Downloaded viaNEW Y ORK UNIV on November 14, 2021 at 20:59:44 (UTC).
See https://pubs.acs.org/sharingguidelines for options on how to legitimately share published articles.

pubs.acs.org/JACS

JOURNAL OF THE AMERICAN CHEMICAL SOCIETY

Ultrathin Epitaxial Cu@Au Core—Shell Nanowires for Stable
Transparent Conductors

Zhigiang Niu,"*V® Fan Cui,""V® Yi Yu,"* Nigel ]}ecknell,?_ Yuchun Sun,” Garo Khanarian,'
Dohyung Kim,™® Letian Dou,T’;t Ahmad Dehestani,” Kerstin Schierle-Arndt,i and Peidong Yang*’T’i’l’#

"Department of Chemistry, University of California, Berkeley, California 94720, United States

*California Research Alliance (CARA), BASF Corporation, Berkeley, California 94720, United States

SMaterials Sciences Division, Lawrence Berkeley National Laboratory, Berkeley, California 94720, United States

IBASF Corporation, Union, New Jersey 07083, United States

lDepartment of Materials Science and Engineering, University of California, Berkeley, California 94720, United States

#Kavli Energy NanoSciences Institute at the University of California, Berkeley, and the Lawrence Berkeley National Laboratory,
Berkeley, California 94720, United States

© Supporting Information

ABSTRACT: Copper nanowire networks are considered a
promising alternative to indium tin oxide as transparent
conductors. The fast degradation of copper in ambient
conditions, however, largely overshadows their practical
applications. Here, we develop the synthesis of ultrathin
Cu@Au core—shell nanowires using trioctylphosphine as a
strong binding ligand to prevent galvanic replacement ) SCH
reactions. The epitaxial overgrowth of a gold shell with a few T Tt
atomic layers on the surface of copper nanowires can greatly Time (h)

enhance their resistance to heat (80 °C), humidity (80%) and

air for at least 700 h, while their optical and electrical performance remained similar to the original high-performance copper
(e.g., sheet resistance 35 Q sq~' at transmittance of ~89% with a haze factor <3%). The precise engineering of core—shell
nanostructures demonstrated in this study offers huge potential to further explore the applications of copper nanowires in flexible
and stretchable electronic and optoelectronic devices.

80°C,80%RH o

B INTRODUCTION example, our group recently developed the synthesis of copper

Transparent conductors are an indispensable component in nanowires with diameters below 20 nm. These ultrathin

many optoelectric devices, such as touch panels, e-papers, ne}r;lovvires are highlig}lte(:}) by thelilr low haze fact?r 0222_3_‘?
photovoltaic devices, or§anic light emitting diodes, and with a transparency o 90% atas eet resistance o 35, 4
electrochromic windows." Although indium tin oxide (ITO) mak“}g them among th.e hlghestl—perf;)rmlrtl)% SubStltu,te l'fl(:r
accounts for the great majority of the current market share,’ the ITO. ~ However, cop Per 1 e).ctreme y vuinera 23e to species like
high cost of the sputtering process and low mechanical 0,, H,0, and sulfide in ambient atmosphere.™ It suffers fror;}
flexibility undermine its long-term dominance.* Tremendous rapid oxidation and consequent steep performance decline.
efforts have been devoted to the development of the next- Considerable research has been devoted to solve this stability
generation of transparent conductive materials. Among various 1ssue, TOStly by exp lﬁltmg, a cc;lreu—she}l structure thatf
options, metal nanowire networks are emerging as a promising encap §u ates copper with an inert shell. A j‘lrge spectrum o
alternative to ITO.+1° especially in flexible and stretchable materials have been explored as the protective shell, such as
) 25,26 124 1. 27,28
electronics.'”'* This is mainly because they have low graphex;g,_%a graphene oxide,™ metal qx1des, and
processing cost, low sheet resistance, high optical quality, and metals. Graphene and g’raph?ne oxide have. be-en
excellent mechanical flexibility demonstrated to enhance copper’s resistance toward oxidation
Copper is arguably one of the best metal materials for while keeping or even slightly p¥om9tin_g nagowires’ electrical
transparent conductors. Copper has the second best intrinsic conFacts. However, the p.rotectlon 1s 1@p_mred under harsh
conductivity among all elements with an electrical resistivity of environments due to tzfie dlﬁicplty of ach1e_v1'ng a complete and
1.7 x 10 Q-m, comparable to silver (1.6 X 10~ Q:m) and well-defined coverage.™ The high conductivity of graphene can
. , .

