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Conspectus: Achieving precision and reproducibility in terms of physical structure and chemical
composition within arbitrary nanoscale systems remains a ‘holy grail’ challenge for nanochemistry.
Because nanomaterials possess fundamentally distinctive size-dependent electronic, optical, and
magnetic properties with wide-ranging applicability, the ability to produce homogeneous and
monodisperse nanostructures with precise size and shape control, while maintaining a high degree of
sample quality, purity, and crystallinity, remains a key synthetic objective. Moreover, it is
anticipated that the methodologies developed to address this challenge ought to be reasonably
simple, scalable, mild, non-toxic, high-yield, and cost-effective, while minimizing reagent use,
reaction steps, byproduct generation, and energy consumption.

The focus of this Perspective Account revolves around the study of various types of
nanoscale one-dimensional core-shell motifs, prepared by our group. These offer a compact
structural design, characterized by atom economy, to bring together two chemically distinctive (and
potentially sharply contrasting) material systems into contact within the structural context of an
extended, anisotropic configuration. Herein, we describe complementary strategies aimed at
resolving the aforementioned concerns about precise structure and compositional control through the
infusion of careful ‘quantification’ and systematicity into customized, reasonably sustainable

nanoscale synthetic protocols, developed by our group. Our multi-pronged approach involved the



application of (a) electrodeposition, (b) electrospinning, (c) a combination of underpotential
deposition and galvanic displacement reactions, and (d) microwave-assisted chemistry to diverse
core-shell model systems, such as (i) carbon nanotube — SiO2 composites, (i1) SnO2/Ti02 motifs, (iii)
ultrathin Pt-monolayer shell-coated alloyed metal core nanowires, and (iv) Cu/TiO2 nanowires, for
applications spanning optoelectronics, photocatalysis, electrocatalysis, and thermal CO2
hydrogenation, respectively.

In so doing, over the years, we have reported on a number of different characterization tools
involving spectroscopy (e.g., extended X-ray absorption fine structure (EXAFS) spectroscopy) and
microscopy (e.g., high-resolution transmission electron microscopy (HRTEM) and atomic force
microscopy (AFM)) for gaining valuable insights into the qualitative and quantitative nature of not
only the inner core and outer shell themselves but also their intervening interface. While probing the
functional catalytic behavior of a few of these core-shell structures under realistic operando
conditions, using dynamic, in situ characterization techniques, we found that local and subtle
changes in chemical composition and physical structure often occur during the reaction process
itself. As such, subtle differences in atomic packing, degree of derivatization, defect content, and/or
extent of crystallinity can impact upon observed properties with tangible consequences for

performance, mechanism, and durability.
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1. Introduction

One of the grand challenges in nanoscience is to reliably create nanomaterials with a high
level of chemical precision and confidence coupled with an intimate and well-defined understanding
of molecular bonding, as is commonly expected of complex molecules generated by a conventional
organic synthesis, as an illustrative example. The expectation for nanoscience, which remains to be
realized in a broader sense, is to routinely fabricate monodisperse nanostructures with precise size
and shape control, while simultaneously achieving high sample quality, purity, and crystallinity.

Moreover, the idea of being able to rationally design nanomaterials with tunable properties
(and hence structure-property correlations) remains an appealing synthetic objective in
nanochemistry. In this context, an ongoing objective within our group has been to generate effective,
sustainable protocols with the goal of producing more complicated multi-atom, nanoscale
architectures and heterojunctions, which can be similarly probed and defined at the molecular level
using a suite of advanced characterization tools.!* Specifically, the goal of synthesizing
heterostructures and variants thereof is to combine the favorable attributes of individual, distinctive
atoms into an integrated unit with often unique and distinctive properties.>

As an illustrative example of our work in enabling this desired outcome, we have reported on
the production of segmented Pd/Pt and Pd/Au nanowires (NWs), incorporating two spatially
segregated, chemically dissimilar, but elementally pure, axial subunits, with reliable and predictive
control over their relative constituent unit lengths.” These segmented NWs, which we explored as
both electrocatalysts and nanomotors, consisted of a fusion of high-quality, crystalline, elementally
pure sub-units, individually separated by well-defined interfaces between the constituent metals.’

Core-shell Systems: Herein in this Account, we focus on a specific class of nanoscale motifs, namely

core-shell 1D NW-based architectures. As justification for our interest in these systems, 1D



nanomaterials often are characterized by robust mechanical strength, advantageous structural
flexibility, and the favorable exposure of relatively large surface areas of promising reactivity.® The
quantum confinement effect® within these anisotropic materials means that 1D nanostructures
represent the smallest-dimensional motifs, capable of promoting the effective, unimpeded transport
of electrons and optical excitations.” Structurally, single-crystalline 1D nanostructures maintain (a)
high aspect ratios, (b) relatively fewer lattice boundaries, (c) uninterrupted segments of smooth
crystalline planes, and (d) a low number of defect sites.!? In principle, the surfaces of 1D
morphologies can be tuned so as to preferentially evince specific crystal facets.!! As such, 1D core-
shell motifs offer a compact design, comprised of an outer shell of one composition circumscribing
an inner core of a different makeup, within the context of an extended anisotropic configuration.

