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Abstract

The advancement of conductive and flexible thin films is relevant to an assortment of energy applications ranging
from organic photovoltaics, fuel cells, lithium ion batteries, and dynamic windows. Here, we develop an inexpensive,
fast, and adjustable method to yield nanowire arrays on flexible polyethylene terephthalate substrates for the alkaline
oxygen reduction reaction and for reversible metal electrodeposition. Ag nanowires serve as a non-sacrificial template
for Pt deposition and allow for the synthesis of bimetallic Pt/Ag nanowires. When not properly controlled, the galvanic
displacement reaction occurring at the solid-liquid interface between Ag nanowires and aqueous Pt ions results in
nonuniform nucleation and growth profiles, which creates micron-sized gaps in the nanowire arrays. These gaps, which
result in poorly conducting thin films, increase in prevalence when immersion length and Pt concentration are increased.
Multiple cycles of 10-min immersions in 10 mM K,PtCl, yield bimetallic Pt/Ag nanowires that maintain the high aspect
ratios and conductivities of the initial Ag nanowires, while the added Pt improves electrocatalytic performance and
electrochemical durability.
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1 Introduction

Thin film electrodes are important in a number of renew-
able energy technologies including organic photovoltaics
[1-3], polymer electrolyte membrane fuel cells [4], lithium
ion batteries [5, 6], and dynamic windows [7]. There is an
increasing demand for durable and affordable thin film
transparent conductive electrodes (TCEs) for the afore-
mentioned energy applications as well as for thin film
transistors used in displays and touch screen devices [8,
9]. Tin-doped indium oxide (ITO) is currently the industri-
ally preferred material for many TCE applications. However,
there are several issues associated with ITO including its
brittleness, chemical sensitivity, and high price due to
the expense of sputter deposition and the limited global

supply of In [10-13]. Therefore, researchers are develop-
ing novel transparent conductive materials that are more
durable, flexible, and affordable. Emerging materials to
replace ITO include carbon nanotubes [14], graphene [15],
metallic nanowires [16, 17], and conductive polymers [18].

Of the metallic nanowires, thin films of silver nanowires
(AgNWSs) compete with ITO in transmittance and conduc-
tivity and outperform ITO in terms of flexibility [19]. The
raw price of Ag and In are comparable, but AQNWs can be
deposited by more affordable methods, such as spin coat-
ing [20], spray coating [21], electrodepostion [22], or roll-
to-roll processing [23]. AQNWs have demonstrated good
stability under several accelerated aging processes [24],
however Ag is vulnerable to deterioration by oxidation
and/or sulfidation when exposed to air [25]. Furthermore,
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the electrochemical window of AQNW electrodes is limited
by the electrodissolution of Ag to Ag™.

The aim of this manuscript is to contribute to the devel-
opment of more stable thin film nanowire electrodes for
electrochemical applications. We use a non-sacrificial
template of AgNWs to synthesize thin conductive films
of bimetallic Pt/AgNWs through a galvanic displacement
reaction. Ptis an important electrocatalyst for many reac-
tions including oxygen reduction, oxygen evolution, and
carbon monoxide oxidation. These reactions are instru-
mental to proton exchange membrane fuel cells, recharge-
able lithium-air batteries, and catalytic converters [26-29].
Additionally, Pt is one of the most inert metals, making Pt-
based nanostructures good candidates for electrochemi-
cally stable thin film electrodes. However, the high cost of
Pt and its compounds remains a challenge for industrial
relevance. The need for affordable methods to synthesize
Pt nanostructures motivates this work.

Galvanic displacement of AgNWs by chloroplatinic acid
(H,PtClg) was previously studied by Tan et al. In this work,
AgNWs were used as a sacrificial template to yield porous
Pt nanowires (PtNWs) by reacting ANWs and H,PtCl, in
refluxing ethylene glycol [30]. However, the small scale
of this synthesis route is problematic for deposition
techniques producing conductive thin films, as the final
PtNW product is very dilute. After considering the chal-
lenges associated with solution-phase PtNW synthesis, we
hypothesized that conducting the galvanic displacement
reaction at the solid-liquid interface would increase the
usable Pt/AgNW yield. Specifically, substrates spin-coated
with AgNWs would be immersed in solutions of Pt salts.
Ideally, this process would both increase the scalability of
production and result in Pt/AgNWs that maintain the high
aspect ratios of the AQNW precursors.

