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One key challenge in making high-quality bimetallic nanocrystals is to prevent self-nucleation of individual
metal components. We report in this work an effective seeded growth strategy that uses activated hydrogen
atoms as the reducing agent to prepare core—shell bimetallic nanocrystals. In the developed method, Pd
nanocrystals serve as the seed and catalyst as well to activate H, for the reductive deposition of Ag. The
unique feature of the developed method is that the activated hydrogen atoms are confined on the
surface of the Pd seeds. Consequently, the self-nucleation of Ag is effectively inhibited so that the
deposition of Ag occurs only on Pd. The mechanism studies reveal that reductive growth of Ag on Pd
seeds proceeds until the Pd surface is fully covered by Ag. The Ag/Pd ratio in the prepared Pd@Ag

nanocrystals is readily fine-tuned by the amount of AQNOs3 or H,. The method is effective for depositing
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1 Introduction

Bimetallic nanocrystals (NCs) containing noble metals, such as
Au, Ag, Pd, Pt and Rh, have received intensive research interest
in the past decades.' The integration of noble metals with
transition metals in bimetallic nanocrystals often creates
synergetic effects induced by tuning the electronic structure due
to charge transfer or structural strain between metals, interfa-
cial collaboration by two metals, and interfacial stabilization. In
many cases, such synergetic effects endow noble metal-based
bimetallic nanocrystals with unique optical, catalytic, and
magnetic properties which are distinctly different from those of
their monometallic counterparts.” A number of methods have
been developed to synthesize bimetallic NCs. The developed
methods include co-reduction of metal salts,® galvanic
replacement reaction,”'® thermal deposition of organometallic
compounds,'** seed-mediated growth and so on. Among the
developed synthetic methods, seed-mediated growth has been
well-documented as an effective route to synthesize core@shell
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and heterostructured bimetallic NCs."»" In a typical seed-
mediated growth method, the pre-made seeds of one metal
serve as nucleation sites for further growth of the secondary
metal. The resulting structure depends highly on how the
secondary metals deposit on the surface of the seeds.” Kinetic
factors play important roles during subsequent reductive
growth of the secondary metals. A too fast reduction rate caused
by a strong reducing agent often breaks the near equilibrium
condition, resulting in separate nucleation of the secondary
metals and thus preventing formation of high-quality bimetallic
nanocrystals.

To prevent self-nucleation of secondary metals, their reduc-
tion needs to be confined on the surface of seeded nanocrystals.
Recently, Li and co-workers have developed an effective system
to prepare Au-Co core-shell NCs, Au-Ni spindly nanostructures
and Au-Cu alloy by using octadecylamine (ODA) as both the
solvent and the surfactant.’® At the reaction temperature,
reduction of non-noble metal ions by ODA only took place with
the help of the preformed Au nanocrystal seeds. Such so-called
“noble-metal-induced-reduction (NMIR) strategy” nicely
confined the reductive growth of non-noble metals on the pre-
formed nanocrystal seeds. The size and morphology of the
resulting products could thus be controlled by the concentra-
tion of precursors and the reaction temperature. In this
strategy, the presence of a high-excess amount of potential
reducing agent (i.e., ODA) required delicate control over the
reaction thermodynamics to prevent self-nucleation of the
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secondary metals, particularly when the secondary metals (i.e.,
Ag) are rather easily reduced.

By utilizing the property that H, can be easily split and
activated on the Pd surface into highly active H atoms, we now
report an effective strategy to synthesize Pd-based bimetallic
NCs by using Pd nanocrystals as seeds and activated hydrogen
atoms as the reducing agent. Pd is an excellent hydrogen-
storage material owing to its prominent properties to split
molecular hydrogen atoms into H atoms and include them in
their lattice and surface as well."** The activated H atoms can
serve as a much stronger reducing agent than molecular
hydrogen.**?® Although the reduction of Ag" cannot occur in the
presence of molecular H, at room temperature, the activated H
species on Pd are readily reduced Ag" to yield metallic Ag. Since
the activated hydrogen species are nicely confined on the
surface of Pd, the reduction of Ag" takes place only on Pd. In
such autocatalytic reduction process, self-nucleation of Ag can
be effectively avoided. In this work, we first used Pd nanosheets
for the demonstration of the concept since the coating process
of Ag on these Pd nanosheets is readily monitored by optical
means.” Detailed studies revealed that the reductive growth of
Ag on Pd nanosheets proceeded until the Pd surface was fully
covered by Ag. The catalytic reduction of Ag on Pd was not
morphology-dependent. The surface-confined reduction mech-
anism was therefore successfully applied to prepare core-shell
Pd@Ag nanocubes, tetrahedra and nanowires. In the case of Pd
nanowires, the developed facile Ag deposition method helped
fabricate flexible transparent conductive films.

