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ABSTRACT: In this report, functional one-dimensional (1-D) Pt-Co;0, heterostruc-
tures with enhanced electrochemical properties were synthesized via colloidal poly-
merization of polymer-coated ferromagnetic cobalt nanoparticles (PS-CoNPs). Colloidal
polymerization of dipolar nanoparticles into hollow metal— semlconductor nanovmres
was achieved via a consecutive galvanic replacement reaction between Co® and Pt** pre-
cursors, followed by a nanoscale Kirkendall oxidation reaction and a calcination treatment.
X-ray diffraction (XRD), transmission electron microscopy (TEM), high-angle annular
dark field scanning TEM (HAADF-STEM), and field-emission scanning electron

microscopy (FESEM) revealed the structural and morphological evolution of the hollow

cobalt oxide nanowires (D = 40 nm) with platinum nanoparticles (PtNPs; D ~ 2 nm) entrapped within the growing oxide
shell. Various calcination conditions were investigated via X-ray photoelectron spectroscopy (XPS) to obtain the optimal surface
composition of the metallic Pt and semiconducting Co;0, phases. Cyclic voltammetry of the 1-D Pt-Co;0, heterostructures
demonstrated a sevenfold enhancement in specific capacitance in comparison to the pristine Co;O,4 nanowires. Preliminary results also
showed that the calcined 1-D Pt-Co304 heterostructures catalytically hydrogenate methyl orange, and the rates of the hydrogenation

were dependent on surface composition.
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B INTRODUCTION

Recent advances in synthetic nanoscience have enabled progress
in the development of novel hybrid nanoparticles consisting of
discrete domains of disparate inorganic components."”
structured nanocrystals with a high degree of morphological com-
plexity and functionality have been observed to exhibit synergistic
properties arising from the control of colloid size, morphology, and
interfacial connectivity. Specifically, multicomponent metal—
semiconductor nanostructures with controlled composition and
morphology have been investigated as a route to direct charge
transfer processes over nanoscopic length scales.® '

A number of elegant approaches have been reported for the
synthesis of symmetric core—shell hybrid nanoparticles (NPs),
asymmetric heterodimers, hybrid nanorods, and nanowires consist-
ing of metal, semiconductor, magnetic, and oxide materials. >
Seminal work on the preparation of hybrid nanomaterials com-
posed of core—shell cadmium selenide nanocrystals with higher
band ga ap overcoats of zinc sulfide (ZnS)" and cadmium sulfide
(CdS)"® NP shells demonstrated the ability both to enhance the
photoluminescence properties and increase the population of
photogenerated charge carriers in CdSe cores. Hybrid nanoparticles

Hetero-
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composed of metal oxide colloidal cores (TiO, ZnO) with a
metallic shell (Au, Pt, Cu) have also shown improved photocatalytic
activity due to efficient charge separation at the nanoscopic
metal —semiconductor oxide junction.'*” "’

In addition to the synthesis of symmetrical core—shell hybrid
nanoparticles, the preparation of complex asymmetric heterostruc-
tures with diverse architectures has also garnered significant
research interest. The synthesis of asymmetric heterodimers'®™**
composed of two or more chemically different crystalline domains
was first demonstrated by Xu et al.>* for the preparation of CdS/
iron—platinum (FePt) heterodimeric nanoparticles. Notably, Sun,
Hyeon, Teranishi, Prasad and co-workers further diversified the
scope of synthetic methods toward the preparation of various well-
defined heterostructures composed of colloidal metals, semicon-
ductors, and metal oxides within a single nanomatenal 182426
Moreover, Banin et al.”'**” and Cozzoli et al.”® have also elegantly
demonstrated selective growth of metal tips on semiconductor

nanorods® >* in the preparation of platinum (Pt) functional
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CdSe** and PtCo—CdSe nanorods,>* which showed enhanced
photocatalytic activity. In addition to heterostructured nanorods,
Talapin and Mokari have also demonstrated the synthesis of
well-defined lead sulfide (PbS)** and CdSe'® nanowires decorated
with gold (Au) nanocrystals. These one-dimensional (1-D)
heterostructures are advantageous because the nanowire
morphology provided directional electron transport in addition
to enha7.1§c3e3(§6 cl;grge separation at the metal—semiconductor
interface.”””>>""

While significant progress has been reported for the preparation
of n-type semiconductor (CdSe, TiO,) hybrid nanomaterials for
(photo)electrochemical devices, the investigation of p-type metal
oxide semiconductors as potential heterostructured electrodes
remains largely unexplored.”**™* In particular, cobalt cobaltite
(Co30y), a p-type semiconductor oxide, has been investigated as
electrodes for Li batteries,”” ** supercapacitors,**® (photo)-
electrocatalysts for water splittin§,47_51 CO oxidation catalysts>>
and in electrochromic devices.>>>* However, Co;0, suffers from
inherently high electrical resistance, moderate electrocatalytic
activity, and high irreversible capacity in Li-ion batteries.’> >’
The incorporation of dopants into Co;O4 materials has been
explored as a route to improve electrical conductivity and
electrochemical activity of these cobalt oxides.>*"*"%®