In this manuscript, we systematically evaluate sev-
eral synthesis conditions for the galvanic displacement
of AgNWs by chloride-containing Pt species at the
solid-liquid interface. Among other factors, we compared
the effect of the oxidation state of Pt (4+and 2+) on syn-
thesis dynamics. The galvanic displacement reaction for
PtCl¢>~ reducing to solid Pt occurs according to Egs. (1)
and (2), in which elemental Ag is oxidized to either AgCl,
or Agzraq), respectively. For PtCl,>", the oxidation of the
AgNWs to AgCl crystals is thermodynamically spontane-
ous (Eq. 3), while the oxidation of elemental Ag to Ag(+aq) is
non-spontaneous (Eq. 4).

4Ag ) + PtCIZ~

6 (aq) = Pt +4AgCl + 2C|(_aq) +1.262V

M
+0.684 V
)

4Ag + PtCIZ”

+ -
6 (aq) - Pt(s) + 4Ag(aq) + 6 CI

(aq)
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2Ag, + PtClj—(aq) - Pt +2AgCl, +2 Cl +0.536 V
(3)
2Ag) + PtCIy " g = Pt +2Agh +2Cl - 0.042V

(4)
The above equations are important thermodynamic
considerations for Pt/AgNWSs synthesis. In addition to
thermodynamic effects, we demonstrate that other
parameters such as nucleation and growth dynamics affect
reaction kinetics. Together, these attributes dictate the
structure, composition, and electrochemical properties
of the resulting Pt/AgNWs. We demonstrate that these Pt/
AgNWs have applications as oxygen reduction electrocata-
lysts and reversible metal electrodeposition electrodes. We
note that the described nanowire thin films are not highly
transparent, and although it is possible to synthesize trans-
parent conducting versions of the Pt/AgNWs, transparency
is not a focus of this manuscript.

2 Materials and methods

Thin films of AQNWs were prepared by spin coating
commercially obtained ~ 1% by mass AgNWs (diameter:
25-35 nm, length: 9-15 pm, CheapTubes, Inc.) in iso-
propanol onto 2 cmx 2 cm polyethylene terephthalate
(PET) substrates. After 5 min of sonication, the AgNWs
were deposited using a Laurell Technologies Model WS-
400B-6NPP/LITE spin coater. The commercial AgNW solu-
tion (100 uL) was spun at 1000 rpm for 30 s with an accel-
eration of 10 rpm/s. The samples were then immersed in
aqueous solutions of H,PtCl (Sigma Aldrich) or potas-
sium tetrachloroplatinate (K,PtCl,) (Sigma Aldrich), dried
under a stream of air, and then submerged in 100 mM
ammonium hydroxide (NH,OH). For experiments with
Pt reactant concentrations varying between 10 mM
and 100 pM, each solution contained the same number
of moles (100 pmols). The 10 uM solution contained 10
pumols of Pt reactant. Sheet resistance measurements
were conducted using a universal four-point probe instru-
ment connected to a Jandel RM3 Test Unit. Mass meas-
urements were made with a Sartorius analytical balance
with a precision of 10 pg. Scanning electron microscope
(SEM) images and energy-dispersive X-ray spectroscopy
(EDX) data were obtained using a JOEL JSM-6010LA micro-
scope with a working voltage of 10-20 kV. All Pt atomic
percentages were calculated from the EDX spectra and are
reported as compared to the total amount of Pt, Ag, and
Cl. For experiments in which Pt atomic percentages were
confirmed using inductively coupled plasma-mass spec-
trometry (ICP-MS), this technique was conducted by the
Western Environmental Testing Laboratory (Sparks, NV).
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For both sheet resistance measurements and Pt atomic
percentage values, the values reported are averages across
2-4 samples measured at 5 different locations per sam-
ple. Errors bars reported represent standard deviations.
UV-Vis spectroscopy analysis was conducted using a
Shimadzu UV-2550 UV-Vis spectrophotometer. Electro-
chemical experiments were performed using a VSP-300
Biologic potentiostat. O, reduction reaction experiments
were conducted in O,-sparged 100 mM KOH,, using a
Ag/AgCl (3 M KClI) reference electrode (eDagq, Inc.) and a Pt
wire counter electrode. Reversible metal electrodeposition
durability experiments were conducted by cyclic voltam-
mograms from +0.8 to —0.6 V (vs. Ag/AgCl, Pt wire coun-
ter electrode) in an acidic (pH 2) Bi-Cu electrolyte. Various
nanowire substrates were used as the working electrode
with a 0.242 cm? geometric area. Commercial Pt nanowires
were obtained from Metrohm USA (diameter: 150-250 nm,
length: 10-16 pm).

