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ABSTRACT: Immobilization of complex molecules and
clusters on supports plays an important role in a variety of
disciplines including materials science, catalysis, and bio-
chemistry. In particular, deposition of clusters on surfaces has
attracted considerable attention due to their nonscalable and
highly size-dependent properties. The ability to precisely
control the composition and morphology of complex
molecules and clusters on surfaces is crucial for the
development of next-generation materials with rationally
tailored properties. Soft and reactive landing of ions onto
solid or liquid surfaces introduces unprecedented selectivity
into surface modification by completely eliminating the effect

lon Soft-Landing

of solvent and sample contamination on the quality of the film. The ability to select the mass-to-charge ratio of the precursor ion,
its kinetic energy, and charge state along with precise control of the size, shape, and position of the ion beam on the deposition
target makes soft landing an attractive approach for surface modification. High-purity uniform thin films on surfaces generated
using mass-selected ion deposition facilitate understanding of critical interfacial phenomena relevant to catalysis, energy
generation and storage, and materials science. Our efforts have been directed toward understanding charge retention by soft-
landed complex ions, which may affect their structure, reactivity, and stability. Specifically, we have examined the effect of the
surface on charge retention by both positively and negatively charged ions. We found that the electronic properties of the surface
play an important role in charge retention by cations. Meanwhile, the electron binding energy is a key factor determining charge
retention by anions. These findings provide the scientific foundation required for the rational design of interfaces for advanced
catalysts and energy-storage devices. Further optimization of electrode—electrolyte interfaces for applications in energy storage
and electrocatalysis may be achieved by understanding and controlling the properties of soft-landed ions.

1. INTRODUCTION

Nanomaterials play an important role in many areas of research
and technolo§y ranging from catalysis,' ~* energy conversion
and storage,s' to nanotoxicology’7 and clinical studies.® Strong
dependence of the geometry,” " electronic structure,"”'> and
reactivity'>'* of metal and metal oxide clusters on their size,
charge, and stoichiometry has attracted considerable interest as
a means for precisely tailoring the properties of cluster-based
materials."> Although bare clusters are readily produced using
nonthermal gas-phase synthesis approaches,'®™" the scalable
production of ligated metal clusters in solution provides access
to large quantities of cluster-based materials for potential bulk
applications.””*" Similarly, polyoxometalates (POMs), a class of
stable metal oxide anions prepared through solution-phase
condensation of group 5 and 6 transition-metal oxides, have
also been widely used as building blocks in materials
synthesis”>>* due to their diverse optical,* electrochemical,”’
magnetic,”” electro- and photochromic,” as well as catalytic
properties.”” Other complex ions including organometallics
have been used as heterogeneous catalysts,”' >® photo-
sensitizers,>>* and redox-active materials for energy storage.
Deposition of ions from the gas-phase onto solid and liquid
surfaces provides precise control over the size and composition
of the supported species, which is critical to understanding
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structure—function relationships and the role of ion-support
and jon—ion interactions in determining the properties of
supported complex ions and their assemblies.*> ™" Isolated bare
metal and metal oxide clusters have been extensively studied
both experimentally and theoretically.”*~*® Gas-phase synthesis
of bare metal and metal oxide clusters typically involves the
removal of metal from bulk materials using either ion or laser
beams or energetic sputtering via plasma-surface interactions,
followed by aggregation in a gas condensation region.'”'*"’
Alternatively, complex ions may be introduced into the gas
phase from solution using soft ionization techniques such as
electrospray ionization (ESI)*® or formed by ESI of metal ions
produced using electrochemical oxidation of bulk metal
anodes.*’ Clusters may also be ionized from the solid phase
using laser-based approaches such as matrix-assisted laser
desorption ionization (MALDI).*

Soft landing (SL) of mass-selected ions is ideally suited for
deposition of complex ions from the gas phase onto surfaces
with precise control of composition, charge state, kinetic
energy, and coverage.51_56 Furthermore, SL facilitates focusing
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and patterning of the ion beam®” along with codeposition of
other complex molecules including peptides,”*** proteins,”’~**
organometallics,”> ™ and dendrimers,”” thereby producing
uniform multicomponent films on surfaces with tailored
properties. SL has been extensively used for investigating the
structure—function relationships of deposited clusters”**®” and
quantifying the effect of the surface on the charge state,”’”"*
structure,”” and reactivity’> of supported ions. Numerous
studies have examined deposition of clusters and complex
molecular ions onto self-assembled monolayers (SAMs) and
other organic surfaces,®%>7%76780  metal®>®1 7% and metal
oxide surfaces,”*™** and carbon su3pports (graphite, graphene,
carbon nanotubes (CNTs))°** ™" at relatively low coverage
(<1 monolayer). The recent development of high-flux
ionization sources'””* and ambient SL™ has opened up new
opportunities for the fabrication of 2D and 3D materials for
studies of interfacial phenomena of interest in catalysis and
electrochemical energy conversion, storage, and electrochem-
ical sensors.”””” Of particular interest is the effect of surface
and mesoscale interactions on the reactivity and stability of
supported nanomaterials.”® For example, transfer of charge
between supports and soft-landed metal, metal oxide,**”” and
metal sulfide clusters'® is a critical phenomenon that has been
demonstrated to affect cluster reactivity and stability, especially
at the cluster—support interface.””'®" This article provides a
summary of recent efforts in our group focused on the highly
selective deposition of complex ions onto surfaces for studies in
catalysis and energy storage using SL. We briefly introduce the
specially designed instrumentation used for SL of mass-selected
ions, discuss charge retention by soft-landed cations and anions,
and provide several recent applications of the use of SL for the
controlled deposition of catalytically active species and
fabrication of high-performance electrodes for energy storage.

2. RATIONAL DESIGN OF INTERFACES USING ION
SOFT LANDING

2.1. Projectile lon Formation. Although SL is compatible
with a variety of ionization techniques,54 sources generating
continuous ion beams provide the advantage of higher average
ion deposition rates and improved signal stability in
comparison with pulsed ion sources.”* ESI and magnetron
sputtering combined with gas aggregation are two ionization
techniques used in our laboratory that generate continuous ion
beams and provide access to a broad range of projectile ions.
ESI has been widely used for SL of ions present as stable
species in solution includinog é)egtides,m’sg’8 192 proteins,*”%!
organometallic complexes,””**°*””'% ligated metal clus-
ters, "’ and POM anions.'*"'*> Meanwhile, magnetron
sputtering combined with gas aggregation generates bare
metal, metal alloy, and core—shell nanoparticles
(NPs)."#'%71% Eurthermore, by adding a carefully selected
reactant (gas to the aggregation region, metal oxide,'” metal
sulfide,"'” and metal carbide NPs as well as core—shell species
may be generated. The following sections provide a brief
description of the specialized SL instrumentation developed in
our laboratory.