The preparation of well-defined heterostructures composed of
noble metals and Co;0,4 nanomaterials has recently been explored.
In particular, nanocomposites composed of Au nanoparticle inclu-
sions within Co;0, nanowires and nanocubes*”*® have been
reported to exhibit enhanced electrochemical activity in Li batteries
and fuel cells relative to the pristine Co304 nanomaterials. The
inclusion of noble metals into Co30,4 nanomaterials was observed
to increase the electrical conductivity and charge transport of
electrodes used for electrochemical devices, while decreasing the
overall cell polarization.’® While these reports demonstrate the
advantages of preparing heterostructured Co;O, nanomaterials,
the development of versatile synthetic methods to prepare well-
defined noble metal-Co30, nanocomposites remains an important
challenge. We recently reported on the use of colloidal polymeriza-
tion to prepare semiconducting cobalt oxide nanowires. In this
process, dipolar cobalt nanoparticles were employed as “colloidal
monomers” in a manner analogous to step-growth polymerization,
which enabled the synthesis of hierarchically ordered 1-D cobalt
oxide nanowires and heterostructures. We further utilized this
method to prepare cobalt oxide nanowires with AuNP inclusions
(Au—Co30,) via colloidal polymerization of dipolar gold—cobalt
core—shell nanoparticles (Au-CoNPs) as colloidal monomers.””
These Au—Co30, heterostructured nanowires exhibited en-
hanced electrochemical activities relative to the Co;0, control
nanomaterials, as the presence of the AuNPs core reinforced
cobalt oxide phases and afforded a higher number of electro-
active sites.

Herein, we demonstrated the synthesis of 1-D Pt-Co30, hetero-
stuctures via a colloidal polymerization.*® In this report, we demon-
strate the ability to modify the exterior of cobalt oxide nanowires
with platinum nanoparticle inclusions via consecutive galvanic
exchange and Kirkendall-type oxidation reactions.”' % The galva-
nic exchange reactions have been exploited for the preparation of
bimetallic core—shell, alloy, and hollow heterostructures of noble
metals such as Pt, Au, and Ppd.6162,66-68 Notably, Bai et al®
diversified this versatile methodology utilizing cobalt nanoparti-
cles as sacrificial structure directing agents to prepare various
metallic (Au, Pt, Pd) hollow nanospheres,éé’6 ~7% nanotubes,
and nanowires.®”%*7377® Alternatively, a wide range of well-

defined hollow nanocrystals were synthesized through oxidation,
sulfidation, and nitridation of metallic nanoparticles.***>”” The
hollowing effect is a classical phenomenon known as the
Kirkendall effect,®® which refers to the nonuniform diffusion of
the coupled species (e.g,, O, and Co°) leading to the coalescence
of voids into a single hollow core. On the basis of these principles,
we have expanded the scope for colloidal polymerization by the
combination of both the galvanic exchange and the nanoscale
Kirkendall-type reactions into 1-D Pt-Co30, heterostructures.
While a number of heterostructured nanocrystals based on Pt
have been developed, neither the preparation nor the electro-
chemical characterization of Pt—cobalt oxide based heterostruc-
tured nanomaterials using well-defined dipolar colloidal pre-
cursors has been conducted.

In the current colloidal polymerization methodology, the gal-
vanic exchange reaction resulted in heterostructured chains with
a PtNP shell and a partially exchanged Co core that were capped
with polystyrene ligands (PtNP-CoNP chains) The Pt decorated
nanoparticles were then oxidized to afford nanowires with
hollow inclusions and a nanocomposite shell of PtNPs
and Co;0, (hereafter referred to as Pt-Co;O4 nanowires).
Pt-Co30,4 nanowires prepared via colloidal polymerization were
observed to exhibit sevenfold enhancement in specific capaci-
tance relative to the hollow Co3;0,4 nanowires, as determined
from electrochemical characterization. The unique combination
of these chemical transformations could serve as a versatile
platform to access various 1-D nanostructures with different
properties, crystal structures, and morphologies with improved
(photo)electrochemical properties.