3 Results and discussion

3.1 Understanding the galvanic displacement
reaction of AgNWs by Pt

Thin films of AQNWs prepared by four successive spin coats
were immersed in 100 pM H,PtCl, or K,PtCl,. The volume
of the solution was 1.0 L in order for the reaction to not be
limited by Pt. Samples were immersed for 10, 30, 60, and
120 min on flexible 2 cm x 2 cm PET substrates. Ideally,
the cation in both sets of experiments would be the same.
However, the low solubility of potassium hexachloroplati-
nate (K,PtCly) in water prevented us from studying it [31].

= HoPtClg
e KoPtCly
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Likewise, the acidic Pt** analog, H,PtCl,, does not exist in
the solid state [32].

Increases in sheet resistance (Fig. 1a) and atomic Pt per-
cent (Fig. 1b) were observed as the duration of the immer-
sion increased. Samples submerged in H,PtClg (Fig. 1,
black) showed both a larger increase in sheet resistance
and contained more Pt as determined by EDX than K,PtCl,
samples (Fig. 1, red). The measured sheet resistances of
the Pt-modified AgNWs were orders of magnitude larger
than the calculated theoretical sheet resistance. If the ini-
tial AQNWs (~2 Q/sq) were replaced by structurally identi-
cal Pt nanowires, then the sheet resistance of the sample
would increase ~ 7 times, to a sheet resistance of ~ 14 Q/
sq, because bulk Pt is about 7 times more resistive than
bulk Ag [33]. The experimental sheet resistances of the
Pt-modified AgNWs far exceed the theoretical ~ 14 Q/sq
value even when the Pt compositions are less than 100%,
fit can therefore be concluded that other structural and/or
chemical changes are occurring within the thin film.

SEM analysis showed that as the films of AQNWs under-
went galvanic displacement by Pt, the nanowires became
progressively thinner and formed an increasing number
of gaps within the array as the reaction time elongated.
Prior to immersion, the AgQNWs are relatively homogenous,
as shown in Fig. 2. After immersion in H,PtCl, (Fig. 3) or
K,PtCl, (Fig. 4), holes within the array formed, resulting
in an increased contrast between topographical regions.
The holes within the nanowire array occur earlier and are
larger for the samples immersed in H,PtCl. The prevalence
of these holes explains why the H,PtCl, samples showed
a larger change in sheet resistance than the K,PtCl, sam-
ples. Furthermore, the presence of holes explains why
the theoretical sheet resistance for a structurally identical
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Fig. 1 Sheet resistances (a) and Pt percent compositions (b) of AgNWs on PET after immersion in 1.0 L of 100 pM H,PtCl, (black) or K,PtCl,

(red) for 0, 10, 30, 60, and 120 min
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Fig.2 Scanning electron microscope image of AgNWs on PET
before galvanic displacement using Pt salts

PtNW array was surpassed. The gaps within the nanowire
array decrease the number of interconnections among
the nanowires and therefore make it more difficult for
the materials to conduct electricity. The theoretical sheet
resistance calculation for an identical PtNW sample did not
account for these morphological changes and explains

Fig.3 Scanning electron
microscope images of ANWs
on PET immersed in 1.0 L of
100 uM H,PtCl, for 10 (a), 30
(b), 60 (c), and 120 (d) minutes
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the larger than expected sheet resistances following
immersion.