30% better than gold (22x 107 Q-m).B Meanwhile, copper is even promote the electrochemical reaction at the interface and
much more abundant than silver by 1000 times or gold by

22 000 times.'* High-transmittance copper nanowire thin films Received: March 22, 2017

with low sheet resistances have been demonstrated.”~** For Published: May 8, 2017
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catalyze the corrosion of copper over long time scales.”* Metal
oxides usually result in outstanding protections, yet electrical
conductivity is often scarified. Coating of metals generally
provides a good solution with both oxidation protection and
electrical contacts. In particular, a recent study by Stewart et al.
coated Cu nanowires with Ag, Au and Pt shells.” The Cu@Ag
nanowires with a shell thickness of ~5 nm exhibit comparable
performance to pure silver or copper nanowires, while the
protection of the copper core under humid conditions is not
sufficient unless the shell thickness is increased to 15 nm. The
enhanced stability endowed by the thick shell is at the expense
of optical performance, especially the haze factor which is
proportional to nanowire diameter.”>*® Although the under-
lying reason for the insufficient protection using thin shells is
largely unclear, the imperfect coverage of inert shell on copper
surface and the indefinite interface between shell material and
copper may play critical roles. We envision that this issue can
be addressed through the epitaxial growth of a conformal and
uniform shell of noble metal with a few atomic layers on copper
nanowires.

The epitaxial overgrowth of a noble metal onto the surface of
a less noble metal represents a synthetic challenge. Galvanic
replacement usually dominates the growth process and results
in hollow nanostructures.””** Yang et al. revealed that galvanic
reaction between Ag and HAuCl, could be blocked in the
presence of strong reducing agents.”” Another synthetic
strategy demonstrated by Gao et al. suggested that the galvanic
replacement-free overgrowth can be achieved by simultaneously
decreasing the reduction potential of gold salts and providing
sufficient protection on the metallic silver surface.”” Herein, we
show a successful case of epitaxial deposition of a conformal,
ultrathin (1—2 nm) gold shell on the surface of copper
nanowires by modifying the ligand environment of the gold
precursor solution. Transparent conducting thin films made
from the Cu@Au hold comparable optical and electrical
properties to the parent ultrathin copper nanowires. More
importantly, their high performance can be sustained under
80% humidity at 80 °C for a test duration of more than 700 h,
the first demonstration of this level of long-term stability to the
best of our knowledge.

B RESULTS AND DISCUSSION

Our attempts to synthesize Cu@Au core—shell nanowires
started by sequential reduction of the two metals in a fashion of
seeded growth (Scheme 1, route 1). The ultrathin copper
nanowires were first prepared in oleylamine (OAm) using
tris(trimethylsilyl)silane as a reducing reagent, and served as
seed for gold deposition. After the depletion of most of the
copper precursor, HAuCl, dispersed in oleylamine was quickly
injected into the growth solution. The products turned out to
be a mixture of small nanoparticles and nanowires (Figure S1a).
Energy dispersive spectroscopy (EDS) mapping (Figure S1b)
shows that the small nanoparticles are pure gold, while the
nanowires are composed of copper and gold, although the gold
content is as low as 1% according to EDS quantitative analysis.
There are some pits on the surface of nanowires, as revealed in
the high-angle annular dark-field scanning transmission electron
microscopy (HAADF-STEM) image (top left of Figure S1b). It
implies the oxidation of the copper nanowires with HAuCl,.
The small nanoparticles could be separated via differential-
speed centrifuging (Figure Slc). The characteristic localized-
surface-plasmon-resonance (LSPR) observed at 525 nm in the
ultraviolet—visible (UV—vis) spectrum (Figure s1d),* along
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Scheme 1. Reduction of HAuCl, in the Presence of Cu
Nanowire Seed under Different Ligand Environments and
Injection Rates”

HAuUCI,/OAm, fast injection

R1 Homo-nucleation

HAuCI,/OAm, slow injection

R2 Galvanic replacement

Cu seed

HAuCI,/TOP
R3 Epitaxial growth

“With weakly bound ligand, such as oleylamine (OAm), fast injection
induced homogeneous-nucleation of Au(0) species, while slow
injection led to the domination of galvanic replacement between
gold cations and Cu nanowires. With strongly bound ligand, such as
trioctylphosphine (TOP), epitaxial growth was favored, independent
of the injection rates.