2 Experimental
2.1 Chemicals and materials

Palladium(u) acetylacetonate [Pd(acac),] (99%) was purchased
from Alfa Aesar. Poly(vinylpyrrolidone) (PVP, My, = 58 000, AR),
tetrabutylammonium bromide (TBAB), palladium(u) chloride
(PdCly), silver nitrate (AgNOj3), sodium iodide (Nal), and N,N-
dimethylformamide (DMF) were purchased from Sinopharm
Chemical Reagent Co. Ltd. (Shanghai, China). Hydrogen gas
(99.99%). All reagents were used as received without further
purification.

2.2 Synthesis of Pd nanosheets

Pd nanosheets were obtained according to our previous work
with further modification.”* 50 mg Pd(acac),, 160 mg PVP and
160 mg TBAB were dissolved in 10 mL DMF. Then 2 mL water
was added into the as-prepared solution. The resulting homo-
geneous solution was transferred to a glass pressure vessel.
After being charged with CO to 1 bar, the vessel was heated from
room temperature to 60 °C in 30 min and kept at this temper-
ature for 150 min with stirring. As the reaction progressed, the
colour of the reaction mixture changed from yellow to light
blue, and finally to dark blue. The resulting blue colloidal
products were collected by centrifugation, and washed several
times with ethanol and acetone.
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2.3 Synthesis of Pd nanocubes

50 mg Pd(acac), and 160 mg PVP were dissolved in 10 mL DMF.
300 mg Nal was dissolved in 2 mL water and then added into the
as-prepared solution. The resulting homogeneous dark red
solution was transferred to a Teflon-lined stainless-steel auto-
clave with a capacity of 20 mL. The sealed vessel was then
heated from room temperature to 150 °C in 20 min and stayed
at 150 °C for 8 h before it was cooled down to room temperature.
The products were precipitated by acetone, separated via
centrifugation at 8000 rpm and further purified twice by ethanol
and acetone.?

2.4 Synthesis of Pd tetrapod nanocrystals

10 mg of Pd(acac),, 90 mg of PVP were dissolved in 10 mL DMF.
The resulting homogeneous solution was transferred to a glass
pressure vessel. After being charged with CO: H, = 1:4 to 2
bar, the vessel was heated from room temperature to 100 °C in
20 min and kept at this temperature for another 160 min with
stirring. The resulting products were collected by centrifugation
and washed several times with ethanol and acetone.*

2.5 Synthesis of Pd nanowires

Pd nanowires were synthesized according to our previous work
with further modification.** 17.7 mg PdCl,, 300 mg Nal and 800
mg PVP were dissolved in 10 mL water. The resulting solution
was stirred overnight at room temperature and then transferred
to a Teflon-lined stainless-steel autoclave with a capacity of 20
mL. The sealed vessel was then heated from room temperature
to 200 °C in 90 min and stood at 200 °C for 2 h before it was
cooled to room temperature. The products were precipitated by
isopropanol, separated via centrifugation at 8000 rpm and
further purified twice by an ethanol-isopropanol mixture. After
the final centrifugation, the precipitate of Pd NWs was
dispersed in ethanol. It is noticeable that the wire solution is
less concentrated. This is because this wire recipe generates
numerous big palladium particles, which are removed during
centrifugation.

2.6 Synthesis of Pd@Ag nanostructures with different
amounts of AgNO;

Different shapes of Pd seeds (i.e., nanocubes, tetrapods, and
five-fold twinned nanowires) were employed as seeds and
dispersed in 5 mL water in a 25 mL two-necked flask. H, gas was
continuously bubbled though the solution for 40 min at room
temperature. Then the H, gas was moved away and the system
remained to be closed. 1 mL AgNO; solution was injected by an
injector under stirring. The ratio of H,/Pd was varying from 0.5,
1, 2, 5 and 10. After 1 h, the reaction was stopped by venting
the system. The products were collected via centrifugation at
14500 rpm.