Relevant Synthesis Protocols. In general, a core-shell heterostructure can be generated using two-

step synthetic protocols, wherein an inner one-dimensional core template is initially pre-formed after
which an external shell coating is subsequently introduced.'? The fundamental issue is that
generating novel two-step synthetic protocols through a permutation of the different, conventionally
used methods is complicated by the need to overcome the inherent limitations associated with each
individual synthesis technique, incorporated into the overall process.'* As such, developing
meaningful, facile, and practical ‘quasi-one-step’ protocols using simple, scalable, and sustainable
methods, which can be readily construct discrete, monodisperse 1D core-shell nanostructures
incorporating two materials of arbitrary chemical compositions, still remains a significant and non-
trivial synthetic challenge. That is, how can one demonstrate precise (and potentially quantifiable)
structural control within this important family of architectures?

Therefore, over the years, our group has explored a number of diverse, complementary ideas

that have sought to address this basic problem by applying (a) electrodeposition, (b) electrospinning,



(c) a combination of underpotential deposition (UPD) and galvanic displacement (GD) reactions,
and (d) most recently, microwave-assisted chemistry, respectively, to various core-shell systems for
diverse applications (Figure 1). It is apparent that a number of these techniques utilize facile
electrochemistry and/or the application of electric fields or a combination thereof. Moreover, we
have used different characterization strategies for achieving meaningful insights into the nature of
not only the core and shell themselves but also the intervening interface lying in between. Our
objective in these diverse efforts has been to correlate rational parameter control with an
understanding of the resulting chemical composition and physical structure. In particular, we have
been concerned with tuning the magnitude of the thickness of the outer shell, which can have
important and potentially unforeseen ramifications for both physical and chemical properties.

2. Synthesis Methods

While individually effective in fabricating 1D core@shell architectures, the various synthesis
protocols discussed herein, such as electrodeposition, electrospinning, UPD/GD, and microwave-
assisted methods, are inherently dissimilar in nature. Each process maintains its own singular
advantages and disadvantages, many of which are highlighted in Table 1.

As an example, electrodeposition obviates the need for either surfactants or reducing agents,
which can potentially interfere with catalytic performance; moreover, this procedure is reasonably
simple to implement, involves relatively fast reaction times, and provides for reliable, precise, and
reproducible control over composition and structure.'* Specifically, reaction parameters, such as the
magnitude of the applied voltage, the magnitude of the precursor concentration, and the deposition
time allow for tunable control of the shell size. Nevertheless, the viability of electrodeposition,
which depends on the application of an external electric field to facilitate redox reactions, is

fundamentally constrained by (i) its poor yields, (ii) potential for enabling surface aggregation, and



(ii1) requirement of a relatively conductive substrate and precursor, all of which can collectively
limit the range of applicable material systems that can be generated with this method.'*

By contrast, electrospinning represents a relatively straightforward, energetically sustainable,
and effective means for producing highly uniform 1D nanofibers of either polymeric or inorganic-
based composites.'” Its positive attributes include not only its high continuous throughput under
relatively mild conditions but also its innate capability to flexibly dictate the dimensions of the
resulting fiber from the micron to the nanometer range.'® With the development of the coaxial
nozzle, thereby enabling the simultaneous electrospinning of two different components,!” it became
feasible to prepare 1D core-shell nanoscale heterostructures on a large scale within a one-step
synthetic process. Indeed, the benefits of using coaxial electrospinning as a viable means to fabricate
1-D heterostructures with different compositions and configurations were associated with its (a)
enviable flexibility in terms of potential material choices with implications for incorporating
desirable functionalities, (b) attractive synthetic simplicity, reliability, low cost, and (c) high yield.'®
However, the disadvantages of this technique can be attributed to issues, associated with either the
chemical compatibility or solvent miscibility of the precursors and resulting products. Moreover,
apparent yields can be impacted by local technical concerns, such as nozzle clogging.'®

Third, the combination of UPD and GD optimized by our group for 1D motifs represents a
specialized type of electrodeposition. In our overall process for producing Pt-coated NWs, a Cu
monolayer (ML) is initially deposited by linear sweep voltammetry at a potential of ~0.5 V. This
step occurs by a two-electron cathodic reduction atop the electrode surface itself. The rapid scan rate
allows for the deposition of a single ML without bulk deposition. The ML-modified electrode is
subsequently immersed in H2PtCls and due to a favorable potential for the overall galvanic exchange

process, the Cu is spontaneously displaced by Pt, thereby yielding a reduced elemental Pt ML.



Whereas our UPD/GD protocol is reproducible, provides for reliable control over shell thickness
down to the sub-ML level, and operates in the absence of either surfactants or reducing agents,' it is
considerably more complex and more unwieldy than simple electrodeposition. The (i) need for
conductive species present in solution, the (i1) lack of obvious scalability, coupled with the (iii)
longer reaction times and (iv) careful experimentation necessary to achieve uniform, reliable, and
precise shell thicknesses denote apparent disadvantages of this UPD/GD process.'*!?