B RESULTS AND DISCUSSION

Polystyrene-coated ferromagnetic cobalt nanoparticles (PS-
CoNPs) that were utilized as structure directing agents in the
present report were prepared via the thermolysis of dicobalt
octacarbonyl (Co,(CO)s) in the presence of the carboxylic acid
end-functional polystyrene surfactants (PS-COOH), as reported
elsewhere.”® The synthesis of Pt NP (nanocrystallites, D ~ 2 nm)
decorated cobalt nanoparticles chains was conducted by the
addition of Pt(acac), dissolved in dichlorobenzene (DCB) into a
deaerated dispersion of the PS-CoNPs under argon at 175 °C for
10 h. The large electrochemical potential difference between Co°
and P2* (standard potential for Co/Co*"//Pt*/Pt=+1.46V
vs SHE) drove the reduction of Pt*" salts to Pt colloids while
oxidizing the CoNP core to Co>" ions during the galvanic re-
placement reaction.”” Consequently, Pt atoms selectively nuclea-
ted onto the outer surfaces of the PS-CoNPs chains in dichloro-
benzene solution at zero field conditions (i.e., in the absence of
an external magnetic field) (Scheme 1). As a result, Pt NPs grew
and eventually formed a thin shell around the preorganized
ferromagnetic cobalt nanoparticle chains, stringing individual
magnetic PS-CoNPs into interconnected nanowires spanning on
average 260 &= 88 nm in length.

The morphological evolution of the PS-CoNPs (D = 30 +
3 nm) was monitored using TEM before and after transmetala-
tion reactions with Pt(acac),. TEM of solution deposited samples
imaged PS-CoNPs precursors as discrete, dark, solid nanoparticles
separated by an outer polystyrene shell (Figure 1a). After 10 h of
the galvanic exchange reaction with Pt(acac),, the formation of
interconnected nanowires was observed with an increase in the
overall diameter from 30 to 35 nm, while the inner diameter of the
Co core decreased to 23 nm. The reduction in the Co core
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Scheme 1. Preparation of Pt-Co;04 Nanowires by Colloidal
Polymerization of Ferromagnetic Cobalt Nanoparticles
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diameter was consistent with the mechanism of the galvanic
exchange reaction, which was analogous to an electrochemical
cell model of galvanic corrosion.”’ HRTEM images (Figure 1b)
confirmed the formation of Pt NPs (D ~ 2 nm) on the periphery
of the self-assembled PS-CoNPs chains. Additionally, high-angle
annular dark field scanning TEM (HAADF-STEM) imaging was
utilized to unambiguously confirm the formation of Pt NPs, which
appeared as bright dots sprinkled on the outer corona of the lower
contrast PS-CoNPs chains (Figure 1f). Furthermore, bright field
STEM imaging confirmed that the growth of Pt NPs was confined
to the exterior of the PS-CoNPs chains, which was consistent with
the mechanism of the galvanic exchange reaction. Determination
of the exact composition and chemical bonding of the Pt-Co
interface is challenging to unambiguously ascertain due to the
potential formation of metallic Pt-Co alloys, oxides, and other
mixed phases at the interface that cannot be readily resolved via
specotroscopic or scattering methods. We presume based on the
morphology of Pt-Co heterostructures via TEM and FE-SEM
(Figures 1 and 2) that the majority of PtNP inclusions are directly
bound to CoNP cores. Futhermore, rigorous purification of Pt-Co
heterostructure materials conducted by magnetic isolation and
centrifugation did not increase the yield of free PtNPs nor change
the morphology of isolated nanowires. However, given the high
temperatures utilized in the PtNP galvanic deposition reaction,
thermolysis of the Pt(acac), could result in a small fraction of
unbound PtNPs, as suggested by the diffuse morphology of Pt
inclusions around CoNPs as observed in HAADF-STEM imaging
(Figure 1f).

Kinetic studies on the transformations of discrete PS-CoNPs
into Pt NP coated cobalt chains were analyzed via UV—vis
spectroscopy by measuring the consumption of Pt*" salts (see
Supporting Information Figure S-1). A progressive reduction in
the absorbance of Pt(acac), complexes at 343 nm was observed
within § h, confirming the consumption of Pt*" salts in the
presence of Co° nanoparticles. The coverage and loading of
metallic Pt° on Co nanowires could be tuned by varying the

concentration of Pt*" precursors. Co nanowires with varying
coverages of Pt NPs were found to be active in the catalytic
degradation of methyl orange (Supporting Information Figure
S-2). As the weight ratio of PS-CoNPs to Pt(acac), was de-
creased from 1:1.5 to 1:0.3, a continuous Pt shell encapsulating
the cobalt nanoparticle chain was obtained (see Supporting
Information Figure S-2), in contrast to the densely packed Pt
NPs formed at higher feed ratios, as shown in Figure 1.

The utilization of ferromagnetic cobalt nanoparticles as col-
loidal monomers in the redox transmetalation reaction was
essential to obtain 1-D heterostructured nanowires, as super-
paramagnetic nanoparticles are unable to polymerize.”® In earlier
reports on transmetalation and galvanic exchange reactions with
CoNPs, only continuous shells of metallic Pt with Co cores®” or
CothySO were investigated for the electroreduction of 0,>% or
the electrooxidation of methanol.*”**® However, the synthesis
and characterization of high surface area Pt NPs decorated on
1-D nanomaterials to economize the utilization of the platinum
catalyst remained largely unexplored.®***** We also explored the
galvanic deposition of AuNPs onto the exterior of Co3;04
nanowires using Au(I)CIPPh; and HAu(III)Cl, complexes.
However, significant etching of CoNPs was observed, which
was attributed to either direct oxidation of Co’ sites by chloride
anions from the Au precursor salts or from in situ generated HCL.