2.7 Synthesis of Pd@Ag nanosheets with different amounts of
H,

Pd nanosheets were used as seeds and dispersed in 3 mL water
in a 5 mL flask. Then 10-time-molar AgNO; compared to that of
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Pd was added into the resulting solution. A gas-tight syringe was
employed to inject different amounts of H, in this closed
system. The ratio of H/Pd was varied from 1, 2, 5 and 10. After 12
h, the system was opened. The products were collected via
centrifugation at 14500 rpm.

2.8 Fabrication of Pd-based transparent conductive film

The Pd ink was prepared as follows: the as-made Pd nanowires
were washed several times, then dispersed in ethanol and
sonicated for 30-60 s. 50 L of the Pd ink (2.4 mg mL™~ ") was
consequently deposited on a 140 um-thick polyethylene tere-
phthalate (PET) substrate by spin coating technique. The
obtained Pd film was dried under an infrared lamp. After
drying, the film was transferred in a tube furnace and heated at
130 °C in 5% H,/N, to anneal the Pd nanowires. The Pd nano-
wires film (denoted as Pd NWs film) was treated with aqueous
Ag" solution in the presence of H, at room temperature to allow
the deposition of Ag on their surfaces (denoted as Pd NWs fil-
m@Ag). For comparison, pre-prepared PA@Ag nanowires were
also employed as the materials to fabricate the film (denoted as
Pd@Ag NWs film) by depositing them on PET via spinning
coating.

2.9 Characterizations

TEM (including high-resolution transmission electron micro-
scope, HRTEM) studies were performed on a TECNAI F-30 high-
resolution transmission electron microscope operating at 300
kV. The samples were prepared by dropping ethanol dispersion
of samples onto 300-mesh carbon-coated copper grids and
immediately evaporating the solvent. SEM images were taken
on an HICATHI S-4800 Sirion SEM. The percentages of Pd and
Ag in the samples were determined using inductively coupled
plasma spectrometry (ICP). The samples for ICP were prepared
by dissolving equal PA@Ag bimetallic NCs with HNO; or aqua-
regia to detect Ag ions or Pd ions, respectively. The absorption
spectra were obtained from a UV-Vis-NIR spectrophotometer
(Varian, Cary5000). The electrochemical measurements of the
catalysts were performed using an electrochemical work station
(CHI760D).

2.10 Electrochemical measurements

Ethanol dispersion of purified nanoparticles was deposited on a
glassy carbon electrode to obtain the working electrodes after
the solvent was dried by an IR lamp. A saturated calomel elec-
trode (SCE) and a platinum foil were used as the reference and
counter electrode, respectively. The cyclic voltammograms were
recorded at a sweep rate of 50 mV s~ in 0.5 M H,SO,. Before
cyclic voltammetry (CV) measurements, the electrolyte was
purged with high purity N, gas for at least 30 min to ensure the
gas saturated.

2.11 Sheet resistance measurement

Pd-based transparent conductive films resistance measure-
ments were made using the four-probe technique with silver
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paste electrodes of dimensions and spacings of typically 10 mL
in size and a Keithley 2400 source meter.

3 Results and discussion

To demonstrate the capability of metal surface-activated
hydrogen for inducing the reduction of alternative metal ions, a
system using Pd nanosheets to promote the reduction of Ag" at
room temperature was first chosen for the following two
reasons: (1) at room temperature, Ag" cannot be chemically
reduced by H, and (2) the deposition of Ag on Pd nanosheets
yielded Pd@Ag core-shell nanosheets displaying different UV-
Vis absorption spectra from Pd nanosheets, making it possible
to spectroscopically monitor the deposition process. The
hexagonal Pd nanosheets used in the studies had a thickness of
1.8 nm and an average mean diameter (diagonal of the hexagon)
of 50 nm (Fig. S11). In the absence of Pd, the aqueous solution
of AgNO; remained transparent and colorless after bubbling
with H, although a small amount of NaBH, immediately turned
the Ag" solution into dark yellow (Fig. S27). This result clearly
illustrated that H, alone couldn’t reduce Ag" to Ag(0) at room
temperature. However, when Pd nanosheets were introduced
into the Ag" aqueous solution, H, readily induced the reduction
of Ag" at room temperature. As shown in Fig. 1, when the light
blue solution of Pd nanosheets were first treated by H,
bubbling, the introduction of Ag" rapidly changed the color of
the solution into brown. Further addition of Ag" continued to
change the color of the solution. As monitored by UV-Vis
spectroscopy, the maximum optical absorption of the resulted
solution changed from 1087 to 1044, 990, 911, and 870 nm
when the AgNO,;/Pd ratio was increased from 0 to 0.5, 1, 2 and 5,