Lastly, the use of microwave irradiation has revealed much promise as an alternative, energy-
efficient means of chemical synthesis, especially of non-conductive materials. Microwaves possess
wavelengths in the size range between a meter and a millimeter, and can be selectively absorbed by
polar molecules. The rapid heating®® common to microwave-assisted techniques therefore allows for
faster reaction rates, implying overall shorter reaction times?! and reductions in energy consumption.
These attributes, along with the capability of reproducibly achieving high yields under relatively
mild reaction conditions,?? render microwave-assisted techniques as an arguably more ‘sustainable’
approach as compared with conventional heating methods.?® In microwave-assisted syntheses,
reaction variables, such as but not limited to power, frequency, precursor identity, the precursor
concentration ratio, surfactant choice, the nature of the reducing agent, solvent selection, duration
time, and reaction temperature, can be purposefully optimized to dictate the size, shape, and
crystallinity of the desired nanostructures. Moreover, microwave treatments can allow for a more
‘even’ dispersal of heat throughout the sample as compared with conventional protocols.
Disadvantages of this approach include the (i) possibility of a more polydisperse distribution of
isolated product sizes and shapes,?! the (ii) requirement of using a solvent with a sufficiently large

dielectric constant to effectively absorb microwave energy,?! in addition to a (iii) general lack of
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mechanistic understanding of particle nucleation, growth kinetics, and compositional control under
microwave irradiation conditions.??

Each of these protocols can be viewed as complementary to each other in generating the
desired core-shell architectures. None is necessarily ‘better’ than the others, but taken collectively,
these strategies provide for a helpful toolkit with which to produce unique materials, whose overall
characteristic attributes are often different from and potentially better than those of their individual
constituent components. We proceed to take a closer look at each of these methodologies and their
implications for both the resulting structures and their corresponding applications.

2.1 Electrodeposition.

Prior to our study, the fundamental issue of predictively tuning the thickness of silica on
carbon nanotubes (CNTs) remained an unresolved issue.?*?¢ Previously published experimental
protocols for silica deposition involved (i) the use of strongly acidic or basic conditions, (ii)
excessive reaction times, and/or (iii) the formation of unwanted byproducts with (iv) often very little
if any demonstrable control over the magnitude of the as-produced, external silica coating.

The importance of a protective coating of silica is that it can limit potential damage to the
favorable mechanical and electronic properties of CNTs.?” Specifically, the presence of a silica
coating can minimize not only tube-tube contact and bundle formation but also tube oxidation,
which is important to the use of appropriately functionalized CNTs as individualized gate dielectric
materials within the context of field effect transistors.?® In terms of additional benefits, first, a thin
S102/ SiOx coating is optically transparent, and second, silica itself is biocompatible. Hence, the
ability to reproducibly produce a thin, transparent, and biocompatible coating of silica onto

underlying CNT surfaces has key implications for not only optics but also biomedical applications.
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As such, we developed facile algorithms to reliably coat CNTs with various discrete
thicknesses of silica using an electrochemical sol-gel process.* In effect, we demonstrated the
feasibility of two distinctive experimental protocols. In one procedure, a CNT mat itself was used as
a working electrode for the direct deposition of silica. In the second complementary procedure,
CNTs were initially dispersed in solution, after which silica was deposited onto these solubilized
nanotubes in the presence of a Pt working electrode. The application of a negative potential led to
silica condensation onto the underlying CNT surface. Indeed, we showed that by using two different
and complementary procedures, CNTs could be coated with a uniform and consistent thickness of
silica film by purposefully modulating (i) the magnitude of the potential of the working electrode,
(i1) the concentration of the precursor sol solution, and (iii) the deposition time.

In essence, our electrochemical strategy was advantageous in several key aspects. First, the
silica appeared to coat the CNTs in a non-covalent and hence, desirably non-destructive fashion
through van der Waals interactions, as suggested by spectroscopy data, such that the attractive
physical properties of the CNTs were conserved after the processing treatment. Second, the coating
procedure itself was reasonably mild and sustainable to the extent that minimum amounts of the
reactants were used under relatively gentle conditions that were neither overly acidic nor unduly
basic. Third, the measured reaction time necessary to induce electrodeposition was relatively short,
e.g. only 5 to 10 min, to complete the process. Fourth, all of the experiments were performed at
room temperature under ambient conditions. Nevertheless, because the sol-gel process® yielded
deposited films, whose resulting structure was determined by factors such as (i) the precursor size,
structure, and reactivity, (ii) relative rates of condensation and evaporation, and (iii) liquid surface
tension, not surprisingly, we noted that an increase in film thickness was marked by a corresponding

rise in the surface roughness of the silica coating.
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Based on AFM measurements, the actual thickness of the silica film could be calculated by
subtracting the average height of the uncoated sections of the CNT bundles from that of the coated
regions of CNT bundles within the same sample. Therefore, in terms of achieving meaningful
structure-parameter correlations, the thickness of the silica films on the CNTs could be adjusted
from ~4.4 + 1.3 nm to 26.6 + 6.8 nm by increasing the magnitude of the negative potential applied
from —500 mV to —1000 mV with the silica depositing at a rate of 0.044 nm/mV (Figure 2A).
Furthermore, the silica coating thickness increased from 3.4 = 1.2 nm to 31.5 = 7.2 nm in a linear
manner as function of the tetramethoxysilane (TMOS) precursor concentration used; indeed, we
were able to show an empirical relationship between silica thickness and reagent concentration with
an apparent measurable shell growth of ~56.4 nm for every mM of precursor used (Figure 2B).
Overall, these quantitative results highlighted the key advantages of our protocol,* relevant to the
theme of this Account, namely our ability to carefully fine tune the outer silica film thickness onto
underlying inner CNT surfaces through a reproducible, solution-derived electrodeposition process.
2.2. Electrospinning.