2.1.1. Deposition of Electrospray-Generated lons. Numer-
ous instrument configurations have been developed by us and
other groups for studying SL of ions produced by ESI under
both high vacuum and ambient conditions, many of which are
described in recent reviews.”' > Instruments developed in our
laboratory for studying SL of ions produced by ESI are shown
schematically in Figure 1. Figure la depicts an instrument
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Figure 1. Instruments for studying SL of ions generated by
electrospray ionization (ESI): (a) SL instrument configured for in
situ TRRAS characterization of surfaces during and after ion
deposition; (b) SL instrument coupled to a TOF-SIMS apparatus;
(c) a dual ion funnel interface currently coupled to both (a) and (b).
The following elements are labeled in the figure: (1, 1*) direct and
orthogonal heated inlets, respectively, (2, 2*) ion funnels, (3, 3*)
collisional quadrupoles (CQ), (4) RF/DC quadrupole mass filter, (5)
electrostatic ion guide, and (6) surface. Adapted with permissions from
refs 111, 112, and 94 (© 2015 The Royal Society of Chemistry).

configured for in situ characterization of surfaces using infrared
reflection absorption spectroscopy (IRRAS)."''" In this system,
charged droplets produced by ESI are directed into the vacuum
system through a heated inlet (1) where they undergo
desolvation generating bare ions. Ions are focused by an
electrodynamic ion funnel (2) differentially pumped to a
pressure of 0.5 to 1 Torr and transferred into a collisional
quadrupole (CQ) differentially pumped to 10—50 mTorr (3).
Following collisional focusing in the CQ, ions enter a third
differentially pumped vacuum chamber equipped with a
quadrupole mass filter (4) and electrostatic ion guides (5).
Mass-selected ions are focused onto a surface (6) introduced
into the vacuum chamber through a vacuum load-lock system.
Typical pressure in the third vacuum chamber is in the range of
(2—10) X 107° Torr during deposition. In the system shown in
Figure la, the surface is positioned at the focal point of the
infrared beam generated by a Bruker Vertex 70 Fourier
transform infrared (FTIR) spectrometer (Bruker Optics,
Billerica, MA) equipped with a liquid-nitrogen-cooled
mercury—cadmium—telluride (MCT) detector. The infrared
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beam is focused and directed at the surface at an incidence
angle of ~80° with respect to the surface normal using one flat
and one parabolic gold-coated mirror. A mid-infrared (MIR)
KRS-5 wire grid polarizer is used to select p-polarized light
known to generate infrared signatures of substrates at grazing
angles. The reflected beam is focused onto the MCT detector
using two additional parabolic mirrors. Two wedged ZnSe
vacuum viewports are used to transfer the infrared beam in and
out of the vacuum chamber.

Another custom-built SL apparatus coupled to a commercial
time-of-flight secondary ion mass spectrometer (TOF-SIMS) is
shown schematically in Figure 1b.''> This instrument is also
equipped with a heated inlet (1), ion funnel interface (2), CQ
(3), and a quadrupole mass filter (4). A second CQ (3%*)
installed after the RF/DC quadrupole provides efficient
focusing of ions exiting the quadrupole mass filter. A series of
einzel lenses and an electrostatic bending quadrupole () are
used to focus and turn the ion beam 90° prior to deposition.
Although typical SL experiments are performed with a
deposition spot size of 2 to 3 mm in diameter, focusing of
the ion beam on the deposition target to a spot with a full width
at half-maximum (fwhm) of ~0.3 mm with minimal loss of ion
current has been demonstrated using a position sensitive pixel-
based detector array (IonCCD).""*"'* Following ion deposi-
tion, the surface may be transferred into the TOF-SIMS
instrument for characterization.

Typical ion currents obtained using the instrument
configurations described above are in the range of 50—250
pA/charge. A substantial increase in ion current by a factor of 5
to 6 has been achieved recently using a dual ion funnel interface
shown in Figure 1c.”* In this system, the first ion funnel (2) is
operated at a higher pressure of 1—10 Torr, while the second
ion funnel (2*) is differentially pumped to an operating
pressure of 0.4 to 1.5 Torr. Higher pressure in the first ion
funnel is achieved using a heated inlet with a larger inner
diameter (ID), which also improves the efficiency of ion
transfer into the vacuum system. The best performance of the
dual-ion funnel system was achieved using a heated inlet with
14 mm ID in the orthogonal geometry (1*). In this
configuration, a deposition rate of ~1 pg/day was obtained
for mass-selected PMo,,04,°" cluster ions. High deposition
rates achievable using SL instruments are critical to the
controlled preparation of molecular assemblies and 3D
architectures as well as device fabrication, which is discussed
later in this article.

2.1.2. Gas-Phase Synthesis and Deposition of Metastable
Species. Gas-phase synthesis and SL of metastable species
provide access to unique materials that cannot be generated
using solution-phase approaches. Metastable species can be
produced by either modifying stable ions in the gas phase (top-
down approach) or using ion-induced gas phase nucleation of
atomic or molecular precursors (bottom up approach). For
example, collision-induced dissociation (CID),”*'"> jon—
molecule,''® and ion—ion chemistry''” may be used to modify
stable ions produced by ESI or other ionization techniques. The
newly formed species are deposited onto surfaces for
subsequent characterization of their structure and reactivity.
Alternatively, aggregation in the gas phase following laser
ablation or sputtering of solid materials may be used to
generate a wide range of cluster ions for SL experiments.

2.1.2.1. Gas-Phase Modification of Stable lons. Gas-phase
ion chemistry may be employed for the controlled modification
of stable ions produced using ESI and other ionization

techniques. For example, Johnson and Laskin used in-source
CID to generate undercoordinated Ru(bpy),** cations (bpy =
2,2-bipyridine ligand) from stable Ru(bpy);** precursors for
SL on carboxyl-terminated SAMs (COOH-SAMs) at SO eV
collision energy.”> The COOH-SAM was selected as the
substrate because previous studies indicated that an electro-
static bond forms between cations and the anionic carboxylate
groups of the monolayer resulting in eflicient surface
immobilization.”® Strong immobilization of Ru(bpy),>" is
evidenced by the presence of the thiol-bound Ru-
(bpy),(C16H300,S)* complex in the TOF-SIMS spectrum
shown in Figure 2. Interestingly, the adduct peak exhibits
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Figure 2. Portion of the TOF-SIMS spectra obtained after SL of mass-
selected (a) Ru(bpy);** and (b) Ru(bpy),** onto COOH-SAMs. The
black spectrum was obtained following SL. The red spectrum was
obtained following exposure to O, Adapted with permission from ref
63. © 2010 Wiley-VCH.

substantially larger abundance following SL of an equal amount
of Ru(bpy),”* (Figure 2b) compared with Ru(bpy);>* (Figure
2a). We proposed that the reaction of the fully ligated complex
with the COOH—SAM involves stripping of one bipyridine
ligand through surface-induced dissociation (SID)* at the time
of collision followed by electrostatic immobilization of the
resulting undercoordinated ions. The fact that a lower
abundance of immobilized adduct was observed following SL
of fully ligated ions suggests that only a fraction of the
Ru(bpy);** ions had sufficient kinetic energy to undergo
dissociation and adduct formation during collision with the
surface. In contrast, dissociation of Ru(bpy);*" in the gas phase
prior to SL, illustrated in Figure 3a, results in more efficient
adduct formation, consistent with the higher reactivity of the
undercoordinated species.

