as gaps between NWs), higher oxidation
resistance, and better adhesion to the substrate than
pure Cu NW films. EC device performance demon-
strates that RG-O, acting as a protective layer for Cu
NWs in harsh environments, makes these types of
hybrid TCFs suitable for a wider range of applications
than pure metal NW films.

METHODS
Fabrication of Cu NW Films. CuNWswith a concentrationof 1mg/

mL in aqueous solution containing 1% diethylhydroxylamine
(DEHA) to prevent oxidation and 1% polyvinylpyrrolidone (PVP)
to prevent aggregation were purchased from NanoForge. Cu NWs
were separated from the solution by centrifugation (2000 rpm for 5
min). After the supernatant was removed, the NW sediment was
redispersed in isopropyl alcohol (IPA) mixed with 3.0 vol % hydra-
zine monohydrate (N2H4 3H2O) to prevent oxidation of Cu NWs by
vortexing for3�4min. Thisprocesswas repeated four times inorder
to remove the PVP from the NW suspension. A 1.2 mg/mL disper-
sion of Cu NWs in IPA (havingwell-dispersed CuNWs, Figure 1) was
used for spray coating. Higher (>1.2 mg/mL) concentrations of Cu
NWs in the dispersion resulted in agglomerated NWs, and when
spray-coated, these adversely affect Cu NW film optical properties.
Repeated spray coating yields the desired density of CuNWs on the
substrate. Between each sprayed pulse, complete drying of the
sprayed droplets on the substrate was obtained. Keeping the
substrate at about 60 �C and delicately blowing it with nitrogen
gas accelerated the drying process.

Fabrication of RG-O Films. Graphite oxide was produced from
natural graphite (SP-1, Bay Carbon) using a modified Hummers
method, as described elsewhere.39 Aqueous dispersions of G-O
at various concentrations were prepared by stirring graphite
oxide solids in pure water (18.0 MΩ 3 cm resistivity, purchased
from Barnstead) for 3 h, and then sonicating the resulting
mixture (VWR B2500A-MT bath sonicator) for 45 min. The
G-O dispersions were then spin-coated onto glass substrates
using a spin speed of 4000 rpm for 2 min. The obtained G-O
filmswere subsequently reduced using hydrazinemonohydrate
(N2H4 3H2O) vapor for 24 h, keeping the samples at 90 �C,18 and
were then thermally annealed at 400 �C for 1 h in an Ar (95%)þ
H (5%) gas mixture at 1 atm pressure. RG-O films, obtained by
spin coating of an aqueous G-O dispersion with a concentration
of 1.0 mg/mL, possess Rs = 36.6 ( 4.7 kΩ/sq, T550 = 95.5%, and
an average thickness of about 0.8 nm. The latter films were used
to fabricate RG-O/Cu NW hybrid films.

Characterization of Films. SEM (Hitachi S-5500 SEM equipped
with STEM) and AFM (Park Systems Model XE-100 AFM) were
used to characterize the structural properties of the nanostruc-
tures and thin films. Optical transmittances (T) were measured

using ultraviolet�visible�near-infrared (UV�vis�NIR) spec-
troscopy (Cary 5000) and spectroscopic ellipsometry (J.A. Wol-
lamM2000). Rs wasmeasuredwith the four-probe van der Pauw
method: four gold electrodes were deposited on the film in a
square configuration with dimensions of ∼6 � 6 mm2. Raman
spectroscopy (WITEC Alpha300, λ = 488 nm, 100� objective)
measurements were carried out to study the oxidation of Cu
NWs. XPS experiments were performed on a Kratos photo-
electron spectroscopy system equipped with an Al KR
monochromator X-ray source operating at a power of 350 W.
Binding energies were determined relative to the metallic
copper Cu 2p3/2 binding energy of 932.4 eV. Deconvolution of
XPS spectra were obtained resolved by fitting each peak with a
combined Guassian�Lorentzian function after background
subtraction.
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