—s=— Pd nanosheets
—o— Pd@Ag (2:1)
—— Pd@Ag (1:1)
—o— Pd@Ag (1:2)
—o— Pd@Ag (1:5)

Absorbance / a.u.

E-gd
800

1 000 1200

1 i 1
400 600
Wavelength / nm

Fig.1 UV-Vis absorption spectra and digital photographs (inset) of the
Pd@Ag core-shell bimetallic nanosheets prepared by varying the
AgNOs/Pd molar ratio. From left to right, the samples in the inset were
prepared using AgNO=/Pd ratios of 0.5, 1, 2 and 5, respectively.
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respectively. Such a blue-shift of the absorption spectra was
caused by the aspect ratio (the diameter-to-thickness ratio) of
the obtained Pd@Ag nanosheets, clearly indicating successful
deposition of Ag on the H,-treated Pd nanosheets.
Transmission electron microscopy (TEM) was employed to
further investigate the overgrowth structure of Ag on Pd nano-
sheets. As illustrated in Fig. 2, the obtained Pd@Ag nanosheets
with AgNOs/Pd supplied in 1:1 were roughly shaped in hexa-
gons. The mean diameter of PdA@Ag nanosheets was maintained
at ~50 nm. The large-area TEM image and STEM image (Fig. S3t)
revealed that no isolated Ag nanoparticles caused by self-nucle-
ation were present in the products. The high-resolution TEM
(HRTEM) image (Fig. 2d) of the Pd@Ag nanosheets showed well-
defined lattice fringes with an interplanar spacing of 0.23 nm,
corresponding to {111} planes of face-center-cubic Ag. Moreover,
both the energy-dispersive X-ray (EDX) line profile (Fig. 2e) and
the elemental-mapping analysis (Fig. 2f) revealed that Ag and Pd
atoms were homogeneously distributed throughout the as-
prepared core@shell Pd@Ag nanosheets, suggesting that the
growth of Ag was confined on the Pd surface. It is worth
mentioning that the PA@Ag nanosheets were not flat and perfect
hexagons any more. Some crimpy feature was clearly observed.
Such a structural change further indicated that the deposition of
Ag on the Pd nanosheets was closely related to the Pd hydride
formation in the system.* The lattice expansion of Pd nanosheets
induced by the H insertion followed by the subsequent lattice
contraction caused by the H releasing during Ag" reduction
process would be the main reason for the structure change.>
Upon bubbling with H,, Pd nanosheets were converted into
Pd hydride, PdH,. Each H atom in PdH, is expected to donate

overlap

36 45
Position (nm)

Fig. 2 (a—c) Representative TEM images of Pd@Ag (1 : 1) core-shell
bimetallic nanosheets. (d) HRTEM, (e) HAADF-STEM image and EDX
line profiles, (f) EDX mapping images of an individual Pd@Ag (1: 1)
nanosheet.
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one electron to reduce one Ag" ion. Since x in all forms of Pd
hydride is not larger than 1, the molar amount of deposited Ag
should not be larger than that of Pd. However, our experiments
clearly demonstrated that the ratio of the deposited amount of
Ag to Pd could be higher than 1. Pd@Ag nanosheets with
different Ag/Pd ratios were readily prepared by varying the
concentrations of Ag' introduced in the system. As revealed by
TEM measurements, the thickness of the obtained Pd@Ag
nanosheets increased as the Ag/Pd ratio increased in the system
although the core-shell nanosheets had almost the same
diameter as the parental Pd nanosheets. The thickness of the
obtained Pd@Ag nanosheets was increased from 2.9 to 6.0 nm
as the AgNO;/Pd molar ratio was increased from 1 to 10 (Fig. S4
and S57). The actual composition of the PdA@Ag nanosheets was
determined by ICP analysis (Table S17). The ratio of Ag to Pd in
the obtained Pd@Ag nanosheets was increased from 0.3 to 4.2
when the Ag/Pd initial ratio in the system was increased from
0.5 to 5. More importantly, the value of Ag/Pd ratio was kept at
4.2, but not further increased even when the Ag/Pd ratio was
continued to increase to 10. These results suggested that (1) the
hydrogen involved in the reduction process was not limited to
the hydrogen confined in the Pd nanosheets and (2) the depo-
sition of Ag was self-limited.