The reactivity of immobilized Ru(bpy),”* was examined by
sequentially exposing the surface to gaseous reagents (O, and
C,H,).”> The SIMS spectra obtained following exposure to O,
are presented in red in Figure 2. Oxidation of the complex upon
exposure to O, results in the formation of the Ru-
(bpy),(C16H300,S)O" species. Subsequent reduction following
exposure to C,H, regenerates the Ru(bpy),(C,¢H;,0,S)*
complex. Therefore, the immobilized Ru(bpy),>* complexes
exhibit behavior consistent with hydrocarbon oxidation, which
is an important catalytic process for commercial chemical
production and pollution abatement. The ratios of the
integrated abundances of the reduced and oxidized adducts
are shown in Figure 3b. The ratios indicate that there is a
reproducible increase in the relative abundance of oxidized
adduct following exposure of the surface to O, and an increase
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Figure 3. (a) Schematic illustration of the conversion of fully ligated Ru(bpy);** to undercoordinated Ru(bpy),** and SL onto COOH-SAM:. (b)
Ratio of the TOF-SIMS abundances of Ru(bpy),(C;sH3,0,S)* (m/z 700.2) to Ru(bpy),(C,sH3,0,S)O" (m/z 716.2) obtained after exposure to O,
and C,H, showing catalytic activity of Ru(bpy),”*. Adapted with permission from ref 63. © 2010 Wiley-VCH.

in the abundance of reduced adduct after exposure to C,H,. In
comparison, soft-landed Ru(bpy);>* does not show similar
behavior, indicating that through gas-phase ligand stripping it is
possible to convert a relatively inert fully ligated organometallic
complex into a catalytically active undercoordinated metal
center that is immobilized on SAM surfaces through an
electrostatic bond. This unique capability of preparative mass
spectrometry provides an opportunity to produce novel surface-
bound organometallic complexes with partially open coordina-
tion spheres that are not obtainable in solution and may exhibit
improved performance, stability, and recyclability for applica-
tions in catalysis.’”

In a subsequent study, in-source CID of ligated gold clusters
generated using reduction synthesis in solution was employed
to produce reactive cluster ions for subsequent deposition onto
surfaces. Specifically, Au;;Ls** (L = 1,3-bis(diphenylphosphino)
propane, DPPP), denoted as (11,5)*, synthesized in solution
were introduced into the gas phase using ESI and subjected to
in-source CID. The abbreviated bracket notation (x,y)**
designates the number of gold atoms (x), diphosphine ligands
(), and the ionic charge (z) of the cluster. The most abundant
fragment of the (11,5)*" cluster, (10,4)*, was mass-selected
and soft-landed onto COOH-SAM and SAMs of alkylthiol
(HSAM) and perfluorinated alkylthiol (FSAM). It was
demonstrated that the (10,4)*" fragment ions are much more
reactive than the stable (11,5)*" precursor clusters. The
enhanced reactivity was evidenced by the presence of abundant
adducts of the (10,4)** ion formed during TOF-SIMS analysis.
These results indicate that some fragment ions formed by in-
source CID of ligated clusters are more prone to reaction on
SAM surfaces than cluster ions that are soft-landed intact from
solution. This observation is consistent with the coordinative
undersaturation of fragment ions that exposes bare metal sites
at the cluster surface that may exhibit enhanced reactivity
compared with fully ligated species. It follows that SL combined
with in-source CID offers a versatile approach for preparing
novel active partially ligated clusters that cannot be obtained in
solution. Such partially ligated clusters may exhibit enhanced
catall?rgilclgproperties and improved stability toward sinter-
ing.

g2.1.2.2. Nonthermal Physical Synthesis. Physical synthesis
techniques have been developed to prepare bare NPs and
clusters without the use of solvents and organic ligands, which
can introduce contaminants and often necessitate additional
postsynthesis cleaning and ligand removal steps. These gas-
phase methods include but are not limited to elemental vapor
reaction,120 gas condensation,121 laser vaporization,m’17 mag-
netron sputtering,'®'** ion sputtering,'”’ and pulsed arc
synthesis. " Most of these techniques are implemented at

subambient pressures and coupled to electrostatic, electro-
dynamic, or magnetic mass filters and charged particle optics
that allow a predetermined species to be separated from the
overall distribution of ions produced by the source. Tradition-
ally, the maximum stable ion currents (over a time scale of
hours) produced with these methods were on the order of
picoamperes (107> A) which limited their applications to
preparing well-defined species on small area surfaces at low
coverage for fundamental research in surface science and
catalysis.”” More recently, breakthroughs in ion production,'*®
transmission,”* and mass- ﬁltering126 have allowed larger ion
currents of up to 6 nanoamperes (10 A) of mass-selected
clusters to be delivered to surfaces.*® In addition, a new “matrix
assembly cluster source” has been introduced by Palmer and
coworkers with the potential for scale up to produce milliamps
of current.”” This substantial increase in deposition rate
provides an unparalleled opportunity for SL of mass-selected
ions to enter the manufacturing of high-value components
including solar cells,"*” shallow junctions in integrated
circuits,1 % and energy-storage devices.”®

Direct current (DC) magnetron sputtering from one or
several targets coupled to inert gas condensation evolved into a
versatile approach for preparing bare NP and cluster ions over a
broad range of sizes and compositions that are not accessible
using thermal synthesis in solution.'*”~"** This nonequilibrium
method does not require ligands or solvent, which surmounts
many of the challenges associated with solution-phase synthesis
approaches. The distribution of NPs and clusters exiting a
magnetron sputtering gas condensation source may be adjusted
over a substantial range by tuning the flow rates of sputtering
(Ar), carrier (He), and reactant gases (e.g, O, CH,), the
current applied to each target, and the position of the
magnetron inside the gas condensation region (condensation
length)."*>"* In addition, the ID of the exit aperture of the gas
condensation region and the method used for cooling this
region (water'”” or liquid N,'®) may be changed to steer the
NP distribution toward a predetermined size, composition, and
morphology. The strength of the magnetic fields of the
magnetrons at the surface of the sputtering targets also
influences NP size and composition by controlling the plasma
density. This parameter may be tuned coarsely by substituting
magnets of different strength or finely using metal backing
plates with adjustable thickness to control the distance of the
target to the magnetron.

A custom-modified commercial magnetron sputtering instru-
ment for SL of bare NPs on surfaces with controlled coverage,
size, and morphology is shown schematically in Figure 4.8 1n
this instrument, NPs are produced by sputtering of up to three
independent targets, followed by inert gas condensation and
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Figure 4. Schematic diagram of the nanocluster deposition system
including the Nanogen-Trio nanoparticle source from Mantis
Deposition. Note the presence of three separate sputtering targets
on the same linear translator within one region of gas aggregation. The
insert illustrates the surface of the magnetron head where three targets
may be sputtered simultaneously to generate vapors that are swept to
the center by Ar gas. Adapted with permission from ref 108. © 2015
Royal Society of Chemistry.

mass selection using a quadrupole mass filter."*® The ID of the
exit aperture of the gas condensation region was reduced from
5 to 3 mm to facilitate efficient NP formation at lower gas flow
rates. In addition, two einzel lenses were mounted in series
between the quadrupole mass filter and the deposition target
that enabled focusing of the beam of NPs to a circular spot on
the surface ~2.5 cm in diameter.