Field emission scanning electron microscopy (FE-SEM) was
also employed to investigate morphological changes of the PS-
CoNPs before and after the exchange reaction with Pt*". As
shown in Figure 2a, the nonagglomerated PS-CoNPs spanning
389 % 144 nm in length exhibited a smooth surface morphology
before the addition of the Pt(acac), precursors. After the galvanic
reaction with P*" at 175 °C for 10 h, FE-SEM revealed a rough
surface morphology due to the formation and decoration of Pt
NPs around the exterior of the cobalt nanoparticle chains
(Figure 2b). Furthermore, FE-SEM imaging (inset Figure 2b)
clearly showed features of individual Pt NPs densely packed
along the exterior cobalt nanoparticle chains, adopting a rasp-
berry-like roughened morphology, which is consistent with other
high surface area nanostructures prepared via galvanic exchange
reactions.*”*>*¢ In contrast, the magnified FE-SEM images
(inset Figure 2a) of the PS-CoNPs exhibited a smooth surface
morphology, due to the presence of glassy PS shells and the
absence of corrugated surface inclusions on nanoparticle chains.

Heterostructured Platinum—Cobalt Oxide Nanowires.
Oxidation reactions were conducted to convert PtNP decorated
CoNP chains into hollow cobalt oxide nanowires with Pt inclu-
sions. Initial oxidation reactions were conducted in hot DCB
solutions (T = 175 °C), which afforded mixed, amorphous
phases of cobalt oxide (Co,0,). Using similar conditions to
those in our previous reports, a simple oxidation reaction at
elevated temperature converted the PtNP coated PS-CoNP
chains into heterostructured nanowires composed of PS capping
ligands and hollow nanowires containing amorphous cobalt
oxide and PtNP (PS-PtCo,O, nanowires).®’ After 24 h of
solution oxidation at 175 °C, partially hollow nanowires exhibit-
ing a dimensional expansion of 5 nm were formed. The partially
hollow PS-PtCo,O, nanowires formed via oxidation in solution
were imaged via TEM to possess three distinct features: (1) a
lower electron density cobalt oxide with a corrugated shell due to
Pt NP inclusions, (2) residual unreacted CoNP cores that
appeared as dark pear shaped features, and (3) interior voids
corresponding to the coalescence of vacancies at the interface
(Figure 3a). As the solution-phase oxidation reaction proceeded,
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Figure 1. Low and high magnification TEM images of the precursor PS-CoNPs with particle diameter 30 + 3 nm (a, b); PS-PtCo after the
transmetalation reaction, with particle diameter 35 & 3 nm (c, d); and HAADF-STEM images of the same PS-PtCo, in which the PtNCs appear as bright

dots (e, f).

| -

Figure 2. FE-SEM images of (a) PS-CoNPs chains and (b) PS-CoNP
chains decorated with Pt NIPs after galvanic exchange. Insets in (a) and (b)
are high magnification FESEM images of PS-CoNP chain and PS-PtCo
chain, respectively.

the oxide shell grew due to the continual diffusion and oxidation
of Co at the outermost layer, while leaving a hollow inclusion at
the core. This phenomenon was described as the nanoscale
Kirkendall effect, which has been widely a&%lsied toward the

fabrication of various hollow nanostructures.

Moreover, the Pt nanocrystallites that were deposited on the
outer surfaces of the Co nanoparticle chains (via the first
galvanic replacement reaction) were trapped within the cobalt
oxide nanowire phase after the oxidation reaction. HR-TEM
(Figure 3c,d) and HAADF-TEM (Figure 3e,f) confirmed the
encapsulation of Pt NPs within the oxide shell of the 1-D hollow
heterostructures. High temperature annealing of PS coated
nanowires (T > 300 °C in air) afforded polycrystalline plati-
num—cobalt oxide nanowires, as observed by TEM, XRD,
and XPS as will be discussed in greater detail in later sections.
These calcination reactions were limited to temperatures below
T = 400 °C, as higher temperatures were observed to result
in densification and sintering of the cobalt oxide phase, as
observed in our earlier work with core—shell Au—Co3;0,
nanowires.””