with the powder X-ray diffraction (XRD) patterns (Figure Sle),
further confirms the fact that they are gold nanoparticles. We
rationalized this observation to be a consequence of
homogeneous-nucleation at the initial stage of gold reduction.
As HAuCl, was rapidly introduced into the growth solution,
instantaneous reduction of the gold precursor led to a rapid
increase of the concentration of gold atoms, initiating the
nucleation and crystal growth on their own. We therefore
modified the synthesis and slowly fed HAuCl, into the growth
solution via syringe pump (Scheme 1, route 2). In this way, the
concentration of newly formed gold atoms could be maintained
at a relatively low level. The absence of small gold nanoparticles
in the products (Figure S2) indicates the homogeneous-
nucleation was indeed suppressed using slow injection. Hower,
pores and voids are prevalent in the obtained nanowires (Figure
S2), suggesting the galvanic replacement dominates the growth.

The occurrence of galvanic replacement is not unexpected
due to the more noble nature of gold compared to copper. One
possible solution is to reduce the reduction potential of Au** by
lowering its activity on the basis of the Nernst equation (eq

1):42

RT a
E. =E® + = In| 2~
zF Apy

(1)
where E stands for the electrode potential, R for the gas
constant, T for the absolute temperature, z for the charge
exchanged per particle during the course of the reduction, F for
the Faraday’s constant, and a,,* and a,, for the activities of the
oxidized Au®" and reduced gold species. Given that the activity
of pure substances in condensed phases is usually taken as unity
(aa, = 1), the reduction potential therefore depends solely on
the activity of Au®* at a given temperature. The activity of Au®"
can be tuned through the process of complexation with a ligand
(L) with a Lewis base functional group (eq 2):

k
Av’* + nL & AuL)* )
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A high stability constant of the complex (k) and a high
concentration of the Lewis base (a;) will effectively decrease
the activity of Au®" (as,*.), and thus its reduction potential.
The stability of metal complexes can be qualitatively predicted
and e}iplained by hard and soft acids and bases (HSAB)
theory.” Specific to our synthesis, the gold cation acts as a soft
Lewis acid, but the coexisting Lewis bases like chloride (CI,
from HAuCl,) and OAm (C;sH;NH,) are both hard. We
therefore reasoned that the introduction of a soft Lewis base
such as phosphine would strongly bind to the gold cation and
keep its activity and thus the reduction potential low.

Given this, we optimized our synthesis using trioctylphos-
phine (TOP), a common phosphine ligand in colloidal
synthesis,"* to replace OAm in dissolving the gold precursor
(Scheme 1, route 3). It should be mentioned that the injection
speed does not matter too much under this condition as
revealed by reduction kinetics studies using UV—vis spectros-
copy. When HAuCl, was dispersed in OAm, a strong LSPR
band emerged within 3 min after a quick injection at 140 °C
(Figure S3a), reflecting the instant reduction of HAuCl, to gold
nanoparticles. As a sharp comparison, the absorption spectrum
showed little change even 30 min after the one-shot injection of
HAuCl,/TOP at the same temperature (Figure S3b), and the
reaction solution remained colorless. This suggests the
reduction kinetics of Au®* are quite sluggish in the presence
of TOP. Since the concentration of newly reduced gold atoms
always stays low due to the retarded reduction rate, it is not
necessary to use the time-consuming slow-injection strategy.
The UV—vis spectroscopic study indicates that TOP is capable
of changing the reduction kinetics of the Au precursor,
although it was initially intended to modify the reaction
thermodynamics by way of reducing the reduction potential of
Au*,