Initial experiments explored the influence of different source
parameters on single metal (Mo, Ti, and V) as well as bimetallic
(Pt/Ti, V/Ti, and Pt/V) NPs that have potential applications in
heterogeneous catalysis, fuel cell electrocatalysis, and solar
energy conversion. > Utilizing surface characterization techni-
ques including atomic force microscopy (AFM), scanning
electron microscopy (SEM), transmission electron microscopy
(TEM), and electron energy loss spectroscopy (EELS), the
chemical and physical properties of bare size-selected single-
metal and bimetallic NPs synthesized using the multitarget
magnetron source were investigated. High-angle annular dark-
field (HAADF)-STEM images, presented in Figure §,
demonstrated that NPs with spherical or cubic morphology
may be formed by controlling the flow rates of Ar and He,
thereby supporting the earlier findings reported by Krishnan
and coworkers using a related source design.'** HAADF-STEM
imaging also revealed that this physical synthesis approach may
be used to prepare NPs with core—shell structures that are
desirable for applications in electrocatalysis (Figure 6).
Multilayer particles are particularly challenging to synthesize
in solution due to the different mixing patterns that may be
adopted by the metals and their dissimilar reduction potentials
that can lead to particles of single elements clumped
together.'* Overall, this study demonstrated that magnetron
sputtering and gas condensation is a versatile approach for
preparing bare single-metal and alloy NPs on surfaces that are
free of the complications resulting from synthesis in solution
with solvent and ligands. In addition, because multiple
substrates may be mounted simultaneously during deposition,
it is possible to characterize how different supports influence
the properties of identical NPs prepared at the same time.

Figure 5. Low (a) and high (b) magnification scanning transmission
electron microscopy images obtained for 4 X 10* ions/um? size-
selected anionic S nm Mo nanoparticles soft-landed onto a continuous
carbon microscopy grid. Low (c) and high (d) magnification images
obtained for 2 X 10° ions/um?® size-selected anionic 8 nm V
nanoparticles soft-landed onto a carbon grid. Note the monodispersity
in size and core—shell structure of the Mo nanoparticles as well as the
cubic morphology of the V nanoparticles. Adapted with permission
from ref 108. © 2015 Royal Society of Chemistry.
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Figure 6. Low (a) and high (b) magnification scanning transmission
electron microscopy images obtained for 3 X 10° ions/um? size-
selected anionic 7 nm Pt/V alloy nanoparticles soft-landed onto a
continuous carbon microscopy grid. Electron energy loss spectroscopy
line profile (c) across a representative nanoparticle. Note the increased
Z-contrast of the shell of the nanoparticle and the enrichment of
platinum and vanadium at the shell and core, respectively. Adapted
with permission from ref 108. © 2015 The Royal Society of
Chemistry.
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The modified source and deposition instrument were also
employed to prepare novel bimetallic PtRu NPs that were
subsequently found to be a promising candidate material for
promoting the oxygen reduction reaction (ORR), an important
electrochemical process that limits the efficiency of proton
exchange membrane fuel cells (PEMFCs)."?'** Sputtering of
two independent Pt and Ru targets coupled to inert gas
condensation and SL of mass-selected ions was used to prepare
bare PtRu NPs on glassy carbon (GC) electrodes. Employing
AFM, it was shown that the NPs bind randomly to the GC
electrode at relatively low coverage and that their height
distribution is monodisperse and centered at the size selected
by the quadrupole filter. High-resolution HAADF-STEM and
TEM images further confirmed that the soft-landed PtRu NPs
were uniform in size and morphology. Wide-area scans of the
coated electrodes using X-ray photoelectron spectroscopy
(XPS) revealed the presence of both Pt and Ru in atomic
concentrations of ~9 and ~33%, respectively. Moreover,
deconvolution of the high-energy resolution XPS spectra in
the Pt 4f and Ru 3d regions indicated the presence of both
oxidized Pt and Ru that likely formed upon exposure of the
NPs to the ambient environment. The higher loading of Ru
compared with Pt and enrichment of Pt at the surface of the
NPs was inferred from analysis of the coated electrodes using
time-of-flight medium energy ion scattering (TOF-MEIS).

2.2. Effect of lon-Surface Interactions. Surface proper-
ties may exert a pronounced effect on the structure and
reactivity of soft-landed ions. Different deposition targets
including silicon wafers,'” clean and plasma-treated metal
surfaces,” carbon electrodes,*”*’ hi%hly oriented pyrolytic
graphite (HOPG),””"** and SAMs*®”*"* have been used in SL
experiments. The polarizability and presence of charged
functional groups on the surface both have a pronounced
effect on the binding energy between the soft-landed species
and the deposition target.’” Relatively weak binding of ions to
surfaces may result in desorption of deposited species'®” or
substantial diffusion on the surface at room temperature."*® For
example, AFM characterization of V NPs deposited onto GC
electrodes revealed the formation of a uniform film of NPs
resultin$ from random binding of soft-landed species to the
surface."”® In contrast, NPs deposited onto HOPG substrates
were typically aligned along the step edges, indicating
substantial diffusion of NPs due to weaker binding to this
surface.'”® Conversely, electrostatic or covalent binding of ions
to surfaces may be used for strong immobilization with minimal
rearrangement of soft-landed species after collision with a
surface. For example, strong binding of PMo;,0,*" ions to
SAMs terminated with charged NH;" groups enabled their
characterization usin§ cyclic voltammetry (CV) in an aqueous
electrolyte solution.'”> In contrast, PMo,,0,>" ions soft-
landed onto FSAMs were efliciently washed away during the
first few CV cycles. It follows that charged surfaces may be used
when strong binding of ions is required for a specific
application. Meanwhile, weakly binding surfaces may be used
to direct assembly of soft-landed species through diffusion.
Such assembly may be controlled by tailoring the morphology
of the surface'*” and optimizing the binding energy of the soft-
landed ions through selective chemical derivatization or
physical grocessing of surfaces using ion beams'*® or
plasmas."

The binding energy of ions to surfaces is also affected by the
charge state of the ion."*” Since the initial demonstration of
charge retention by soft-landed ions by Cooks and coworkers,”®

substantial effort has been dedicated to understanding this
phenomenon.”%” 10310313152 GAMs are particularly attractive
deposition targets for studying the effect of the surface and
properties of the projectile ion on charge retention.*>"** In
particular, the ability to control the composition, length, and
terminal functional group of thiols and their ability to form
well-organized nanometer thick insulating films on gold
surfaces have prompted systematic studies of charge retention
by soft-landed ions on SAMs of thiols on gold."> It has been
demonstrated that depending on the properties of the surface
and the projectile ion, different charge states of the deposited
species may be present on the surface. In particular,
deprotonation of the soft-landed species is the major charge
reduction process observed for protonated molecules on
different SAMs.'*” The charge retention efficiency is dependent
on the proton affinity of soft-landed protonated molecules®
and the properties of the SAM.>*">* Specifically, the efficiency
decreases in the order FSAM > HSAM > COOH-SAM for
protonated peptides with larger species retaining at least one
charge on FSAMs.