Our contribution to this body of work was to put forth a one-step coaxial electrospinning
process® (Figure 3A) for producing inorganic nanofibers comprising a well-defined core-shell
structure coupled with a tunable internal morphology (e.g. evolving from hollow cavities to filled
channels, depending on the synthesis parameters and electrospinning conditions used). Specifically,
we were able to fabricate core-shell SnO2/Ti02 nanofibers in only one simple step. Within our home-
built system, incorporating a dual spinneret with coaxial geometry, the core solution was fed into the
inner spinneret, whereas the shell solution was flowed into the outer one. As such, coaxial fibers
could be generated under high voltage conditions. The enhanced photocatalytic performance of our

as-prepared tubular SnO2/Ti10:2 systems as compared with commercial TiO2 control samples could be
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ascribed to a number of reasons, including (i) an increase in charge-separation efficiency, (ii) the
facilitation of efficient interparticle charge transfer; and (iii) the exposure of available reactive area
for both photogenerated electrons and holes.

In line with the theme of this Account of introducing a degree of order and systematicity to a
nanoscience-based synthesis protocol, we also analyzed various reaction parameters, such as Sn**
precursor, applied voltage, and the feeding rate, in order to consider both their qualitative and
quantitative effects upon the observed products.? For example, by systematically increasing the
concentration of the Sn** precursor from 1.6 mmol/mL, then to 2.2 mmol/mL and finally to 3.0
mmol/mL, respectively, the isolated morphology of electrospun fibers evolved from that of (i) a
tubular coaxial structure to (ii) a peapod-like structure, and finally, onwards to (iii) a solid, filled
core-shell structure (Figure 3B). It is worth noting that within these peapod structures, magnified
high resolution TEM images of a representative interface between the TiO2 and SnO2 components
indicated that the boundary between these two oxide constituent structures was characterized by
particle grains measuring 10 to 20 nm in size, coupled with an evident spatial differentiation between
the individual Sn and Ti signals, supporting the idea of the creation of two monocrystalline phases.
The analogous cross-sectional TEM image of solid SnO2/Ti02 nanofibers suggested that the fibers
consisted of a thick shell, comprised of loosely packed 20 nm-diameter nanoparticles (NPs), in
conjunction with a denser circular, ~50 nm-diameter central core (Figure 3C).

Altering either the feeding rate or the magnitude of the applied voltage did not appear to have
as much of an apparent effect upon the fiber morphology itself. That is, at a given feeding rate, the
average diameter of fibers essentially remained constant within a relatively narrow range of 272 to

285 nm, whereas the inner diameter only slightly broadened from 104 to 122 nm, when the applied
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voltage was decreased from 7 to 5 kV. However, the measured inner diameter of tubular SnO2/Ti0O2
nanofibers was significantly impacted by the inner tube feeding rate itself.

Specifically, when the inner feeding rate was systematically increased from ~0.03 mL/h, 0.10
mL/h, and finally to 0.15 mL/h, the diameter of the inner cavity correspondingly increased in
magnitude from 60, 122, and ultimately to 164 nm, with the overall apparent fiber diameter similarly
trending upwards from 236, 285, and finally to 301 nm, respectively (Figure 3B). By comparison,
the inner core diameter of analogous solid SnO2/TiO2 nanofibers could be tuned in the range of 30 to
60 nm by correspondingly adjusting the inner feeding rate from 0.05 to 2 mL/h; within this same
range of feeding rates, the dimensions of the fiber themselves rose from 194 to 345 nm.

2.3. Underpotential deposition (UPD) and galvanic displacement reactions.

As a potentially elegant structural solution to reducing overall precious metal content
incorporated within functional catalysts, the use of core-shell architectures comprised of Pt
monolayers (MLs) or skins for electrocatalysis has allowed for meaningful reductions in Pt
utilization, because relatively scarce, expensive precious metals can be substituted with more
abundant and less expensive metals.’® That is, within the context of a ‘M’ (wherein ‘M’ = transition
metal) core - Pt-based shell architecture, such a motif maximizes Pt use, minimizes Pt loading, and
potentially enables every Pt atom to be catalytically accessible. Moreover, within a core-shell
configuration, desirable synergistic interactions between the inner core and the outer shell, arising
from a confluence of ligand and strain effects, can facilitate charge transfer and increase reaction
kinetics, thereby leading to measurable enhancements in electrochemical activity and durability.*!

In early studies within our group, we fabricated Pt-based core-shell NWs by depositing ML
quantities of Pt onto our underlying core metal NW surfaces by customizing an under-potential

deposition (UPD) / galvanostatic deposition (GD) protocol.’?* Experimentally, the Pt ‘shells’ were
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created by first electrodepositing a conformal Cu monolayer with an initial UPD process, followed
by subsequent displacement of the Cu ad-atoms with Pt via galvanic displacement. In principle, the
exact spatial extent of the Pt ML coverage could be systematically tuned and appropriately varied by
repeating, as necessary, the UPD/GD step, so as to yield a thicker, more uniform, contiguous, and
homogeneous protective “Pt coat”.