Figure la depicts the transmission electron microscopy
(TEM) image of the products obtained from the optimized
synthetic protocol. Nanowires are in high purity with an
average diameter of 21 + 4 nm. In the enlarged TEM image
(Figure 1b), the nanowires can be observed intact without any
surface pores or voids. We also noticed that Moiré patterns
spread over these nanowires, which is an indicator of the
superimposition of two different phases with different lattice
constants.*” The lengths of the nanowires are in the range of 10
to 20 um as shown in the scanning electron microscope (SEM)
image (Figure 1c). HAADF-STEM shows a brighter contrast
on the edges of the nanowires (Figure 1d), suggesting a local
enrichment of the heavier gold atoms. The core—shell
structural feature is confirmed by EDS mapping (Figure
le—g). Whereas copper (green color) is distributed in the
central zone of the nanowires, gold (red color) is mainly
located in the outer region. The gold shell thickness is
measured to be about 2 nm in average. The compositional line
profiles of copper and gold across three aligned nanowires
present an alternating pattern (Figure S4), also suggesting the
core—shell distribution of the two elements. The bulk
composition of the core—shell nanowires is determined to be
CugsAu,, via quantitative analysis of the EDS spectra. The gold
content in the products is slightly lower than the feeding ratio
of the metal precursors (Cu:Au = 5:1). This could be attributed
to the incomplete consumption of Au precursor due to its
sluggish reduction rate in the presence of TOP. To
demonstrate the global uniformity of the gold shell on copper,
we selectively removed the copper phase in the core—shell
nanowires by acetic acid corrosion. Figure S5 shows TEM
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Figure 1. TEM images with different magnifications (a, b), SEM image
(c), HAADF-STEM image (d), and the corresponding EDS mapping
images (e—g) of Cu@Au core—shell nanowires. In the EDS maps, red
color represents Au and green color represents Cu.

images of the corroded Cu@Au. High-quality nanotubes were
generated after acid treatment. The uninterrupted shell of the
nanotubes suggests the conformal, uniform, and complete
coating of gold on the surface of copper nanowires. The
successful preparation of Cu@Au core—shell nanowires
demonstrates the aforementioned reasoning: the employment
of soft Lewis base in the synthesis does redirect the growth
pathway from galvanic replacement to surface deposition.

The thickness of the gold shell can be regulated with atomic
precision by controlling the amount of gold precursor added
into the reaction solution. As shown in Figure 2a—c, the shell
thickness could be changed from ~2 nm to ~1.5 nm and ~1
nm by altering the Cu:Au feeding ratio from 5:1 to 10:1 and
20:1, respectively. The core—shell nanowires are accordingly
termed as Cu@Au (2 nm Au), Cu@Au (1.5 nm Au), and Cu@
Au (1 nm Au). Atomic resolution HAADF-STEM images
(Figure 2d—f) reveal the shells containing different numbers of
gold atomic layers, approximately corresponding to 11, 7, and 4
layers, respectively. From the high-resolution STEM images, we
also notice that the surface of the nanowires is quite smooth
without the presence of cuprous oxide layers which are
regularly observed in pure copper nanostructures. The
uninterrupted lattice fringes from the core to the shell manifest
the epitaxial growth of gold on copper. This is critical for the
electrical properties and the stability of the nanowires because
the number of interface defects are minimized in this manner.
The distances between the adjacent lattice fringes in the cores
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Figure 2. HAADF-STEM images of Cu@Au core—shell nanowires
synthesized with Cu:Au feedings of S:1 (a), 10:1 (b), 20:1 (c).
Corresponding atomic resolution STEM images (d—f). Whereas the
lattice distance in the core area is measured to be 0.21 nm, it is 0.23
nm in the shell area, agreeing well with the Cu(111) and Au(111)
lattice spacings, respectively.

are measured to be 0.21 nm for all the three samples, in good
agreement with the lattice spacing of the Cu(111) plane, while
the distances in the shell areas expand to 0.23 nm.

Transparent conducting films were made on thin glass slides
using vacuum filtration method. As shown in Figure S6, the
nanowires are evenly distributed throughout the film with no
obvious aggregation. The UV—vis transmittance spectra of the
core—shell nanowire mesh made from Cu@Au (1 nm Au) and
Cu@Au (2 nm Au) are given in Figure S7. Overall, the films are
highly transparent in a large wavelength window, from 350 to
1700 nm. Both cases of the core—shell films have the copper
signature plasmon absorption dip at around 550 nm.'°
However, a notable flattening of the copper feature was
observed for the thicker shell conductors due to the increased
content of gold.