A different charge reduction mechanism has been observed
for native cations soft-landed onto SAMs.””””'* Specifically,
charge reduction by native cations involves electron attachment
to the ion and is strongly dependent on the efficiency of
electron transfer through the SAM surface, the only source of
electrons under high vacuum conditions."**"** The electron
tunnelling efficiency of SAMs has been studied using scanning
tunneling spectroscopy (STS)."*” These studies have demon-
strated efficient electron tunneling through HSAMs at all
applied potentials, less tunneling through COOH-SAMs, and a
fairly high barrier to electron transport (~1.5 V) through
FSAMs which is attributed to the formation of interface
dipoles."** The observed decrease in the charge retention
efficiency of native cations on FSAM > COOH-SAM> HSAM
is in excellent agreement with the results of STS studies.
Experiments with multiply charged cationic gold clusters also
revealed that it is possible to control the charge state of
supported clusters through judicious choice of the SAM. For
example, (11,5)*" clusters were shown to be present primarily
in the 3+, 2+, and 1+ charge states on FSAM, COOH-SAM,
and HSAM surfaces, respectively.”” Furthermore, studies
performed at different coverage revealed that at sufficient
loading the potential resulting from the presence of triply
charged cations is large enough to overcome the tunnelling
barrier on the FSAM, resulting in charge reduction and
neutralization of the clusters.”"

In contrast with cations, the properties of the surface play a
minor role in determining the charge retention efficiency of
soft-landed anions. Specifically, in situ IRRAS in combination
with density functional theory (DFT) calculations has been
used to examine charge retention by stable multiply charged
polyoxometalate (POM) anions, PM;,0,4,"~ (M = Mo, W; n =
2, 3), softlanded onto FSAM, HSAM, and NH;*-SAM
surfaces.'”*'% The results indicate more efficient charge
retention by PW,0,y (WPOM) in comparison with
PMo,,0, (MoPOM).'”* Both clusters undergo partial charge
reduction during collision with the surface. For WPOM, slow
loss of one electron was observed using time-resolved
IRRAS."” It has been proposed that the doubly charged
WPOM anion is particularly stable on SAM surfaces. In
contrast, only a small fraction of MoPOM retains three charges
after collision with SAMs.'” The results obtained for POM
anions are consistent with the high barrier for electron
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detachment from these species during and after ion-surface
collision. For example, the vertical electron detachment energy
of MoPOM is 1.94 €V."*® This value is lower than the value of
2.30 eV reported for WPOM, which is consistent with the more
efficient charge retention by WPOM in comparison with
MoPOM on the same SAM surface. Our results indicate that
the electron affinity of soft-landed anions is the critical factor
determining their charge retention properties.

Ionic charge state is an important factor that determines the
structure and reactivity of clusters both in the gas phase and on
surfaces. For example, Kappes and coworkers demonstrated a
charge-state-dependent transition from 2D to 3D structures in
Au clusters occurrin_/g at 8 gold atoms for cations and 12 gold
atoms for anions.””” The charge state of gas-phase gold and
oxide cluster ions has also been shown to influence the CO
binding energy'*®'>” and the mechanism of catalytic CO
oxidation.'®>'®" Charge-dependent reactivity has been observed
for supported metal clusters. For example, the enhanced
catalytic activity of Aug clusters on MgO surfaces has been
attributed to partial transfer of charge to the clusters from the
support.”” The charging of supported atoms and clusters may
be controlled by tailoring the chemical properties of the
surface'®” or by introducing defects or dopant atoms into the
support.”'®* These surface features exert a sizable influence on
the reactivity and stability of supported cluster ensembles.”*
Surface defects also influence the binding energies of reactants
and intermediates to su(?ported clusters, thereby controlling
their catalytic reactivity.'** Furthermore, the oxidation state of
the support is known to affect the reactivity of immobilized
clusters.'® The strength of the cluster—support interaction
determines whether clusters migrate on the surface and
coalesce under reaction conditions.'**™'*” In particular, the
driving force for Ostwald ripening, a key degradation process of
supported particles during catalytic reactions, is the different
chemical potentials of smaller and larger clusters that are
present in the same ensemble.'®” A number of approaches,
therefore, are available to tune the cluster—support interaction,
including charging, which profoundly influences reactivity and
stability.

Control of surface coverage using SL provides important
information on the influence of cluster—cluster distance on the
reactivity of soft-landed cluster ions. For example, electro-
chemical characterization of carbon electrodes containing
known coverages of Pt clusters revealed that the proximity of
adjacent Pt clusters on the surface strongly influences the
efficiency of catalytic O, reduction.’” This effect is proposed to
originate from the overlap of electrical double layers of
neighboring clusters at small interparticle distances.”” By
controlling the surface coverage, therefore, it is possible to
tune the local potential at the interface between the supported
clusters that influences the binding energy of reactants and
intermediates. Collectively, these findings illustrate that it is
extremely important to control the charge state of clusters on
supports to obtain superior performance from materials for a
number of applications.

3. CURRENT AND FUTURE APPLICATIONS OF ION
SOFT LANDING FOR STUDIES IN CATALYSIS AND
ENERGY STORAGE

3.1. Catalytic Activity of Bare Clusters. SL of mass-
selected ions has been utilized to investigate the size-,
composition-, and coverage-dependent properties of both
bare and ligated clusters and NPs immobilized on supports.*’
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It has been demonstrated that the structure and reactivity of
bare subnanometer clusters may vary substantially with the
addition or removal of a single atom.””'”'”" Extensive work
has been performed on a range of different bare metal clusters
and support materials as well as chemical reactions that are of
both fundamental and industrial importance. For example, Heiz
and coworkers demonstrated that Nis, clusters are more active
toward CO dissociation than other cluster sizes near room
temperature.'”” In another investigation, Aug soft-landed onto
MgO containing oxygen vacancy defects was shown to be the
smallest cluster that promotes the catalytic oxidation of CO to
CO,, an important reaction for atmospheric pollution abate-
ment.'”® Theoretical calculations on the supported Aug clusters
indicated that partial charge transfer from F-center defects on
MgO activates the Aug clusters toward dissociation of O, and
catalytic oxidation of CO to CO,. In a more recent work,
Anderson and coworkers characterized the catalytic properties
of Pd clusters soft-landed onto TiO,. They reported a size-
dependent change in CO oxidation activity that was correlated
with an evolution in the Pd 3d electron binding energies of the
supported clusters measured with XPS.*® These representative
studies provide experimental evidence of the influence of the
size-dependent electronic structure of supported metal clusters
on their catalytic activity.