These established methods for core-shell motif synthesis clearly worked. As an example, we
generated not only ultrathin 1-D PdixCux alloys but also Pt-coated PdixCux (i.e. Pt~PdixCux) core-
shell hierarchical nanostructures of arbitrary chemical compositions by initially utilizing a
straightforward, surfactant-based, wet chemical synthesis followed by implementation of the
UPD/GD process (Figure 4A).> In particular, as-prepared Pt~Pdi.<Cux nanowires consistently
outperformed not only commercial Pt NPs but also ultrathin Pt NWs by several fold orders of
magnitude for both the methanol oxidation (MOR) and ethanol oxidation (EOR) reactions in alkaline
media (Figure 4A). In a separate example, we demonstrated that the deposition of Pt onto template-
derived, pure crystalline Ru NWs (Pt~Ru NWs) generated a unique hierarchical structure, wherein
the immobilized Pt existed as discrete, “island-like” clusters on the surface (Figure 4B).>> These
Pt~Ru N'Ws not only gave rise to significantly improved activity metrics (i.e., double the peak
current density along with a 100 mV lower onset potential) as compared with commercial Pt NP/C,
but also evinced noteworthy durability, even after 2000 cycles of rigorous testing (Figure 4B).

In particular, our group sought to understand the physical and electronic structure of this Pt
ML formation in more chemically and physically precise terms, so as to be able to more accurately
explain the mechanistic rationale, underpinning these observations. Moreover, we had additional
motivation in accounting for our data, because (i) our highest-performing NWs used as the core

platform tended to possess predominantly ultrathin size dimensions (i.e., < 5 nm in average
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diameter), and (ii) we had developed a modified, generalizable ‘bulk’ gram-scale process for these
ultrathin NWs,*® consisting of (a) a UV/ozone treatment followed by (b) CO stripping and (c) Pt
deposition. Understanding the nature of the products created out of a sustainable, large-scale,
nanochemistry-based synthesis protocol became a valuable objective.

As a test system for our studies,*’3

we had shown that (i) as-prepared PdoAu NWs evinced
significantly enhanced oxygen reduction reaction (ORR) activity (0.40 mA/cm?) as compared with
both elemental Pd NWs and NPs (Figure SA), and that (ii) upon deposition of a Pt ML (Figure 5B),
Pt~PdixAux NWs possessed notably higher and favorable surface area and mass-normalized
activities of 0.98 mA/cm? and 2.54 A/mgp:, respectively (Figure 5C-D). However, the precise spatial
localization of Pt, Au, and Pd elements within the core-shell motif itself remained a mystery. This
issue was complicated by the fact that Pt and Au atoms could not be readily differentiated, based on
an analysis of the energy dispersive X-ray analysis (EDS) spectra alone, due to the unfortunately
close and overlapping signature bands associated with these individual metals.

We therefore sought to address these problems with a combined experimental and theoretical
approach (Figure 6).> Using density functional theory (DFT), for Pt~Pdi-xAux NWs incorporating
various Pd-to-Au ratios, we simulated three possible geometric variations (Figure 6B) to generate a
plausible picture, concerning the spatial elemental distribution of Au atoms within these ultrathin
NWs. Scenario 1 concentrated all of the Au atoms within the core itself. In Scenario 2, a percentage
of the Au atoms was segregated at the edge of the Pt shell. Finally, in Scenario 3, all of the Au atoms
were confined within the outer Pt shell. The full localization of Au in the shell could both stabilize

the NWs and boost NW rigidity, thereby not only preventing structural distortion effects upon

oxygen adsorption but also weakening the oxygen binding energy, a proxy for experimental ORR
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kinetics and activities. In essence, the model proposing complete Au surface segregation yielded a
similar theoretical ORR activity trend to that of the actual experiment (Figure 6A).

Because extended X-ray absorption fine structure (EXAFS) spectroscopy can be used to
evaluate the local atomic environment within both bulk and nanomaterial systems, we conducted a
series of time-dependent in situ EXAFS experiments to enable us to probe the consequences of the
ORR reaction on the possible restructuring of our core-shell Pt~PdAu nanowires. We hypothesized
that the surface catalysis of Oz species accounted for our observed structural modification. From a
combined analysis of the acquired Pt L3 and Au L3 edges, the only consistent picture that reconciled
both data sets was one in which the Au atoms were well dispersed with the Pt layer itself, thereby
creating a PtAu-shell / Pd-core structure.

The combination of complementary and corroborating results from (a) in situ X-ray
absorption spectroscopy (namely Pt and Au L edge data), (b) DFT calculations, and (c)
electrochemical data within a comprehensive, holistic analysis led to an improved understanding of
the physico-chemical properties of these NWs.2 We concluded that the catalytically active structure
of our ternary nanowires consisted of a PtAu~Pd motif, defined by an outer PtAu binary shell
coupled with a pure inner Pd core. The plausible origin of the observed Au surface segregation could
likely be attributed to the actual synthesis conditions, i.e. the external potential used (i.e., within the
range of 0.5-0.8 V) during the Cu UPD process itself to create the alloyed NW motif in the first
place, implying that the ‘reconstruction’ process occurred primarily upon polarization.