Solid-State Characterization of Heterostructured Nano-
wires. X-ray diffraction (XRD) confirmed the chemical trans-
formation of metallic CoNPs after galvanic and oxidative reactions
into bimetallic Pt NP coated CoNP chains and platinum—cobalt
oxide nanowires (Figure 4). The XRD of the as-prepared PS-
CoNPs precursor showed one broad peak that was assigned to the
amorphous fcc-Co phase (Figure 4a). After the treatment with
Pt(acac), via galvanic exchange, the amorphous fcc-Co phase from
CoNPs was observed along with the presence of additional peaks
at ~14° and 26° values of 20, which were assigned to fct-CoPt®”
and delta-Co phases, respectively (Figure 4b). Upon solution
oxidation of the Pt NP coated CoNP chains at 175 °C in DCB,
broad peaks centered at 40° and 24° indicated the formation of a
mixture of amorphous fcc-Co, fec-CoO, fee-Pt, and fct-PtCo
phases. TEM imaging corroborated these XRD findings, as pre-
viously discussed (Figure 3), where both residual metallic Co and
Co,0, were observed in the Pt NP coated CoNP chains after the
partial oxidation at 175 °C in DCB. Subsequent calcination of the
Pt-Co,O, nanowires at 400 °C in air resulted in the formation
of polycrystalline platinum—cobalt oxide nanowires, which com-
prised of Co;0,, metallic Pt, and PtO, phases (Figure 4d). All
diffraction lines assigned in Figure 4d were consistent with
standard diffraction peaks reported for the face centered-cubic
(fec) Co30y4, Pt, and PtO, phases.
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Figure 3. (a) Bright field TEM images of PS capped, Pt-Co,O, nanowires
(D =40 £ S nm) after solution oxidation at 175 °C in DCB for 24 h, (b)
higher resolution bright field TEM of samples from Figure 3a, (c¢) TEM
image of the Pt-Co;0, nanowires after solid state calcination on a carbon
coated Cu grid at 300 °C for 30 min, (d) high resolution TEM image of the
calcined Pt-Co30,4 nanowires in Figure 3c, (e) bright field HAADF-STEM
images of the calcined Pt-Co30, nanowires, (f) high resolution HAADF-
STEM image of Figure 3e.

The magnetic properties of these novel 1-D nanomaterials
were measured via vibrating sample magnetometry (VSM) at
300 and 50 K. PS-CoNPs precursor materials exhibited weak
ferromagnetism at 300 K with a saturation magnetization (M)
and coercivity (H.) of 53 emu/g and 831 Oe, respectively
(Figure Sa—i). Following the galvanic exchange reaction, the
PS capped, PtNP-CoNP chains exhibited a similar hysteresis
curve with a slight decrease in magnetization and coercivity (M, =
51 emu/g and H. = 353 Oe) due to the replacement of the
magnetic Co core with the PtNPs (Figure Sa-ii). In the conver-
sion of the magnetic PtCo to Pt-Co30,4 metal—semiconductor
materials, the magnetic properties significantly decreased, which
was in agreement with the formation of paramagnetic cobalt
oxides at room temperature. After 24 h of oxidation at 175 °C
in DCB, PS capped PtCo,O, nanowires were observed to exhibit
a significantly diminished magnetization (M, = 14 emu/ g at
300 K) but were also weakly ferromagnetic (H, =330 Oe at
300 K) (Figure Sa-iii) at room temperature. This ferromagnetic
behavior was attributed to the presence of trace metallic Co
(refer to TEM images in Figure 2a,b).*® Upon calcination at

(d)

Intensity (A.U.)

(b)

10 20 30 40 50 60 70 80
20

Figure 4. Overlay of XRD patterns of (a) PS-CoNPs nanoparticles with
fcc-Co, (b) PS-PtCo nanowires after the galvanic exchange reaction,
(c) PS-PtCoO nanowires after solution oxidation at 175 °C for 24 h,
(d) Pt-Co;0, nanowires after calcination at 400 °C for 12 h in static air
showing the polycrystalline phase of Co;0,, PtO, and metallic Pt. The
diffraction peaks in (d) were indexed to the fcc-Co30, phase (black
indexes) while red indexes referred to metallic Pt and PtO, diffractions.

400 °C for 12 h, the saturation magnetization further decreased to
0.466 emu/g while retaining a hysteresis curve with H. = 267 Oe
(Figure Sa-iv,b). The observation of weakly ferromagnetic behav-
ior from calcined Pt-Co30,4 nanowires at 300 K was surprising in
comparison to the paramagnetic behavior exhibited by hollow
Co30, nanowires.*’ Since both of these materials (i.e., Pt and
Co3;0,) are not ferromagnetic, we attributed this magnetic
behavior to the presence of trace bimetallic phases of CoPt, which
may exhibit different oxidative and magnetic properties than
CoNP based systems.