Figure 3 summarizes the optical and electrical performance
of the Cu@Au core—shell nanowire electrodes, which exhibit
excellent figures of merit in transparency, conductivity and
haze. Figure 3a plots the transmittance versus sheet resistance
relationship of three types of nanowire mesh films: bare Cu,
Cu@Au (1 nm Au) and Cu@Au (2 nm Au). Even though the
electrical conductivity of bulk gold is 30% lower than that of
copper, the Cu@Au core—shell nanowires exhibit almost
identical transparency-resistivity performance to bare Cu
nanowires. No obvious degradation of electrical conductivity
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Figure 3. Plots of transmittance vs sheet resistance (a) and haze factor
vs total transmittance (b) of transparent conductors made from bare
copper nanowires, Cu@Au (1 nm Au) and Cu@Au (2 nm Au). Inset
in (a) shows the optical image of Cu@Au (2 nm) nanowire film.

was observed after gold overgrowth due to the ultrathin nature
of the shell layer. However, we do see a slight decrease in the
conductivity in denser films. This is because when more
material is applied, the contribution of bulk metal’s intrinsic
conductivity cannot be ignored. The inset of Figure 3a is the
optical image of the Cu@Au nanowire film. The background
pattern is seen in excellent clarity. We also calculated the
electrical and optical properties of the Cu@Au nanowires using
the semiempirical models (see Supporting Information)
developed previously for Ag*® and Cu@r-GO core—shell”*
nanowires. The calculated transmittance versus sheet resistance
is shown in Figure S8a. This simulation agrees well with
experimental data. The decrease in conductivity is most likely
introduced by the more resistive gold shell and its contact.
Another important figure of merit of transparent conductors
is their light-scattering effect, which is quantified in haze factor.
Figure 3b presents the haze factor of the three types of films as
a function of their total transmittance. In general, the haze
factors of all three conductors decrease linearly with total
transmittance. The small values of haze factors of the core—
shell nanowire electrodes indicate that the light-scattering is
minimized by their ultrathin dimension. When the total
transmittance is at 91.5% for the 2 nm gold shell nanowire
mesh, the haze factor is only 1.85%; this value is even smaller
for the 1 nm gold shell nanowire mesh, which is 1.56% at the
same total transmittance. Interestingly, the core—shell nanowire
network exhibits the same level of, or even slightly lower, haze
values compared to the bare copper electrodes. This result is
counterintuitive because larger haze factor is expected with the
increase in the mean diameter.’® The reduced haze and
scattering could result from the differences in the optical
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properties of the two metals, as suggested by finite-difference
time-domain (FDTD) simulations.”” Our semiempirical
simulations show very close haze values between the Cu and
the Cu@Au core—shell nanowires (Figure S8b), supporting
that the ultrathin gold shells (<2 nm) hardly sacrifice the
optical properties of the parental Cu nanowires.

Finally, we tested the core—shell nanowire conductors’ ability
to sustain their original conductivity and showed that the
electrodes exhibit spectacular resistance toward degradation.
The standard harsh condition (80 °C, 80 + 5% humidity in air
atmosphere) was used to evaluate the nanowires’ stability
toward oxygen, moisture and heat. The results are shown in
Figure 4a. Seven individual Cu@Au (2 nm Au) films with
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Figure 4. (a) Stability of Cu@Au (2 nm Au) core—shell nanowire
mesh films in high humidity and high temperature environment
(temperature = 80 °C, humidity = 80 & 5%). Different colored labels
represent films with different wire loading amounts. (b) Stability
comparison of nanowire transparent electrodes made from bare Cu,
Cu@Ag (with a composition of CugyAg,), Cu@r-GO, Cu@Au (1 nm
Au), and Cu@Au (2 nm Au).

different wire loadings were placed under heated, high-humidity
environment and their conductivity was traced with time.
Impressively, throughout the 712 h of testing, the films
maintained almost the same level of conductivity independent
of the initial loading amount.

Figure 4b compares the harsh-environment aging behavior of
the conducting films made from nanowires with different
composition. Not surprisingly, the unprotected copper nano-
wire has the worst stability. After 1 h of exposure, the sheet
resistance increased more than 4-fold. After 3 h, almost no
conductivity could be measured in the copper nanowire mesh.
Cu@Ag core—shell nanowires (Figure S9) appear to be more
durable than bare copper, but still show considerable decay in
conductivity. After 48 h of exposure to the harsh environment,
the resistance increased almost 6 times. Our previously
reported Cu@r-GO nanowire electrodes exhibit significant
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enhancement in stability.”* After degradation treatment for 48
h, the sheet resistance only increased by 40%. The Cu@Au
nanowires reported here are undoubtedly the most stable. After
being exposed to high temperature and high humidity
environment for 48 h, when most copper-based nanowire
electrodes lose conductivity, gold-protected nanowires show no
sign of degradation. The thicker the gold shell is, the more
enduring the film can be. In the case of Cu@Au nanowire with
2 nm of Au shell, the sheet resistance increased by 24%
throughout the 712 h of testing. The remarkable stability of
Cu@Au core—shell nanowires can be mainly accredited to the
epitaxial growth of gold shell. This synthesis provides a route to
uniform and complete coverage of gold on the copper surface.
Moreover, the epitaxial nucleation affords a thin, single-
crystalline gold shell, which leaves few sites for oxygen or
water to oxidize the interior copper atoms.