2.4. Microwave-Assisted Chemistry.

In a recent study, using microwave-assisted chemistry,' we synthesized and probed a core-

shell structure, characterized by an inner Cu NW surrounded by an outer TiO2 layer. This core-shell

motif not only maximized the use of an inexpensive, abundant, but still catalytically active Cu core
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but also enabled the ability to customize the size of the TiO2 shell so as to optimize catalytic
reactivity. Whereas prior microwave methods®” had used inherently hazardous Ti precursors, in
terms of novelty, our approach was different and distinctive for several crucial reasons. First, we
modified the microwave-based synthesis protocol to incorporate a safer precursor molecule, i.e.
titanium butoxide, TBOT, within the context of an aqueous, surfactant-free methodology, so as to
maximize catalytic performance by minimizing the presence of any residual impurities. Second, we
systematically adjusted reaction variables, such as precursor amounts, the method of precursor
addition, and reaction time, to controllably tune shell thickness and to tailor shell uniformity around
the underlying Cu NW core without unnecessarily damaging it. This strategy led to a similar
outcome we had sought in the context of the quantitative silica functionalization of CNTs.

In effect,' the synthesis of Cu@TiO2 core@shell catalytic NW structures was thoroughly
investigated using a microwave-assisted method through the tuning of experimental parameters such
as (1) the controlled variation in molar ratios, (ii) the use of different Ti precursors, (iii) the method
of addition of the precursors themselves, and (iv) the irradiation time. Homogeneous coatings were
generated using Cu: Ti molar ratios of 1: 2, 1: 1, 2: 1, and 4: 1, respectively (Figure 7A). The TiO2
shell dimension was primarily impacted by changes in the corresponding quantity of precursor used,
although the dependence was decidedly non-linear. Nonetheless, by systematically decreasing the
amount of TBOT from 0.1 mL to 0.025 mL, the shell size correspondingly reduced in magnitude
from ~37 to 10.7 nm. Moreover, we observed a slight downward trend and a corresponding lattice
contraction with decreasing titania shell size, perhaps due to a compression-like strain effect induced
upon the external TiO2 ML-like shell as a result of the underlying Cu(110) core.*

Performance-wise, our Cu@TiO:z core-shell NW samples, regardless of the pre-treatment

conditions, yielded as much as 20 times higher catalytic activity as compared with standard Cu NW
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controls (Figure 7D). These data underscore the importance of the metal-semiconducting Cu/TiO2
interface in terms of promoting CO:2 hydrogenation. We also systematically tracked the structural
and chemical evolution of our catalysts, both before and after CO2 reduction. After the reaction
process, the 1: 2 Cu: Ti molar ratio sample in particular was characterized by the appearance of
appreciably greater amounts of clusters of well-defined, catalytically active Cu NPs, atop the
underlying core@shell motif (Figure 7B). This morphological anomaly, likely originating from the
active diffusion of Cu species from the central core to the outer surface, could account for the greater
COz reduction activity observed. It is worth noting that the structural integrity of the core@shell
wire motif was essentially conserved (Figure 7C) even after this relatively high-temperature,
potentially destructive reaction process, thereby reinforcing the inherent thermal stability and
physical robustness of our as-prepared hierarchical structures.

3. Summary and Future Directions.

In this Account, we have outlined the viability, versatility, and diversity of possible solutions
to generating different, intrinsically tunable core-shell motif structures, highlighting that there are
many legitimate approaches (Table 1) to trying to address this challenging synthetic problem. Each
of the four methods we have discussed herein offers the ability to provide reasonable (often
quantitative) control over shell morphology and dimensionality through the optimization of
experimental parameters. For instance, the shell precursor quantity dictated the resulting shell sizes,
when using electrodeposition, electrospinning, and microwave-assisted methods, whereas for the
UPD/GD protocol, the precise extent of ML and sub-ML formation could be adjusted by the number
of times the UPD/GD step had been repeated. Furthermore, the homogeneity of the outer shell could
be impacted primarily by factors, such as the magnitude of the applied voltage in the cases of

electrodeposition and electrospinning. By contrast, precursor type, method of shell precursor



20

addition, and irradiation time were more significant determinants of shell uniformity in the case of
microwave-based techniques. The inherent flexibility and demonstrated efficacy of this synthetic
toolkit is particularly important, considering that well-defined core-shell materials have found broad

4

use in a wide variety of key applications, spanning energy,'* biomedicine,*' sensing,!' in addition to

electrochemical, thermochemical, and photochemical catalysis.!!?