Spectroscopic Characterization of Pt-Coz0, Nanowires.
X-ray photoelectron spectroscopy (XPS) was conducted to
analyze the valence states of elements on the surfaces of these
metal—semiconductor oxide heterostructures to correlate their
surface compositions with electrochemical characterization. It
has been well established that the growth of surface oxides on Pt
metal changes their electronic properties by imposing a barrier to
charge transfer and influencing the adsorption of reactants at the
catalytic surfaces through site blocking effects.*””® As bulk XRD
measurements indicated that calcination of Pt-Co,O, nanowires
at T'= 400 °C in air for 12 h afforded nanocomposites with both
metallic Pt and PtO, phases, we conducted a series of kinetic
experiments using XPS to determine optimal reaction times to
maximize the formation of Co30,, while minimizing the forma-
tion of PtO,. All of these XPS measurements were con-
ducted on nanowire thin films deposited onto Si wafers and
measured in the Co 2p and Pt 4f binding energy regions after
various calcination conditions. Initially, processing conditions
used for Co30, nanowires from our previous report®® were
conducted, where films of PS capped PtNP-CoNP chain films
calcined at 400 °C for 12 h and were immediately analyzed via
XPS. In the Co 2p binding energy region, two major 2p;,, and
2p1» spin—orbit peaks appeared at 796.1 and 780.6 eV, respec-
tively, accompanied by weaker satellite peaks at 790.5 and 805.5
€V, which were consistent with our previous report (Figure 6e).%°
However, under these calcination conditions, the Pt 4f binding
energy region showed three overlapping peaks, which were
assigned to metallic Pt, PtO, and PtO, with respective Pt 4f;,,
binding energies at 72, 7S, and 78 eV (with relative compositions
of 47%, 17%, and 37%, Figure 6e).” On the basis of these
assignments and their respective relative intensities, a high
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Figure 6. XPS spectra in the Pt 4fand Co 2p regions of the PtCo and Pt-Co30, under varying calcination conditions: PS-PtCo films (a) calcined under
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400 °C for 12 h.

fraction of Pt oxide phases was observed to be formed when
PS capped Pt-Co,O, nanowires were calcined T = 400 °C in air
for 12 h.

To suppress the formation of Pt oxide phases, calcinations
of PS capped, Pt-Co,O, nanowires at varying temperatures (T =
300, 400 °C in air) and reaction times were conducted and
monitored using XPS (Figure 6). Optimal processing conditions
to form Pt-Co30, nanowires were determined to form at T =
300 °C for 30 min, although both PtO and PtO, phases were still
formed, as noted by XPS of Pt4f;,, binding energies at 77 and
78 eV (Figure 6¢). Calcination experiments conducted at T =
400 °C indicated that significant formation of PtO and PtO,
phases was observed for reaction times longer than 60 min, as
noted from XPS (Figure 6d,e). XPS analysis was also conducted
on thin films of PtNP decorated PS-CoNP chains calcined in
argon at 400 °C for 12 h in the Co 2p and Pt 4f binding energy
regions which revealed two peaks with binding energies at 73 and
76.3 eV in the Pt 4f region, which corresponded to the electronic
states of 4f/, and 4f;/, in metallic Pt, respectively (Figure 6a).
Additionally, the energy difference between the two peaks is
about 3.3 eV,”" which also confirmed that the majority of the Pt
existed in the metallic Pt® phase when the calcination was
performed under argon. Table S-1 (see Supporting Information)
summarizes the relative intensities of the metallic Pt and plat-
inum oxides based on the Pt 4f,, binding energies (Figure 6) for

PtCo heterostructures calcined under varying conditions. The
formation of the Co30, phase under the optimized calcination
conditions was confirmed via XPS analysis (Figure 6¢c, which has
been extensively observed in thin films of cobalt oxides”***) and
cyclic voltammetry characterization (Figure 7), which will be
discussed in the following section.

Cyclic Voltammetry of the Calcined Pt-Cos0, Nanowire
Films on ITO. The electrochemical properties of the calcined
Pt-Co30,4 metal—semiconductor heterostuctures and the hol-
low Co30,4 nanowires were characterized via cyclic voltamme-
try (CV). The modified films were deposited onto ITO,
calcined, and cycled at 20 mV/s from 0.6 V to —0.9 V with
respect to an Ag/AgCl (3 M KCl) reference electrode in 1 M
NaOH electrolyte solution. On the basis of our previous
calcination studies, the most optimal calcination condition
(300 °C in air for 30 min) was employed for both Pt-Co30,
and Co;0,4 nanowires prior to the cyclic voltammetry experi-
ments. Figure 7 shows the overlaid cyclic voltammograms of the
Pt-Co30, (red curve) and Co;0, (blue curve) nanowires in
alkaline solution, which were normalized based on the number
of nanoparticles per electrode area (Supporting Information,
Figure S-4, for representative FESEM images used to analyze
chain lengths and number of nanoparticles). Under the optimal
calcination conditions, both voltammograms exhibited multiple
redox peaks corresponding to different oxidation states of
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Figure 7. (a) Overlay of cyclic voltammograms from Co;0, (blue
trace) and the Pt-Co30, (red trace) thin films on ITO calcined at 300 °C
for 30 min. Redox phases of cobalt oxides and platinum are assigned with
Roman numerals I—V corresponding to the electrochemical reactions
illustrated in eqs 1—9. The voltammetric curves were normalized based
on the surface coverage of nanoparticles per electrode area.