To investigate the aging mechanism of Au@Cu core—shell
nanowires under harsh conditions, ambient pressure X-ray
photoelectron spectroscopy (AP-XPS) experiments were
performed at Beamline 9.3.2 of the Advanced Light Source
by introducing 185 mTorr H,O and 65 mTorr O, into the
UHYV chamber. The ratio was chosen to reflect a similar ratio of
water to oxygen as is present in 80% humidity, the condition of
the harsh stability test applied to these nanowires. The
temperature of the sample was first raised to 80 °C, followed
by heating to 100 and 120 °C. At each temperature, the sample
was allowed to equilibrate until consecutive spectra looked
identical. For Cu@Au (1 nm Au) nanowires, an increase in
Cu:Au ratio at their surface was observed after increasing the
temperature to 80 °C in the humidified oxygen atmosphere of
the chamber (Figure Sa). Increasing the temperature to 100 or
120 °C brought about a slight further increase in the amount of
copper at the surface of the Cu@Au (1 nm Au) sample. The
increase in copper concentration at the surface of this sample is
attributed to the more oxophilic nature of copper than gold.
The thin layer of gold does not shield the copper atoms well
enough from the O, and H,0O molecules, and the increased
thermal energy allows for the highly mobile Cu atoms to diffuse
to the nanowire surface. An identical experiment was performed
on the Cu@Au (2 nm Au) nanowires (Figure Sb). Up to 120
°C in the H,0/0, atmosphere, no increase in copper
concentration at the nanowire surface was observed indicating
the improved stability of the Cu@Au (2 nm Au) core—shell
nanowire due to a slightly thicker gold shell protecting the
copper from oxidizing molecules on the surface.

H CONCLUSION

In summary, in order to achieve super durable Cu-based
transparent conductors resistant to a harsh environment,
ultrathin Cu@Au core—shell nanowires have been prepared
through seeded overgrowth. The introduction of a phosphine
ligand is believed to reduce both the reduction potential and
the reduction rate of the gold precursor, shifting the growth
mechanism into a galvanic-replacement-free pathway that is
compatible with rapid injection. This versatile synthesis is
capable of producing core—shell nanowires with tunable shell
thickness to atomic precision, complete and conformal
coverage, and nearly perfect interface rendered by the epitaxial
growth of the single-crystalline gold shell. These features have
produced enormous benefits to the optical and electrical
properties as well as the stability of transparent conductive
films. Compared to the original high-performance ultrathin Cu
nanowires, transparent films fabricated from Cu@Au core—
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nm Au) and (b) Cu@Au (2 nm Au) in response to heating while
exposed to humidity and oxygen obtained by AP-XPS. Note that the
surface Cu concentration increases by ~5% for Cu@Au (1 nm Au)
from RT to 120 °C while remaining constant for Cu@Au (2 nm Au).

shell nanowires show comparable figures of merit in trans-
parency, conductivity and haze. Furthermore, these thin films
exhibited unprecedented stability under long-term exposure to
heat, humidity and air, far surpassing other Cu-based core—
shell nanowires. Our results highlight the significance of precise
structure control over the protective shell materials in
promoting the applications of Cu nanowires in transparent
conductors, particularly under harsh conditions.

B EXPERIMENTAL SECTION

Materials. Tris(trimethylsilyl)silane (TTMSS, 97%), copper(Il)
chloride dihydrate (CuCl,-2H,0, 99.999%), oleylamine (70%),
trioctylphosphine (90%), gold(III) chloride trihydrate (HAuCl,
3H,0, >49.0%) and nitrocellulose filter membranes (25 mm diameter,
220 nm pore size) were purchased from Sigma-Aldrich. Toluene
(>99.9%) was purchased from Fisher Scientific. All chemicals were
used as received without further purification.