Increasing the concentration of the hexa/tetrachlorop-
latinate solutions resulted in larger changes in sheet resist-
ances (Fig. 5a) and Pt percent compositions (Fig. 5b). For
these experiments, the sample immersion time was kept
constant at 30 min. We observed that the nanowire thin
film delaminated from the PET substrate for the 1 mM and
10 mM H,PtCl, solutions. This observation suggested that
the rate of the displacement reaction under these high
concentration conditions was very fast. Rapid galvanic
displacement has been shown to result in nonuniform
nucleation and rough growth profiles [34], which disrupts
the contact points between the nanowires and the PET
substrate, resulting in nanowire delamination.

The galvanic displacement reaction between Ag and
PtCl,>/PtCl,>~ through immersion is sensitive to the
length of the immersion time (Fig. 1) and the concentra-
tion of the Pt bath (Fig. 5). The length of the immersion
time is correlated to greater hole development, and higher
Pt concentrations are associated with nanowire delamina-
tion. To gain further insight into the kinetics of the dis-
placement reactions, we utilized UV-Vis spectroscopy. An
aqueous solution of AgNWSs shows two absorbance peaks
at 350 nm and 420 nm (Fig. 6a, green), which correspond
to the asymmetric transverse surface plasmons of the
nanowires [35]. Both H,PtCl, (Fig. 6a, black) and K,PtCl,
(Fig. 63, red) exhibit significant absorbance at wavelengths
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Fig.4 Scanning electron microscope images of AgNWs on PET immersed in 1.0 L of 100 pM K,PtCl, for 10 (a), 30 (b), 60 (c), and 120 (d) min-
utes
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Fig.5 Sheet resistances (a) and Pt percent compositions (b) of AGQNWs on PET after a 30 min immersion in H,0, 10 upM, 100 pM, T mM, and
10 mM H,PtCl, (black) and K,PtCl, (red)
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Fig.6 UV-Vis spectra of 2 mM AgNWs (green), 5 mM H,PtCl, (black), and 5 mM K,PtCl, (red, a). Kinetic trace of 2 mM AgNWs at 420 nm in
5 mM H,PtCl (black), 5 mM K,PtCl, (red), and 5 mM K,PtCl, and 10 mM HCl (blue, b)