On the basis of the above results, the overgrowth mechanism
of Ag on Pd in the presence of H, was proposed. In the proposed
mechanism (Fig. 3), the hydrogen atoms confined in the Pd
nanosheets are the active agents to reduce Ag' to Ag(0) which is
then directly deposited on Pd while the hydrogen atoms are
converted into H'. The deposition of Ag can continue to occur
until no more H, can be absorbed and activated on Pd. At room
temperature, the palladium hydride phase diagram consists of o
phase with low hydrogen content, § phase with high hydrogen
content, and an intermediate miscibility gap consisting of both o
and B phases.”**® Our previous studies also revealed that B-PdH,
existed in freshly obtained Pd tetrapod nanocrystals and then
were gradually transformed into pure Pd nanocrystals in air.”® It
is therefore reasonable to consider palladium hydride as the
active agent to reduce Ag'. As expected, the reductive deposition
of Ag" on Pd led to the production of H" and thus decreased of pH
values of the solutions. The pH value of PA@Ag (1 : 1) was almost
the same as the theoretical value obtained by assuming the
reduction of Ag" gave the same moles of H'. When more Ag" was
reduced, the pH value decreased more (Table S27).

Pd surface atom
Pd sub-layer atom

H
o 8%

®
(-]
(-]
(4]

Fig. 3 Proposed reaction mechanism for the synthesis of Pd@Ag
core—shell nanocrystals in the presence of H,.
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Once transferred from hydrogen atoms, the electrons can
move around in the metallic PdA@Ag nanosheets. As a result, the
reductive deposition of Ag" on Pd does not need to take place at
the locations of activated hydrogen. Such situation helps to
explain why the Ag/Pd ratio in the obtained Pd@Ag nanosheets
could be higher than 1. When -carefully considered, the
hydrogen in the reaction system essentially consisted of three
parts: (1) hydrogen confined in Pd nanosheets as hydride; (2)
the dissolved hydrogen in water and (3) gaseous hydrogen
remaining in the reaction vessel. As soon as there are surface-
exposed Pd atoms, gaseous hydrogen can continue to be
absorbed and activated onto Pd@Ag nanosheets for reductive
deposition of Ag on the nanosheets. When Pd atoms are fully
covered by Ag atoms and thus no more H, can be activated, the
deposition of Ag stops. In a certain potential region, the
adsorption/desorption of hydrogen occurs easily on surface-
exposed Pd. In our studies, the exposure of Pd was thus deter-
mined by cyclic voltammetry (CV) to directly correlate the
termination of Ag deposition process with the lack of surface-
exposed Pd atoms. As shown in Fig. 4, when the Ag/Pd ratio
used was 0.5, the obtained Pd@Ag nanosheets were still active
for the hydrogen adsorption/desorption in the potential region
between —0.2 and 0.1 V, indicating the exposure of Pd atoms on
their surface. When the Ag/Pd ratio was increased to 1, the
current densities in the hydrogen adsorption/desorption region
became much smaller. When the Ag/Pd initial ratio continued
to increase to 5, no current was observed in the hydrogen
adsorption/desorption region any more, indicating that Pd was
fully covered by Ag. This result well explains why further
increase of Ag'/Pd did not increase the ratio of Ag/Pd in the
obtained core-shell Pd@Ag nanosheets, and further supports
the proposed overgrowth mechanism.