cobalt oxides in alkaline media. The voltammogram of the
Co30, (blue curve) shows three sets of cathodic and anodic
peaks, which corresponded to the signature redox peaks of
Co(OH),, Co;04 CoOOH, and CoO, at —0.32, 0, 0.17, and
0.5 V, respectively. The assignments of these peaks were
consistent with previously reported redox behavior of cobalt
oxides in alkaline media and can be associated with the
following reactions.****?°~%%
Anodic scan (toward positive potentials)

Peak I (0 V) — Co;0, formation:

3Co(OH), +20H~ = Co;04+4H,0+2¢~ (1)

Peak11(0— 0.17V) — Pt(OH) adsorption and PtO, formation
Pt+OH = Pt— OHpy +H,0+e"
Pt — OH,4 = PtO, + H,O0 +e¢~ (2)

Peak III (0.17 V) — CoOOH formation:
C03O4+OH7 +H20 == 3COOOH+67 (3)

Peak IV (0.5 V) — CoO, formation:
3CoOOH+OH™ = CoO, +H,0+e" (4)

Peak V (0.6 V) — oxygen evolution:
47 OH = 0, +2H,0 + 4e ™ (5)
Cathodic scan (toward negative potentials)

Peak IV’ (0.47 V) — CoOOH formation:
Co0O, +H,O+e” = CoOOH+OH"™ (6)

Peak II" (0.07 V) — Co50, formation:
3CoOOH+e = Co30,+OH +H,0 (7)

Peak II' (—0.32 V) — Co(OH), formation:

Co304 +H,0+2e” == 3(Co(OH), +20H (8)

Peak I' (—0.4 V) — reduction PtO,

PtO, +H,O+2e~ = PtO(,_ ;) +20H " 9)

Specifically, the cyclic voltammogram of the hybrid Pt-Co30,
nanowires film (red curve) obtained in 1 M NaOH was also
dominated by the redox peaks from the cobalt oxides accompanied
with a sharp oxygen evolution reaction at 0.6 V (peak V). On the
basis of electrochemical investigations of Pt in alkaline media, the
broad cathodic peak at around —0.4 V could be assigned to the
reduction of the P*" oxide layer to Pt’ (peak I'), which is
insignificant in the CV of the pristine Co30, nanowires (blue
trace).****'% In the reverse potential sweep, the formation of
platinum oxides or the adsorption of hydroxide (OH ) species
(peak I) overlapped with the oxidation of Co*™/*" and Co>" at 0
and 0.17 V, respectively.*>*”'°1? Following the adsorption of the
OH  species, the irreversible Pt oxide formation was speculated to
be overlapping with the oxidation of Co®" — Co*" and the oxygen
evolution reaction (OER) in the potential region of 0.2—0.6 V.
The lack of hydrogen adsorption and desorption features arising
from the PtNCs has also been suggested to be affected by the
presence of contaminants,” crystallinity, and particle size of the
PtNCs."'*'%%1% Gimilarly, Nam and Belcher et al. primarily
observed the electrochemical activity of Co;0, phases in the CV
of the AuNP coated Co;0,4 nanowires that were prepared via the
virus templating method.** The observation of enhanced Co;0,
redox processes in the CV of Pt-Co;0, nanowires could also be
attributed to the inherent composition and the porosity of the
nanowires that contributed to the formation of high electroactive
surface area thin films on ITO. Nevertheless, the incorporation of
the noble metal into the Co30O4 played a significant role in
enhancing the electronic conductivity of Co3O4 nanowires via
several possible mechanisms: (1) higher conductivity of Pt NPs
which enhanced electron transport, (2) the presence of Pt which
increased the number of dislocation and imperfections in the crystal
structure of Co30,, allowing for electronic transitions to proceed
more readily, thus increasing electrical conductivity,”” and (3)
lowering of the contact resistance between the nanowires and
ITO, resulting in the enhancement of current density in the cyclic
voltammetry relative to the pristine Co30, nanowires.'** %
Although the exact contribution of PtNPs has yet to be determined,
our results suggested that the homogeneous dispersion of PtNCs
within the Co30,4 nanowires exhibited a sevenfold enhancement in
specific capacitance over the hollow Co;0,4 nanowires (see Sup-
porting Information for particle count and calculation; Table S-2
for a summary of specific capacitances determined from cyclic
voltammetry). However, under calcination at 400 °C for 12 h in air,
the CV of the 1-D PtO-Co;0, exhibited only two redox couples
corresponding to the electrochemical reactions of platinum oxides
(eq 2) and CoO, (eq 4) (Supporting Information, Figure S-3).
The formation of platinum oxides under this calcination condition
was also supported by both XRD and XPS (Figures 4 and 6,
respectively). The differences in electrochemical behavior empha-
sized the detrimental effect of prolonged calcinations in air at
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Figure 8. (a) Evolution of the UV—vis absorption spectrum of 26 #M methyl orange (A, = 466 nm) in the presence of 0.4 mg of PtCo30, calcined in
air at 300 °C for 30 min. Each absorbance was taken at a predetermined reaction time over a period of 30 min. (b) Kinetics plot of the hydrogenation of
26 M methyl orange over PS-PtCo (0.4 mg) calcined at different conditions: (i) Pt-Co30y, calcined in air at 300 °C for 30 min, (ii) PtO-Co;0,,
calcined in air at 400 °C for 12 h, and (iii) Co30,, calcined in air at 400 °C for 12 h. The kinetic data points were fitted with a smooth curve function.