less than 400 nm, but do not absorb strongly at 420 nm.
Therefore, we performed kinetic trace measurements of
the AgNWs at 420 nm following the addition of H,PtCl, or
K,PtCl, (Fig. 6b, black and red). In both cases, the absorb-
ance at 420 nm decreases after the addition of the Pt reac-
tant because the AgNWs are displaced during the reaction,
thus causing a decrease in the absorbance of the AQNW
plasmon mode. The time (t;,) it takes the absorbance to
reach halfway between its maximum and minimum values
differs substantially between the two cases. In particular,
the t,, values for H,PtCl, and K,PtCl, were determined to
be 45 s and 520 s, respectively (Fig. 6b). These results are
consistent with the greater thermodynamic favorability of
PtCl¢> to displace Ag, which arises from its more positive
oxidation state (+4 vs. +2). However, in addition to the
effects of differing Pt oxidation states, a confounding vari-
able of different cations being present in solution exists
(Hiq) vs- Kiag))- Because KyPtClg is not very soluble in water
and H,PtCl, does not exist in the solid state (vide supra),
we could not perform comparative experiments while only
manipulating the Pt oxidation state. Therefore, to assess
the effect of the H{,, present in H,PtCl,, we performed
an additional kinetic trace using K,PtCl, with added HCI
(Fig. 6b, blue). The addition of HC| decreased the t, , for
K,PtCl, from 520 to 184 s. The accelerated kinetics in the
presence of acid for K,PtCl, is likely the result of acid cata-
lyzing the displacement reaction via Ag etching. Impor-
tantly, however, the t,,, of H,PtCly is still significantly less
than the t , of K,PtCl, and HCl. These results demonstrate
that the origin of the faster kinetics with H,PtCl, as com-
pared to K,PtCl, is twofold. Both the acidity of H,PtCl; and
the thermodynamic favorability associated with its more
positive Pt oxidation state result in faster displacement
kinetics.
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It is more thermodynamically favorable for AgCl;,
to form during the galvanic displacement reaction as
opposed to Ag?’aq) (compare Egs. 1 and 3 to Egs. 2 and
4). Our standard synthesis protocols include a wash with
NH,OH, which dissolves the unwanted AgCl,,, byproduct
through the formation of soluble Ag(NH,)**. We hypothe-
size that the location of AgCl, crystals within the nanowire
array is reflective of nucleation and growth dynamics and
explains the presence of holes in the Pt/AgNWs. Inspection
of the Pt/AgNWs before and after the removal of AgCl,
via SEM correlates the location of AgCl crystals to thin-
ning sections of the nanowire network (Fig. 7). For exam-
ple, in one pair of SEM images taken at the same sample
location, a large AgCl, crystal is present before NH,OH
immersion (Fig. 7a). This AgCl ;) crystal disappears after
NH,OH immersion and reveals a thinning segment of the
Pt/AgNW array (Fig. 7b). The sites of initial Pt deposition
result in the oxidation and ensuing nucleation of Ags, into
AgCl,. The first formed AgCl, crystals serve as seeds for
future AgCl,, growth and Pt deposition, as adding AgCl
to an existing crystal lattice is more favorable than pro-
ducing new nucleation sites. In this manner, large AgCl
crystals form inisolated spots across the substrate, giving
rise to concentrated patches of Pt deposition, resulting in
gaps within the nanowire array yielding poor conductivity.

3.2 Synthesis of Pt/AgNWs with lower sheet
resistances

Having elucidated the mechanism by which holes in the
Pt/AgNWs form, we next sought to minimize their growth
such that thin films with lower sheet resistances could
be produced. Ideally, we would construct Pt/AgNWs
using many cycles of short immersion times at low Pt
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B

Fig.7 Scanning electron microscopy images of AgNWs on PET at the same location after immersion in 20 mL of 10 mM K,PtCl, before (a)

and after 30 min in 100 mM NH,OH,,

bath concentrations. As our results above indicate, both
of these parameters decrease the propensity of hole for-
mation. In this paradigm, each cycle of Pt deposition and
subsequent immersion in NH,OH resets the nucleation
sites for AgCl, formation. The establishment of new Pt/
AgCl nucleation sites during each reaction cycle avoids
the overconcentration of the displacement reaction in
localized areas, which results in holes. With the desired
short immersion times and low Pt bath concentrations,
however, hundreds of cycles would be necessary to
achieve appreciable conversion of Ag to Pt. In search of
more practical reaction conditions, we sought to utilize
faster reaction kinetics that still obviated hole formation.
Towards this end, we first shortened the length of time
of Ptimmersion and increased the Pt bath concentration.
We also increased the amount of time the Pt/AgNWs were
immersed in NH,OH to ensure the complete removal of
nonconductive AgCl, precipitates. We focused these stud-
ies solely on K,PtCl, because the faster reaction kinetics
of H,PtCl, result in both increased hole formation and
nanowire delamination at high concentrations.

Immersion of AQNW samples in 10 mM K,PtCl, for 1, 5,
10, 15, and 20 min showed a more gradual increase in sheet
resistance (Fig. 8a) and atomic Pt percent composition
(Fig. 8b) than previous experiments with longer immer-
sion times at lesser concentrations. We did not immerse
for times greater than 20 min because these longer immer-
sion times resulted in nanowire delamination.