Nevertheless, daunting difficulties remain. One key limitation is that whereas promising
methods, such as ambient solution-phase processes,*? have been developed for the synthesis of a
variety of metal-based core—shell NWs, there are no comparably reliable and sustainable protocols,
that will consistently yield a sharp, atomically precise interface (without mixing) between core and
shell materials of any arbitrary composition and size. As an example, electrochemical methods work
best with conductive systems but are often far less effective with either semiconducting or insulating
species. Because we have centered our discussion on 1D NWs herein, a related concern is a lack of
generalizable protocols that will enable the quantifiable manipulation of core-shell systems, based on
a dissimilar dimensionality, such as either 0D NPs or more complicated structures. As examples,
there are relatively few reports, centered on creating viable core@shell architectures, incorporating
either 2D nanosheets or complex 3D hierarchical motifs.*’

Moreover, from a theoretical perspective, reports have surfaced on the influence and effects
of shell strain and geometric parameters (such as shell thickness) on the valence band structure and
transport properties of not only semiconducting I1I-V systems* but also related alloyed materials.*’
The dependence of the effective gap on variables, such as the core radius and NW shell identity, has
been postulated within semiconducting core-shell NWs.*® As such, being able to readily relate

geometric and material properties, including not only mismatch strain between core and shell*’ but

also shell thickness,*® with measurable observables, such as optical photoluminescence, elasticity,*
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3051 and electron mobility,>? would be intrinsically useful in acquiring

magnetic behavior,
consequential structure-property correlations. Yet, at a basic level, reports on the facile, large-scale
synthetic protocols that can fabricate homogeneous, monodisperse core-shell structures at gram and
kilogram levels are few and far between, meaning that a thorough and comprehensive
characterization of these materials is limited by the simple fact of not having enough quantities of
sample to work with. As a result, theoretical predictions cannot be easily verified.

Furthermore, it is still experimentally challenging to ‘routinely’ track the spatial and
temporal evolution of the physical structure and the chemical composition of (a) the core, (b) the
shell, and (c) the resulting interface between them, while analyzing the functional behavior (e.g.,
catalytic) of core-shell structures under realistic operando conditions, using dynamic in situ
characterization techniques. Our ORR studies with Pt~PdAu core-shell NWs coupled with our CO2
hydrogenation work on Cu@TiOz core-shell NWs highlighted local and subtle changes in chemical
composition and physical structure that often occur during a reaction process with potentially
unforeseen consequences for the observed reactivity. As such, variations in atomic packing, degree
of chemical functionalization, defect content, and/or extent of crystallinity can impact upon observed
properties with considerable implications for performance, mechanism, and durability.

Many of these issues can be addressed to some extent by achieving a well-defined atomistic
and molecular understanding of how core-shell motifs precisely nucleate and grow under diverse
solution-based reaction conditions. However, to do so, transformative advances will need to be made
to overcome the series of experimental and theoretical obstacles we have identified herein.
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Figure Captions

Figure 1. Scheme highlighting viable routes towards precise, quantifiable structural control of
1D core/shell NW motifs along with potential applications.

Figure 2A. Electrodeposition. (a-c). AFM height images of silica-coated CNTs synthesized by
electrochemical silylation using a CNT mat electrode at =500, =700, and —1000 mV,
respectively. Plots of the (d) heights and (e) film thicknesses of silica-coated CNTs vs. applied
potential at various open circuit potential readings. Figure 2B. (a—¢) AFM height images of
silica-coated CNTs synthesized by electrochemical deposition onto CNTs dispersed in solution
at potentials of —800, =900, and —1000 mV, respectively. (d-e). AFM heights and thicknesses of
electrodeposited silica films at various negative applied potentials. (f -g). Increase in AFM
heights and thicknesses of silica-coated CNTs probed as a function of silane concentration used.
Letters U and C denote the relatively uncoated and correspondingly more heavily coated parts of
the CNT bundles, respectively. Reproduced with permission from Ref. 4. Copyright 2017
American Chemical Society.

Figure 3A. Electrospinning. (left) Experimental set-up associated with co-axial electrospinning
to generate tubular SnO2/T102 coaxial electrospun fibers. (right) Energy band diagram of

SnO:2 and TiO:z illustrates charge separation at the oxide interface and subsequent photocatalytic
reaction. Figure 3B. By increasing the Sn precursor concentration, the morphology of as-
prepared SnO2/TiOz2 electrospun fibers evolves (left to right) from a tubular coaxial structure to a
peapod-like structure, and finally, onwards to a solid, filled core—shell structure. (a-¢) Cross-
sectional TEM image of SnO2/Ti02 core-shell nanofibers. Figure 3C. (a-b) HRTEM images of

peapod-like SnO2/T10: core shell nanofiber along with accompanying (¢-d) SAED, (e) zoomed-
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in magnification, and (f) EDS mapping results. Reproduced with permission from Ref. 3.
Copyright 2012 Royal Society of Chemistry.

Figure 4A. UPD & Galvanic Displacement Processes. (left) (left) Representative TEM images
for (A) Pd NWs, (D) PdoCu NWs, (G) PdsCuz NWs, and (J) Pd7Cus NWs, respectively. (right)
EOR activity values for commercial Pt NPs, ultrathin Pt NWs, Pt~Pd NWs, Pt~PdoCu NWs,
Pt~PdsCu2 NWs, and Pt~Pd7Cus NWs, respectively. Figure panels reproduced with permission
from reference 64. Figure 4B. Characterization of Pt-modified Ru NWs after one UPD/GD
cycle, including relevant (A) TEM, (B) HAADF, and (C) spatially resolved EDAX mapping
data. (right) Specific activities of the various electrocatalysts, including those of commercial Pt
NP/C, alloy-type PtRu NP/C, optimized Pt~Ru NP/C, and PtRu NWs, measured at 0.65 V.
Reproduced with permission from Ref. 43. Copyright 2013 American Chemical Society.