elevated temperatures on the structures and properties of these 1-D
heterostructures. This result was attributed to the formation of
platinum oxides, which dampened the electrical properties of the
heterostructured nanowires, as well as the electrochemical activities
of the Co;0, phases, which explained the lack of redox features
arising from the Co3O, phases in Figure S-3 (Supporting
Information).*” The reduced electrochemical activity of PtO-
Co30; at higher calcination temperatures was also attributed to
the collapse of the porosity in the nanowires shell, which reduced
the number of electroactive sites. Furthermore, the specific capa-
citance of the Pt-Co30, was found to decrease from 12.5 x 10>
farads to 7.6 x 10 > farads (per nanoparticle) in the anodic scan,
upon increasing the calcination temperature and time from 300 °C
for 30 min to 400 °C for 12 h, respectively. Similar trends were also
observed in the catalytic activities of these 1-D heterostructures, in
which the hydrogenation rate decreased with excessive formation
of Pt oxides upon prolonged oxidations (discussed in the following
section).

Catalytic Hydrogenation of Methyl Orange. To confirm
the accessibility and reactivity of PtNPs embedded within the
cobalt oxide nanowires, hydrogenation of methyl orange was
investigated at room temperature. Methyl orange, a water-soluble
dye, served as a model compound to evaluate the catalytic activity of
calcined nanowires at various conditions, as the cleavage of the
diazo bonds resulted in a colorimetric change of solutions from
orange to colorless. The porous nature of the cobalt oxide shell
allowed for the hydrogen saturated methyl orange solutions to
permeate through the shell and react with the PtNPs. In this study,
the hydrogenation rate was followed by monitoring the change in
the absorbance of methyl orange (A, = 466 nm) via UV—vis
absorption spectroscopy (Figure 8a). The concentration of methyl
orange was determined by generating a UV—vis calibration curve
(R*=0.999) with known concentration of methyl orange solutions.
The comparative kinetics of the degradation of methyl orange in
the presence of nanowire catalysts processed using different
calcination conditions (400 °C in argon for 12 h, 300 °C in air
for 30 min, 400 °C in air for 12 h) were investigated. Control
experiments with calcined hollow Co;0,4 nanowires were also
conducted (Figure 8b). Heterostructured nanowire catalysts that
were calcined in air at T = 300 °C for 30 min were observed to
degrade methyl orange to a conversion of 80% after 10 min
(Figure 8b-i), while nanowire catalysts calcined in air at T =
400 °C for 12 h exhibited significantly reduced activity as noted

by modest conversions of 20% after 10 min (Figure 8b-ii). Control
experiments with only hollow Co3;04 nanowires as catalysts
showed negligible degradation of methyl orange solution under
the same conditions (Figure 8b-iii), which confirmed that the
hydrogenation reactions were only catalyzed by accessible PtNPs
that were embedded within the cobalt oxide shells (see TEM and
STEM in Figure 3). Additionally, these experiments also confirmed
that the cobalt oxide shells were indeed porous, allowing for the
diffusion of the hydrogen saturated methyl orange in and out of the
oxide shell. As reported by Alivisatos and co-workers, the reactants
most likely permeated through the grain boundaries of the cobalt
oxide shell and catalytically hydrogenated at the surfaces of PtNPs
that were trapped within the interior of the oxide shell.*® The trend
showed that the catalytic performance was also dependent on the
calcination conditions, as enriched compositions of metallic Pt
resulted in the higher catalytic activity.

B CONCLUSIONS

In summary, we have demonstrated the colloidal polymeriza-
tion of ferromagnetic nanoparticles into metal —semiconductor
nanowires comprised of platinum nanocrystallites confined with-
in the hollow cobalt oxide nanowires. By combining dipolar
assembly, a galvanic replacement reaction, and a nanoscale
Kirkendall oxidation reaction, heterostructured nanowires were
synthesized. The 1-D Pt-Co3;0, heterostructured electrodes
exhibited sevenfold enhancement in the specific capacitance in
comparison to the pristine Co30, nanowires. We also demon-
strated that the electrochemical and catalytic activities of the Pt-
Co30, nanowires were dependent on the surface composition of
the Pt inclusions, as dictated by processing conditions to prepare
these materials. The colloidal polymerization methodology re-
ported in this work provides a facile approach toward the
synthesis of hybrid nanowires with controlled composition and
morphology, thus allowing for structure—property interrogation
of the metal—semiconductor interfaces.
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