The catalytic selectivity of supported clusters has also been
examined using model systems prepared by SL. For example,
the oxidation of cyclohexane to CO and CO, over Pd clusters
pinned on graphite was investigated by Palmer and coworkers,
revealing an increase in activity with decreasing cluster size.'”*
Vajda and coworkers used SL to prepare Ag clusters on Al,O;,
which were shown to exhibit low-temperature activity toward
the epoxidation of propylene to propylene oxide.'”® Theoretical
calculations predicted that oxidized Ag; clusters are active
toward selective oxidation of propylene due to their open-shell
electronic structure. In a related contribution, the same group
examined the activity of Au clusters on AlL,O; toward the
epoxidation of propene.'’® It was shown that the highest
selectivity was achieved over Au clusters in reaction gas
mixtures containing O, and H,O, thereby avoiding the
problematic use of H, for this industrially important process.
More recently, this group demonstrated that mass-selected
silver clusters may be used to control the morphology of the
discharge products that form in Li-ion batteries.”’

Our studies are focused on understanding structure—function
relationships in the catalytic activity of alloy and hybrid
organic—inorganic NPs toward the ORR, an important catalytic
process occurring at the cathode of PEMFC.'”” Previously,
Chorkendorff and coworkers reported greatly enhanced activity
of PtY alloy NPs toward ORR that was attributed to
compressive stain due to their core—shell morphology.'”® We
examined the catalytic activity of mass-selected soft-landed
PtRu NPs toward the electrochemical reduction of O, using
CV in acidic electrolyte solutions (0.1 M H,SO, and 0.1 M
HCIO,) saturated with Ar or O,."** As shown in Figure 7, in
both electrolyte solutions pronounced ORR activity was
observed in the O,-saturated electrolytes that was not evident
in the Ar-purged electrolytes. Repeated electrochemical cycling
of the electrodes revealed no substantial change in the ORR
currents or shape and onset of ORR in the CV curves,
indicating high stability of the PtRu NPs supported on GC
toward deactivation through dissolution, dealloying, or
agglomeration. The reproducibility of the NP synthesis and
deposition method was also evaluated by employing the same
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Figure 7. Cyclic voltammograms (a) of 7 X 10* ions yum™ of mass-
selected anionic 4.5 nm PtRu nanoparticles soft-landed onto glassy
carbon in 0.5 M H,SO, (black line) and 0.1 M HCIO, (red line) with
O, purging. Cyclic voltammograms (b) of identical nanoparticles soft-
landed on three separate days (black, red, and blue lines) in 0.5 M
H,SO, with O, purging, scan rate = 100 mV s, temperature = 20 °C.
Adapted with permission from ref 142. © 2015 Royal Society of
Chemistry.

instrument parameters on three occasions separated by several
days. As shown in Figure 7, electrodes with almost identical
electrochemical behavior were observed with CV, demonstrat-
ing the reproducible preparation of alloy NPs using the
multimagnetron in-plane gas condensation source.

In another study, the potential of reactive magnetron
sputtering and gas aggregation as a preparation technique for
catalytically active hybrid organic—inorganic NPs was eval-
uated.'”” Reactive sputtering of Ta in the presence of three
model hydrocarbons, 2-butanol, heptane, and m-xylene,
combined with gas condensation was shown to result in the
synthesis of novel NPs. The catalytic activity of the hybrid NPs
was evaluated using a GC surface coated with NPs as the
working electrode in a three electrode cell. CV curves measured
in Ar-saturated electrolyte revealed no additional current
compared with the baseline observed for bare GC. In
comparison, both the Ta-heptane and Ta-xylene but not the
Ta-butanol NPs exhibited large reduction currents consistent
with the ORR in the O,-saturated electrolyte. Furthermore, the
CV curves remained stable following repeated potential cycling,
indicating that the NPs are both active and robust. A suite of
characterization techniques was employed to investigate how
key source parameters including the flow rate of the He carrier
and reactant gases, the Ta sputtering current, and the length of
the gas aggregation region influence the size, composition, and
morphology of the NPs. AFM images revealed the preferential

alignment of all three types of NPs along the step edges of
HOPG, resulting in the formation of extended parallel linear
chains. TEM images revealed that the Ta-butanol and Ta-
heptane NPs have higher contrast crystalline cores surrounded
by lower contrast regions composed of amorphous material. In
comparison, TEM images of the Ta-xylene NPs showed them
to be of higher contrast throughout compared with the Ta-
butanol and Ta-heptane species. Reactive sputtering combined
with gas aggregation and SL therefore offers a versatile
approach for the preparation of non-noble-metal NPs for
catalytic applications. As evidenced by these examples, SL of
mass-selected ionic clusters and NPs is uniquely capable of
preparing well-defined model systems that may be characterized
experimentally and modeled theoretically to determine
structure—function relationships of individual clusters and
emergent properties of cluster assemblies. These unique
capabilities will aid the design of new materials with improved
activity, selectivity, and durability for a range of catalytic
processes.

3.2. Catalytic Activity of Ligated Clusters. SL of ligated
clusters has only recently attracted attention as a means of
transferring small cluster ions synthesized in solution onto solid
supports for characterization of their structure and reactivity.'*’
Reduction synthesis in solution in the presence of organic
capping ligands provides access to a broad range of ligated
metal and metal alloy clusters for applications in cataly-
. 181-183 . 184 s )
sis, optics, " molecular electronics,*” and sensing. The
reactivity of such clusters may be tuned by varying the size and
composition of the core, ionic charge state, and the number and
electronic properties of the ligands. For example, thiolated
Au,s™”~ cluster ions in solution have been shown to exhibit
different catalytic activity toward CO, reduction, CO oxidation,
and O, reduction reactions depending on their charge state.'*
Fully ligated clusters synthesized in solution may be completely
passivated unless ligands that provide access for reactants to
metal active sites on the surface are used during synthesis."®’
Heating or chemical treatments may be used to partially
remove ligands from passivated clusters to enable catalytic
activity without causing sintering under reaction condi-
tions'4,118,119,188

As previously described, SL combined with CID in the gas
phase provides an opportunity to prepare well-characterized
model heterogeneous and electrochemical catalysts that are
challenging to obtain through conventional reduction synthesis
in solution. This approach allowed us to compare the reactivity
of the stable (11,5)** Au-DPPP cluster and its fragment,
(10,4)*, soft-landed onto different SAMs.”” The reactivity was
inferred from the presence of adducts in the TOF-SIMS spectra
of the soft-landed cluster ions. Comparison of TOF-SIMS
spectra obtained for the (11,5)°" precursor and its fragment,
(10,4)*, soft-landed onto FSAMs is shown in Figure 8. In the
case of (11,5)%, both (11,5)** and (11,5)** are observed in the
mass spectrum (Figure 8a), indicating efficient charge retention
by this cluster on the FSAM. A smaller abundance of (10,4)*
resulting from fragmentation of (11,5)*" during SIMS analysis
is also detected. Of particular importance, no ions are observed
at higher m/z for soft-landed (11,5)*". This indicates that fully
ligated (11,5) is relatively inert and does not interact strongly
with the surface or any of the energized species present in the
plume of sputtered secondary material during SIMS analysis. In
comparison, the TOF-SIMS spectrum of the soft-landed
(10,4)** fragment contains abundant (11,4)+X** and
(11,4)+X" ions (Figure 8b), where X = (CH;)P(CH,),P.