In an effort to further minimize the development of det-
rimental holes within the nanowire array, the thickness of
the initial AQNWs was enlarged by increasing the number

of spin coats on the PET substrate from 4 to 10. Previ-
ously it was observed that at concentrations greater than
1 mM for H,PtCl, and 10 mM for K,_PtCl,, delamination of
the nanowires occurred from the substrate, presumably
because the nanowires lost adhesion during rapid galvanic
displacement. No loss of adhesion was observed with the
10 spin coated samples. However, if the number of spin
coats of AgNWs was further increased, it is possible that
the nanowires would become more fragile and prone to
delamination from the underlying PET substrate. These
samples were immersed under the same parameters as
those in Fig. 8 and resulted in a more linear relationship
between sheet resistance (Fig. 9a) and atomic Pt percent-
ages (Fig. 9b) with smaller standard deviations among the
samples. The more linear sheet resistance relationship
observed is consistent with the fact that thicker AgNWs
are slower to form nonconductive holes that completely
penetrate the array. Nonetheless, the Pt percent compo-
sitions for the thicker Pt/AgNWs arrays are similar to the
thinner arrays under the same conditions (Fig. 8b vs. Fig-
ure 9b). These results indicate that the galvanic displace-
ment reaction is not limited by the amount of Ag present
under these conditions.

To produce Pt/AgNWs with higher percent Pt compo-
sitions while maintaining low sheet resistances, we next
controlled the nucleation dynamics of the displacement
reaction using multiple cycles of 10-min Pt immersions.
After one cycle of a 10-min Pt immersion, the average
sheet resistance and atomic Pt percent composition
were~ 11 Q/sq and~12% Pt, respectively. Repeating these
reaction conditions for a total of 2, 3, or 4 immersion cycles
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Fig. 9 Sheet resistances (a) and Pt percent compositions (b) of ANWSs on PET formed using 10 spin-coating cycles after immersion in 20 mL

of 10 mM K,PtCl, for 0, 1,5, 10, 15, or 20 min

(each cycle consisted of 10 min of Pt immersion followed
by a 30-min immersion in 100 mM NH,_OH) resulted in
a progressive increase in sheet resistance (Fig. 10a) and
atomic Pt percent composition (Fig. 10b, red points) as
determined by EDX. The Pt/AgNW samples produced
using 4 immersion cycles of 10 min possessed an average
sheet resistance of ~34 Q/sq and a Pt percent composi-
tion of ~42%. The Pt percent compositions of these sam-
ples were confirmed with ICP-MS (Fig. 10b, black points).
Among all of the conditions studied in this manuscript,
these parameters yielded Pt/AgNW arrays with the high-
est ratio of Pt percent composition to sheet resistance.
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SEM images indicate that the diameters of the nanow-
ires increased progressively from their original 25-35 nm
diameters to 30-60 nm after the successive 10-min immer-
sions (Fig. 11). These results indicate that Pt deposition
thickens the AgNWs proportional to the number of 10-min
immersions. Importantly, in all cases, the nanowires, which
are several microns long, maintain their high aspect ratios
(150-500) after the galvanic displacement reactions with
Pt.

Our efforts to further increase Pt percent composition
with further immersion cycles did not yield Pt/AgNWs with
Pt compositions greater than 40%. One possibility is that
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the concentration of the Pt bath decreased to a point at
which the galvanic displacement kinetics are very slow.
However, experiments immersing the 40% Pt/AgNW
samples in fresh Pt solutions also did not increase the Pt
percent composition and only marginally affected sheet
resistances. Furthermore, soaking the Pt/AgNWs in nitric
acid, which selectively dissolves Ag, did not significantly
change the Pt percent composition. These results suggest
that the Pt deposition in the 40% Pt/AgNW samples fully
encapsulated the AgNW cores, thus preventing further
galvanic displacement from occurring.