In the cases when the supplied hydrogen was highly in
excess, the Ag/Pd ratio in the obtained Pd@Ag nanosheets was
readily controlled by the Ag/Pd ratio provided in the synthesis
until Pd was fully covered. According to the proposed deposi-
tion mechanism, we also found it possible to adjust the Ag/Pd
ratio and thus the thickness of Pd@Ag nanosheets by varying
the amount of H, in the system. In our studies, a gas-tight

Pd exposed

—— Pd@Ag nanosheets (2:1)
= = Pd@Ag nanosheets (1:1)
04 =+ = Pd@Ag nanosheets (1:5)

Pd@Ag nanosheets

1 ! 1 I 1 L

-0.2 -0.1 0.3

0.0 0.1 0.2
Potential / V vs. SCE

Fig. 4 CV curves of the Pd@Ag nanosheets with AgNOz/Pd ratios of
0.5, 1 and 5, respectively.
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syringe was employed to inject different amounts of H, into a
closed 5 mL flask containing 3 mL aqueous solution of Pd
nanosheets and AgNO; with an initial Ag/Pd molar ratio of 10.
The ratio of H/AgNO; was varied from 1, 2, 5 and 10. As illus-
trated in Fig. 5, uniform Pd@Ag nanosheets were also
successfully prepared. The as-prepared PA@Ag nanosheets were
flat in all ratios mainly because of the injected H, interacting
with the Pd surface slowly. The EDX analysis indicated that all
the products contained both Ag and Pd element. The actual
composition of the PdA@Ag nanosheets was further analysed by
ICP. As shown in Table S3,} the ratio of Ag to Pd in the obtained
Pd@Ag nanosheets was 0.86 to 1 when the H/Pd ratio was 1. The
value increased from 0.86 to 4.25 when the injected hydrogen in
the system was gradually increased. The amounts of Ag in
different Pd@Ag samples were perfectly consistent with that of
the introduced H,, indicating the validity of this method.
However, as observed in the CV curves of the PA@Ag nano-
particles, when the ratio of Ag to Pd reached ca. 4, the surface of
Pd nanosheets was fully covered, hindering further deposition
of Ag" on Pd nanosheets.

To further demonstrate the generality of the Pd-H assisted
deposition strategy discussed above, well-defined Pd nano-
structures other than nanosheets (i.e., nanocubes, tetrapods,
and five-fold twinned nanowires) were also prepared and used
as the seeds for the deposition of alternative metals. As illus-
trated in Fig. 6a and b, the introduction of H, allowed facile
deposition of Ag on Pd nanocubes and Pd tetrapods. In the
presence of H,, mixing Ag" with Pd nanocubes (diameter of 13.8
nm) in a Ag'/Pd ratio of 1:1 produced uniform core-shell
Pd@Ag particles with an increased average diameter of 15.5 nm.
The Ag overlayer completely covered the cubic seeds (Fig. S61).

Fig.5 TEM images of the Pd@Ag nanosheets in different molar ratios.
H/Pd ratios of (a) 1, (b) 2, (c) 5, and (d) 10, respectively. (Inset: EDX
analysis of the as-prepared Pd@Ag nanosheets.)

This journal is © The Royal Society of Chemistry 2014
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Fig. 6 Representative TEM images, EDX mapping images, HAADF-
STEM image and EDX line profiles of K edges of Pd and Ag in (a) Pd
cube@Ag (1: 1), (b) Pd tetrapod@Ag (1 : 1), and (c) Pd wire@Ag (1 : 1).
Insets are the corresponding seeds (i.e., Pd cubes, Pd tetrapods, Pd
nanowires). EDX mapping images: red represents Pd and green Ag.

When the amount of Ag" was increased to 10 times of Pd, the
side-length of Pd@Ag further increased to 16.8 nm (Table S47).
In the case of Pd tetrapods which are enclosed by {111} surfaces,
preferential deposition of Ag on the concave surfaces of the
tetrapods was clearly revealed even when Ag" was supplied in
the 1 :1 molar ratio to Pd (Fig. 6b). When the AgNO3/Pd ratio
was increased to 10, the deposition of Ag on Pd tetrapods
eventually produced Pd@Ag tetrahedrons without the presence
of noticeable concave surfaces (Fig. S77).