DOI: 10.1021/acs.jpcc.6b06497
J. Phys. Chem. C 2016, 120, 23305—23322


http://dx.doi.org/10.1021/acs.jpcc.6b06497

The Journal of Physical Chemistry C

Feature Article

(11,4)+X2*
8 500+ a) 100 b)
c (11,5)%*
-8 =
c 75 1|1=
=]
<
» 50
=
@ 25 1
6 11,4)+X*
+
s . ‘ ‘ ] (11,4)
1000 3000 5000 1000 3000 5000
m/z

Figure 8. Time-of-flight secondary ion mass spectra of FSAM surfaces
following SL of 1 X 10" (a) Auy,Ls** and (b) AuyL,** (L = DPPP)
ions generated by in-source CID. “X = (C¢H;)P(CH,),P”. Adapted
with permission from ref 72. © 2015 Elsevier.

This complex is formed by attachment of a gold atom and a
fragment of a DPPP ligand that were generated during SIMS
sputtering of the FSAM surface with the energetic primary ion
beam (15 keV Ga*). These results indicate that the (10,4)**
species generated using in-source CID is more reactive than its
(11,5)* precursor ion. Future studies will explore differences in
reactivity of such undercoordinated clusters toward gaseous and
solution-phase reagents.

3.3. lon Soft Landing for Fundamental Studies in
Energy Storage. Despite considerable progress in the
development of energy-storage devices, the design of low-cost
systems with high power and energy density remains a major
challenge.'® Fundamental understanding of phenomena
occurring at electrode—electrolyte interfaces (EEI) is required
to increase the charge—discharge capacity, rate, and life cycle of
energy-storage devices.'*”'”” Such studies will benefit from the
ability to produce uniform layers of active materials with well-
defined composition and coverage. In the past decade,
substantial progress has been made in the ability to design
carbon electrodes with high non-Faradaic capacitance. A further
increase in the electrode performance is achieved by combining
the non-Faradaic electrochemical double-layer (EDL) capaci-
tance of high-surface-area carbon electrodes'”’ with the
Faradaic pseudocapacitance of metal oxides.'”” Simultaneous
improvements in both the power and energy density have been
demonstrated for redox supercapacitors produced using this
approach.

Redox-active species are typically deposited onto electrode
surfaces using direct painting, ambient air spray, chemical vapor
deposition, atomic layer deposition, electrodeposition, and
electrospray deposition (ESD).'”® Although well-suited for
macroscale device fabrication, these techniques typically result
in deposition of both electrochemically active and inactive
components along with solvent molecules and impurities onto
electrode surfaces. In contrast, SL enables the preparation of
well-defined electrode surfaces by eliminating all undesirable
species from the EEI through precise control over the
con{)féosition, charge state, and kinetic energy of the projectile
ion.”” As a result, SL provides access to novel materials that
cannot be prepared using conventional deposition techniques.
Well-defined electrode surfaces prepared using SL are ideally
suited for studying the intrinsic activity of electroactive species,
characterizing the kinetics of key reactions at the EEI, and
understanding the effect of agglomeration and mesoscale
phenomena on the stability and efficacy of electrode materials.
Fundamental understanding of these phenomena will facilitate

the design of efficient and stable EEI for use in future energy
devices.

In the context of redox-supercapacitors, many redox-active
inorganic species including RuO,,"”* MnO,,"”” LiFePO4,196
Ni(OH),,"”” and POMs'”*7>°° have been considered as
pseudocapacitive materials. POMs are stable anionic tran-
sition-metal oxide clusters with unique multielectron redox
properties>*°" that form strong and stable interactions with
electrode materials.”””**> These properties of POMs make
them attractive materials for applications in supercapacitors and
batteries.””"*** In our studies, we examined the redox activity
of POM anions deposited onto SAMs using CV.'*"'** Redox
activity was observed for PMo;,0,,*" (MoPOM) soft-landed
onto FSAM and HSAM substrates in the first few CV scans, but
this response rapidly disappeared upon continuing cycles,
indicating that the POMs were readily washed away from these
surfaces. In contrast, strong immobilization of POMs on the
NH,*-SAM surface allowed us to examine the effect of the
initial charge state of MoPOM (3- vs 2-) on redox properties.
The CVs of the MoPOM soft-landed and adsorbed onto the
NH;"-SAM surface from solution are shown in Figure 9. The

Adsorbed Na,POM NH,"SAM surface
Adsorbed H,POM 0.6

----- Soft landed POM*
----- Soft landed POM*

(w") uaun)

T v T T T T T T -0.6
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Figure 9. Cyclic voltammograms of POM>™ (blue dashed-dotted) and
POM?>" (red dashed) soft-landed on NH;*SAM surfaces compared
with Na;POM (gray) and H;POM (green) adsorbed from solutions.
All scans were obtained at a rate of 20 mV s™* after cycling 20 times.
All measurements are made with reference to a Ag/AgCl electrode in
saturated KCl. Adapted with permission from ref 105.

redox couples observed in acidic aqueous electrolyte are
consistent with the two-proton, two-electron processes
previously reported for phosphomolybdates in solution.”” It is
remarkable that the redox peak currents observed for 2 X 10"
soft-landed MoPOM anions on NH;*-SAM are comparable to
those of POM adsorbed from solution. In contrast with
MoPOM, no activity was observed for PW,0,,*” (WPOM)
soft-landed onto the NH;*-SAM surface, indicating that
WPOM is readily removed from the surface when immersed
in 0.5 M H,SO, electrolyte solution.'”* This observation was
attributed to the weaker binding of WPOM anions to SAMs.

The pronounced redox activity of soft-landed POM
prompted us to examine the utility of SL for the controlled
deposition of pseudocapacitive materials onto electrode
surfaces. We hypothesized that the activity of POM on carbon
electrode surfaces may be enhanced by eliminating electro-
chemically inactive counter cations from the EEL To test this
hypothesis, we fabricated a first macroscopic high-performance,
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Figure 10. (a) Schematic representation of EEI of redox-supercapacitors fabricated using SL and ambient ESD. Note the absence of counter cations
in the device prepared by SL. (b,c) Atomically resolved HAADF-STEM images of SL-CNT and ESD-NaPOM-CNT, respectively; intact SL POM
clusters are mapped in panel b (red circles). (d) Representative CV and (e) galvanostatic charge—discharge (GCD) curves of supercapacitors
fabricated with pCNT, SL-CNT, and ESD-NaPOM-CNT. (f) Comparison of the total specific capacitance and specific energy density.
Approximately 1.5 X 10" PMo,,0,,’~ were deposited in each case. Adapted with permission from ref 96. © 2016 Macmillan Publishers Limited.

nonaqueous redox-supercapacitor device as shown schemati-
cally in Figure 10a.”® The device is composed of two 1 cm?
carbon fiber paper electrodes coated with ~25 ug of CNTs
separated by an ionic liquid membrane. Predetermined
amounts of POM are deposited onto CNT electrodes either
using SL (SL-CNT) or ambient ESD of pure POM solutions.
Surface characterization using HAADF-STEM indicates the
presence of discrete ~0.75 nm diameter PMo;,0,,*" clusters
on SL-CNT electrodes (Figure 10b), while substantial
agglomeration of POM is observed instead on CNT electrodes
fabricated using ESD (Figure 10c).