3.3 Pt/AgNWs as electrodes for reversible metal
electrodeposition

If the Pt/AgNWs consist of AgNWs fully encapsulated by Pt
shells, one potential application of transparent versions of
these materials is in dynamic windows based on reversible
metal electrodeposition. Previous studies on metal-based
dynamic windows have shown that performing reversible
electrodeposition of Bi and Cu from an acidic electrolyte
results in the slow deterioration of the transparent ITO
electrodes as a result of the acid etching the ITO [36]. The
inertness of Pt would allow Pt-coated AgNWs to with-
stand both the acidity of these electrolytes and provide
the electrochemical window needed for both the metal
electrodeposition and stripping processes. We therefore
performed cyclic voltammetry in a typical Bi-Cu electro-
lyte for reversible metal electrodeposition. This experi-
ment is not only a gauge of the applicability of Pt/AgNWs
for dynamic window applications, but it is also a further
test of the hypothesis that the nanowires consist of AgNWs
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encapsulated by Pt shells. Cyclic voltammograms from
+0.8to—0.6V (vs. Ag/AgCl) in an acidic (pH 2) Bi-Cu elec-
trolyte show that a control experiment with a pure AQNW
electrode exhibits metal electrodeposition and stripping
features, but deteriorates after ~6 cycles due to Ag dis-
solution during the metal stripping processes (Fig. 12a).
In contrast, the current density of an electrode with Pt/
AgNWs decreases from cycle 1 to 20, but maintains a rela-
tively constant current density after cycle 20 (Fig. 12b).
To better visualize the relative rates of degradation, the
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Fig. 13 Current density at —0.6 V for Pt/AgNWs (black) and AgNWs
(red) on PET during successive CV cycles of reversible Bi and Cu
electrodeposition
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Fig. 12 Cyclic voltammograms in terms of geometric current density (mA/cm?) at 10 mV/s for unmodified AgQNWs on PET (a) and modified
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current density of each sample at —0.6 V was compared
for each cycle (Fig. 13). While the Pt/AgNW sample (Fig. 13,
black) possessed a current density of ~0.25 mA/cm? after
20 cycles, the AgNW sampile (Fig. 13, red) exhibited a neg-
ligible current density after cycle 20. These results indicate
that the Pt/AgNWs are much more stable than the AgNWs
towards electrodissolution during the metal stripping pro-
cesses and suggests that the electrochemically more reac-
tive AgNWs are fairly well encapsulated by Pt shells in the
Pt/AgNWs. The initial decay of current density during the
first 20 cycles, however, does indicate some instability of
the Pt/AgNWs during the Bi and Cu electrodeposition and
stripping reactions. This decay could be due to imperfect
encapsulation of the AgNWs by the Pt shells. However,
given the inertness of the Pt/AgNWs towards Pt salts and
nitric acid, it is more likely that a larger contribution to
the initial decay of current density is physical delamination
of nanowires caused by stress and strain buildup during
reversible metal electrodeposition. Regardless, the results
point towards the potential application of Pt/AgNWs in
reactive reversible metal electrodeposition electrolytes.

3.4 Pt/AgNWs as oxygen reduction electrocatalysts

Pt is the most common oxygen reduction reaction (ORR)
catalyst in the cathode of commercial proton exchange
membrane fuel cells due to its low overpotential and good
durability [37]. Because of the high cost of Pt, Pt nano-
structures are used to increase catalyst surface area and
decrease Pt loadings. Ag is also a promising ORR catalyst,
but Ag dissolution occurs in acid, rendering it unstable
in proton exchange membrane fuel cell electrolytes.
Although proton exchange membrane fuel cells are cur-
rently the most successful for many applications, there is
increasing interest in anion exchange membrane fuel cells
that function in alkaline environments [38]. Both Ag and
Pt are promising candidates for the ORR in high pH elec-
trolytes. We therefore hypothesized that the Ag/Pt NWs
described in this work would be highly active ORR cata-
lysts in basic solutions.