Two-dimensional metal nanowires are attractive materials
for fabrication transparent conductive electrodes for various
applications such as organic light-emitting diodes and solar
cells.*** Although the synthesis of Pd nanowires has been
achieved in the literature, no attempts have been reported to
use Pd nanowires made by wet-chemistry to fabricate electri-
cally conductive films. In this study, we have demonstrated that
it is possible to prepare flexible transparent conductive films
from PVP-coated Pd nanowires by modifying their surfaces with
Ag using the deposition method developed in this work. As
shown in Fig. 6¢, the method reported in this work allowed to
easily deposit uniform Ag onto Pd nanowires dispersed in
aqueous solutions.

This journal is © The Royal Society of Chemistry 2014
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To fabricate uniform Pd nanowire-based transparent
conductive films, Pd nanowires with diameter of 10 nm were
first prepared using the method developed in our previous
study.** After washing for several times, the Pd nanowires were
dispersed in ethanol and sonicated for 30-60 s. Then the Pd
nanowires were consequently deposited on a 140 pm-thick
polyethylene terephthalate (PET) substrate by a spin coating
technique. After drying under an infrared lamp, the film was
transferred into a tube furnace and heated at 130 °C in 5% H,/
N, to anneal the Pd nanowires. The deposition of Ag on the Pd
nanowires was easily realized by simply mixing the Pd nano-
wires with aqueous solution of Ag" in the presence of H, at room
temperature. The obtained film was denoted as Pd NWs fil-
m@Ag. For comparison, the pre-prepared Pd@Ag nanowires
were also employed as the materials to fabricate the film
(denoted as Pd@Ag NWs film) by depositing them on PET via
spin coating (Fig. S87).

As shown in Fig. 7a and b, the morphology of Pd-based
nanowires deposited on PET was not changed after modifying
their surface with Ag. The inset of Fig. 7c shows a photograph of
the as-prepared Pd NWs film@Ag. The background is clearly
seen through the Pd NWs@Ag film, indicating that the film is
transparent. The transmittances of the films made of Pd NWs
film@Ag, Pd@Ag NWs film and Pd NWs film were nearly
constant in both the visible and near-infrared region with
average transmittances of ~90.5, ~94.0 and ~96.1% from 400
to 1700 nm, respectively (Fig. 7c). Surprisingly, the Pd NWs fil-
m@Ag exhibited much better sheet electronic conductivity (271
S sq ') than those of Pd NWs film (25 534 S sq~ ') and Pd@Ag

R
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°
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>
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Fig. 7 SEM images of Pd NWs@Ag (a) and Pd NWs film@Ag (b). Insets
in (a) and (b) show the different contact structure of nanowires in both
samples. (c) Optical transmittance of Pd NW film@Ag, Pd wire@Ag film
and Pd NWs films measured with a UV-Vis spectrometer by subtracting
the background of PET. (d) Current—voltage curves of the as-made
transparent films.
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NWs film (342 S sq ') (Fig. 7d). The better conductivity of Pd
NWs film@Ag than the Pd@Ag NWs film suggested that the
post Ag deposition process helped to improve the ohmic
contacts between Pd@Ag NWs which hindered charge trans-
port. Moreover, the obtained Pd NWs film@Ag was transparent
over a wide range of wavelengths.

4 Conclusions

In summary, we have developed a facile method to fabricate
core-shell bimetallic PdA@Ag NCs by using Pd NCs as seeds. In
the method, gaseous hydrogen was activated on the Pd surface
and functioned as the reducing agent for reductive deposition
of Ag on Pd. As the reduction agent was generated and confined
on the surface of Pd, self-nucleation of Ag was effectively avoi-
ded. Mechanism studies demonstrated that the deposition of
Ag(0) was accompanied by increase of proton concentrations
and self-terminated when the Pd surface was fully covered by
Ag. The ratio of Ag/Pd in the resulting PdA@Ag NCs was tunable
by either the amount of AgNO; or H,. Moreover, the developed
deposition method was morphology-independent. Core-shell
Pd@Ag nanosheets, nanocubes, tetrahedra and nanowires were
successfully synthesized via the method. When applied to
depositing Ag on pre-fabricated flexible thin-film of Pd nano-
wires on PET substrate, the method helped improve ohmic
contacts between nanowires and thus significantly enhanced
their electronic conductivity. Besides Pd nanostructures, the
developed method is expected to be effective for preparing other
bimetallic nanostructures with metal cores that can activate
gaseous H, for reductive deposition of shell metals.
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