CVs and galvanostatic charge—discharge (GCD) curves
obtained for pristine CNT electrodes (pCNT), SL-CNT, and
electrodes prepared using ambient ESD of Na;PMo;,0,
(ESD-NaPOM-CNT) are shown in Figure 10d and 10e,
respectively. Rectangular-shaped CVs obtained for all fabricated
supercapacitors confirm ideal capacitive-like behavior of the
devices. Almost symmetrical triangular-shaped GCD curves
indicate fast transmission of ions at the EEL The total specific
capacitance and energy density of the SL-CNT, shown in
Figure 10f, are ~36 and 27% higher than the values obtained
for pCNT and ESD-NaPOM-CNT, respectively. The SL
electrodes were also found to have 60% higher capacity
retention after 1000 GCD cycles compared with those prepared
by ESD.”® Remarkably, the maximum Faradaic capacitance of
the SL electrodes was achieved with only 1.5 X 10"* POM
anions (~50 ng) deposited onto 25 ug of CNT, whereas the
ESD electrodes required twice this amount of material to
achieve comparable performance. Any further addition of POM

23314

led to a decrease in the total specific capacitance indicating the
high energy-storage capacity of nanogram quantities of POM
anions. These results demonstrate the superior performance of
SL-CNT in terms of both specific capacitance and long-term
stability.”® Detailed characterization of electrode surfaces using
XPS, SEM, and STEM indicates that aggregation of redox-
active POM and the presence of electrochemically inactive
counter cations at the EEI are largely responsible for the lower
performance of POM-based supercapacitors fabricated from
solution. It follows that higher performance and longer stability
of the EEI can be achieved through uniform deposition of
discrete redox-active species and elimination of inactive
counterions or solvent molecules.”

3.4. Electrochemical Characterization of Precisely-
Selected lons. In addition to fabrication of electrodes for
energy-storage devices, SL can be used to obtain fundamental
understanding of electrochemical processes at the EEI by
performing electrochemical characterization of precisely
selected ions. Previously, Anderson and coworkers used a
specially designed in-vacuum liquid electrochemical cell*>**°
to perform in situ characterization of SL metal clusters and
demonstrated substantial damage of GC electrodes containing
SL Pt clusters upon exposure to air and water. These studies
highlighted the important role of SL and characterization of the
EEI in a well-controlled environment. Our group is actively
working on developing a new capability to perform in situ
electrochemical characterization of directly deposited mass- and
charge-selected ions produced using an ESI source and
dissociated clusters produced using in-source CID as well as
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bare metal clusters produced using magnetron sputtering,
which allows one to gain novel insights into electrode kinetics
at well-defined EEI in a controlled environment. In brief|
Penner and Gogotsi recently pointed out the current need to
explore fundamental aspects of electrochemistry that are
relevant to various energy applications.””” SL can be used to
gain unprecedented information about the electrochemical
processes occurring at EEI via fabrication and characterization
of precisely defined systems. This will facilitate rational design
of high-performance next-generation electrodes for various
energy technologies.

3.5. Molecular Electronics. Quantized charging of ligated
metal clusters, resulting from their subattofarad capaci-
tance,”%*% as well as charge transport to clusters through
SAMs’~7? have consequences for the design of nanoelectronic
devices and fabrication of functionalized electrodes,”"’ organic
thin-film transistors,”"" and organic memory.”"> It has been
demonstrated that the local environment at surfaces exerts a
large influence on electron transfer through metal NPs in
contact with SAMs.”"**'* As previously mentioned, alkane-
thiols exhibit no barrier to charge transfer, while perfluorinated
monolayers necessitate potentials of up to 1.5 V to promote
electron transfer.'>® Because of the wide range of properties
obtainable with different combinations of supported metal
clusters and SAMs, it is clearly desirable to investigate charge-
transport phenomena at supported clusters with well-defined
geometry and chemical functionality. In addition, it is useful to
measure charge transport by a large number of identical clusters
distributed over millimeter length scales so that the influence of
different surface domains, boundaries, and potential defects in
the monolayer are represented.

4. SUMMARY AND FUTURE CHALLENGES

SL is a versatile technique for the highly controlled preparation
of well-defined interfaces for studies in catalysis and energy
storage. It has been demonstrated that the charge state of the
ion may be controlled by varying the coverage of the soft-
landed species and carefully tailoring the properties of the
surface. Although charge reduction by soft-landed cations is
quite efficient, relatively high barriers for electron detachment
from anions are responsible for more efficient charge retention
by negatively charged species. This is particularly important
because the redox activity of soft-landed ions and their binding
to surfaces may be affected by their charge state. SL of redox-
active POM anions onto CNT electrodes has been shown to
produce highly dispersed uniform monolayers of pure
pseudocapacitive material, resulting in a substantial increase
in both the capacitance and stability of the resulting EEL
Furthermore, SL of alloy and hybrid organic—inorganic clusters
and NPs has been demonstrated as a means of preparing
surfaces containing electrochemically active non-noble species
for studying the effect of composition, size, and coverage on the
efficiency of catalytic materials.

Much has been learned about the reactivity of individual
sparsely deposited complex ions on well-defined surfaces. In
addition, first experiments utilizing technologically relevant
substrates and ionic cluster assemblies have been reported.
These studies have already demonstrated the unique power of
SL for the preparation of electrodes containing pure redox
active ionic species and for understanding the effect of
assemblies on the overall electrocatalytic activity of supported
nanomaterials. For example, it has been shown that as
interparticle distance decreases, increasing diffusional overlap

occurs between adjacent species in solution in terms of reactant
and intermediate transport.215 Furthermore, assemblies of
supported clusters may structure the surrounding solvent,
resulting in the formation of highly efficient catalytic hot spots
at critical edge-to-edge distances.®” Future studies will focus on
understanding how ion—support and ion—ion or ion—molecule
interactions evolve with increasing coverage from the limit of
isolated ionic and neutral soft-landed species toward high-
coverage assemblies and what effect this has on the macro-
scopic properties of the resulting material. The support may
facilitate or impede agglomeration of deposited species that
affects the surface-to-volume ratio of the active material. In
addition, charge transfer between supports and complex ions
may enhance their catalytic activity and stability.”' The
collective properties of soft-landed assemblies produced at
high coverage, therefore, are affected by interactions within the
ensemble of complex molecules along with interactions with
support and solvent molecules. Understanding these mesoscale
emergent groperties will be a fruitful area of inquiry for SL in
the future.”"’
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