Characterization. Transmission electron microscopy (TEM) was
performed with a Hitachi H-7650. High-angle annular dark-field
scanning transmission electron microscopy (HAADF-STEM), energy
dispersive spectroscopy (EDS) mapping, and quantitative EDS were
carried out with an FEI TitanX 60—300. Aberration-corrected high-
resolution scanning transmission electron microscopy (AC-HRSTEM)
was performed on a double aberration-corrected TEAM 0.5
microscope at 300 kV using a high-angle annular detector resulting
in “Z-contrast” images. Experimental AC-HR STEM images were
deconvoluted using the maximum entropy method.”® Scanning
electron microscope (SEM) images were obtained on a JEOL JSM-
6340F field emission scanning microscope. X-ray diffraction (XRD)
was acquired using a Bruker D-8 General Area Detector Diffraction
System (GADDS) with HI-STAR area charge-coupled device (CCD)
detector, equipped with a Co Ka source (4 = 1.789 A). Sheet
resistance of nanowire thin films was measured using a CDE-
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RESMAP-270 four-point probe resistivity mapper. The transmittance
and haze measurement was carried out on a Shimadzu UV-2550 UV—
vis—NIR spectrophotometer with an integrating sphere. Ambient
pressure X-ray photoelectron spectroscopy (AP-XPS) was performed
at the Scienta R4000 HiPP endstation at the Lawrence Berkeley
National Laboratory Advanced Light Source (ALS) Beamline 9.3.2.
Samples were prepared on silicon substrates and mounted on a
ceramic button heater sample holder in order to heat the sample up to
120 °C during experiments. The atmosphere was controlled at UHV
(~107° Torr) or by introducing H,0 and O, gases into the chamber
through different molecular leak valves. XPS spectra were collected
using an incident X-ray energy of 390, 490, or 750 eV. The binding
energy for XPS spectra was calibrated to the valence band spectra of
the metallic nanowires. The XPS spectra were quantitatively analyzed
by subtracting a Shirley background.

Synthesis of Cu@Au Nanowires. In a typical synthesis, CuCl,-
2H,0 (85 mg, 0.5 mmol) and oleylamine (0.5 g) were charged in a
Schlenk flask. The mixture was stirred at 70 °C until the dissolution of
the copper precursor. Tris(trimethylsily)silane (0.5 g, 2 mmol) was
added into the solution under inert gas atmosphere. The resulting
clear blue solution was slowly heated up from 70 to 120 °C in an oil
bath. When the reaction solution turned into clear yellow at 120 °C,
the reaction temperature was further raised to and kept at 165 °C for
18 h under stirring. Afterward, a TOP solution of HAuCl,-3H,0 (0.1—
0.025 M, 1 mL) was injected by syringe at 140 °C. The reddish
reaction solution became crimson after the introduction of gold
precursor, and was cooled down to room temperature 1 h later. The
product was collected by centrifugation (6000 r.p.m., S min) and
washed repeatedly with toluene using redispersion-centrifugation
cycles to remove excess oleylamine. The product was dispersed in
toluene for further characterization and film fabrication.

Fabrication of Transparent Conductive Film. To make a
transparent conductive thin film, a dilute suspension of nanowires in
toluene was made via sonication. The thin film was fabricated by
filtering down the nanowire suspensions onto a nitrocellulose porous
membrane (pore size 220 nm) under vacaum. The nanowire network
was transferred to a transparent substrate (glass or PET) by applying
pressure to the back side of the membrane and forcing an intimate
contact with the substrate. The thin film was then annealed under
forming gas (10% H, and 90% Ar) at 260 °C for 30 min to improve
junction contact before measurements.

Transmittance and Haze Measurement. Background substrate
transmittance has been subtracted from all the data. Characteristic
transmittance and haze factors are acquired at 550 nm of wavelength.
The haze measurement is carried out by D1003—13 standard. Four
transmittance scans of a sample with different configurations were
acquired for its haze calculations: T, incident light; T,, total light
transmitted by the specimen; T, light scattered by the instrument and
T,, light scattered by the instrument and specimen. The haze factor of
1 specimen can be calculated by the equation:

Haze, % = [(T,/T,) — (T,/T,)]

Stability Test under Harsh Environment. Freshly made
nanowire films were placed in air with temperature of 80 °C and
water humidity of 80 & 5%. The sheet resistance of films was tested
with respect of time.
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