Figure SA. Ultrathin Pd;_xAux NWs supported on Vulcan XC-72R carbon support, as ORR
catalysts. Representative data include associated (A) TEM, (inset to A) HRTEM, (B) SAED
pattern, (C) HAADF, and (D) EDAX spectra. Figure SB. Schematic of process used to coat core
Pdi-xAux NWs using an initial UPD step involving Cu atoms followed by their galvanic
displacement with Pt to yield an external Pt ML shell. Figure SC. TEM results of as-synthesized
Pt~PdoAu ultrathin NWs. (A) Bright-field imaging, (B) HAADF, (C) high-resolution STEM
imaging, (D) cross-sectional EELS analysis. Figure 5D. Experimentally determined kinetic
currents at 0.9 V normalized to the measured surface area and the platinum mass are shown for a
series of Pt~Pdi—xAux NW/C and commercial Pt NP/C, respectively. Reproduced with permission
from Ref. 2. and Ref. 44. Copyright 2015 and 2012 respectively, American Chemical Society.
Figure 6A. Comparing Theoretical and Experimental Results. (A) Theoretical estimated

surface area activity (black) and mass activity (red) values for different chemical compositions in
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a range of Pdi-»Ptz@AuxPta-- NWs, specifically on the fcc 3-fold sites. (B) Corresponding
experimental results of ORR activities for a series of as-prepared Pt~Pdi-xAux nanowires. Figure
6B. Hexagonal 2.2 nm-diameter [(111)4,(200)2] nanowire models with various Au distributions.
(a) PdyAu@Pt NWs, (b) PdsAu2@Pt NWs, and (¢) Pd7Aus@Pt NWs. Upper panel: (i) Pda-
»Au@Pt NWs. Middle panel: (i1) Pdi-»Aue-)Ptz@Au, Ptz NWs. Lower panel: (iii) Pda-
»Ptz@AuPt1-z) NWs. Reproduced with permission from Ref. 2. Copyright 2015 American
Chemical Society.

Figure 7A. Microwave-assisted Chemistry. Correlating the magnitude of the titania shell size
(error bars included) with the initial Ti precursor amounts used, as derived from HRTEM
images. Figure 7B. Prior to the CO2 hydrogenation reaction. (A, B) TEM images, (C) high-
resolution STEM image, and (D—G) HRTEM—-EDS mapping of Cu@TiO:2 core@shell motifs,
characterized by a 1:2 Cu/Ti molar ratio, after heat treatment but in the absence of any

N2 annealing. Figure 7C. After the CO2 hydrogenation reaction. (A, B) TEM images, (C) high-
resolution STEM image, and (D—G) HRTEM—-EDS mapping of Cu@TiO2 core@shell motifs,
characterized by a 1:2 Cu/Ti molar ratio, after heat treatment but in the absence of any

N2 annealing. Figure 7D. Normalized CO2 hydrogenation activity [in pmol/(gcus)]

for Cu@TiO2 samples in the absence of any N2 annealing along with data for the corresponding
Cu NW controls. Reproduced with permission from Ref. 1. Copyright 2020 American Chemical

Society.
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Stage 2: Pt denosition
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Table 1. A Comparative Analysis of Synthesis Methods discussed in this Account.

Synthesis
Method

Electro-
deposition

Electro-
spinning

UPD/
Galvanic
Displace-

ment

Microwave
-assisted
Technique

Advantages

¢ No surfactants or
reducing agents'*

e Parameter
control'*

¢ Precise and
reproducible!*

e Short reaction
time'®

e High yield '®

e Low cost'®

e Facile to
implemen

e Structure control'®

tl6

e Precise control
over shell
thickness and
uniformity'*

e Reproducible!

e No surfactants or
reducing agents'*

e Facile to
implemen

e Short reaction
time?!

¢ Allows for scaling
up without thermal
gradient effects®!

e Potential for high
yield, purity, and
reproducibility??

e Green chemistry 2

t21

Disadvantages

e Limited yields, as
compared with
standard
deposition !4

¢ Limited shell type
composition

e Systems need to
be conductive.'

e Dependent upon
miscibility of the
materials'¢

e Materials must be
chemically
compatible.!®

e Potential for
reduced yield, due
to instrumental
problems, such as
nozzle clogging!®

e Requires
conductive
substrates!®

® More complicated
than other wet
chemical
methods'*!?

¢ Wide distibution
of seed nuclei,?!
leading to product
polydispersity

e Solvent must be
either microwave-
active or possess a
substantial
dielectric
constant?!

e Insufficient
knowledge about
growth
mechanism??

Examples of
Applications

e Electrocatalysis>>
e Fuel cells'

e Biomedicine!®
e Photocatalysis
e Drug delivery™
e Electrode
generation™

e Electrocatalysis?

e Gas sensing?!
e Thermocatalysis'
e Photocatalysis??

e Electrocatalysis®?
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Selected Key
Parameters

e Magnitude
of applied
voltage

¢ Deposition
time

e Precursor
amounts

e Precursor
amounts

e Feeding rate

e Magnitude
of applied
voltage

e Number of
UPD/GD
steps

e Potential
used

o Precursor
Type

e Precursor
Amount

o [rradiation
Time

e Method of
addition