Samples produced via 1, 2, 3, and 4 cycles of 10-min
immersions in 10 mM K,PtCl, were evaluated as elec-
trocatalysts for the oxygen reduction reaction (ORR) in
O,-sparged 0.1 M KOH. Their catalytic activity was com-
pared to AgNWs, commercially obtained PtNWs, and Pt
foil. ORR linear sweep voltammograms for these various
catalysts are shown in Fig. 14 in terms of their geomet-
ric current density. The ORR onset potential, defined
here as the voltage at which the current density reaches
10% of its peak current density, for the AQNWs occurs at
about —0.17 V vs. Ag/AgCl (Fig. 14, black). In contrast, the
onset potential for Pt foil occurs at about —0.10V (Fig. 14,
pink), indicating that Pt possesses~70 mV less onset
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Fig. 14 ORR polarization curves in 0.1 M KOH in terms of geomet-
ric current density (mA/cm?) at 10 mV/s for the synthesized bime-
tallic Pt/AgNW electrodes with varying Pt compositions (red, blue,
orange, cyan), AgNWs (black), commercial PtNWs (green), and Pt
foil (pink)

overpotential for the ORR. These values are similar to pre-
vious literature results studying Ag and Pt ORR catalysts
under alkaline conditions [39]. The onset potentials for
the 10-40% Pt/AgNWs vary between —0.11V and —0.14V
(Fig. 14, red, blue, orange, and cyan), indicating that the
onset overpotentials for these bimetallic catalysts are in
between those of the monometallic Pt and Ag catalysts.
In terms of geometric current density, the commer-
cial PtNWs showed minimal ORR activity (Fig. 14, green)
because the concentration of nanowires on the PET is
much less than our synthesized Pt/AgNWs. To more accu-
rately compare the activities of the commercial PtNWs with
the Pt/AgNWs, we normalized the current of the polariza-
tion curves per mass of Pt (Fig. 15a). These polarization
curves are the most relevant for assessing the usefulness
of Pt-based ORR catalysts because they account for the
electrocatalytic activity per amount of Pt, which is 50-60
times more expensive than Ag [40, 41]. On a per mass of
Pt basis, the bimetallic Pt/AgNWs prepared via galvanic
displacement significantly outperformed pure PtNWs and
Pt foil. Furthermore, there is a trend in the peak current
densities of 10-40% Pt/Ag NW catalysts in which 20%
Pt>10% ~30% Pt>40% Pt (Fig. 15b). The highest peak
current density on a mass Pt basis obtained for the 20% Pt
NWs can be rationalized as follows. 100% PtNWs are intrin-
sically the most active catalysts, but because they con-
tain pure Pt, their current density on a per Pt mass basis
is poor. On the other hand, 100% AgNWs do not use any
expensive Pt, but are intrinsically less electrochemically
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Fig. 15 ORR polarization curves (a) in terms of current density nor-
malized to mass of Pt (mA/mg Pt) at 10 mV/s in 0.1 M KOH for the
synthesized bimetallic Pt/AgNW electrodes with varying Pt com-
positions (red, blue, orange, cyan), commercial PtNWs (green), and

active. The bimetallic Pt/AgNW array catalysts strike a
balance between these two competing factors, with the
20% Pt sample being the most electrochemically active
per Pt mass (Fig. 15b, blue). Taken together, these results
demonstrate that Pt/AgNWs are promising candidates for
ORR catalysts under alkaline conditions that use minimal
amounts of Pt.

4 Conclusions

Bimetallic electrodes of Pt/AgNWs were prepared
through an immersive galvanic displacement method in
which spin-coated AgNWs are displaced by PtCl,>~ and
PtCl,*" ions. The galvanic displacement is sensitive to time
of immersion and Pt concentration, which dramatically
affect the conductivity of the electrodes. Shorter immer-
sion times at higher concentrations of PtCl,>~ proved to be
promising parameters to yield more conductive electrodes
with controllable amounts of Pt. This method provides an
array of conductive Pt nanomaterials that employs Pt to
a better degree than commercial PtNWs for ORR. The Pt/
AgNWs also serve as relatively stable platforms for revers-
ible metal electrodeposition. With continued develop-
ment, these bimetallic nanowires could find applications
in a variety of other renewable energy devices.
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