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Mass spectrometry (MS), a century-old analytical technique, is now emerging as a preparative method.
Electrospray deposition (ESD) of charged droplets generated by electrospray ionization (ESI) is an effi-
cient means of forming nanomaterials, including catalysts. Much higher chemical specificity in the
modification of surfaces can be achieved using mass-analyzed ions and performing ion soft landing (SL)
although the low ion currents make this vacuum-based method slow. MS-based synthesis by either ESD

or SL has considerable advantages over traditional approaches, providing control over the chemical
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identity, morphology, thickness, and surface patterning of materials while avoiding additives, ligands,
and reducing agents. These MS-based methodologies are expected to provide considerable opportunities
to optimize catalysts, prepare electronic devices or generate pure biopolymers.

© 2023 Elsevier B.V. All rights reserved.

1. Introduction

Mass spectrometry (MS) is a highly sensitive and specific
analytical technique involving the formation, identification, and
detection of ions. MS starts with the ionization of samples and
proceeds via ion characterization using analyzers sensitive to mass-
to-charge (m/z) ratios and then ion detection using sensitive par-
ticle detectors [1—3]. The discipline has repeatedly undergone
revolutionary changes. One such was the development of the soft
ionization methods, notably electrospray ionization (ESI) [4,5] and
matrix-assisted laser desorption ionization (MALDI) [6], which
enable the ionization of complex, nonvolatile, organic, or biological
molecules. This capability led to the application of MS analysis in
the emerging field of molecular nanoscience, e.g., determining the
molecular formulas of noble metal clusters [7,8]. However, MS is
much more than an analytical technique; given its basis in the
manipulation of materials in ionic form, and is intrinsically a pre-
parative method [9—21]. Preparative MS includes organic synthesis
with the collection of macroscopic amounts of products, e.g., of ion/
molecule reactions occurring in the gas-phase or in microdroplets,
a topic that is not detailed here. This review instead focuses on
materials preparation and surface modification, particularly on two
types of experiments (i) those in which charged sprays of droplets
are deposited on a surface in the ambient environment (ESD) and
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(ii) those in which isolated, mass-selected ions are deposited and/or
reacted under vacuum (SL). In both types of experiments, materials
are produced that are unavailable using conventional techniques.

An overview of the development and application of MS for the
preparation of different kinds of materials is provided. The pre-
sentation starts with SL for materials synthesis using mass-selected
ions under a vacuum. In the next section, ESD is presented, largely
in connection with the synthesis of nanomaterials. The unique
features of both experiment types include their freedom from
counterions and additives, use of magnetron sputtering for syn-
thesizing nanomaterials, and their surface patterning capabilities.
In later sections, we discuss collector surface-driven nucleation
mechanisms and the formation of monodispersed vs. poly-
dispersed nanoparticles (NPs) by ESD. The penultimate section
deals with different applications (catalytic, electrochemical,
sensing) of the synthesized materials. In the final section per-
spectives for the future development of MS as a materials synthetic
method are provided.

2. Soft landing

Ton soft landing is a process in which low-energy polyatomic ions
(lab energies on the order of 10 eV) are deposited onto surfaces where
they remain intact, viz. they do not lose their molecular connectivity
upon landing [11,12,22—27]. At higher collision energies, dissociation
(surface-induced dissociation) dominates while at lower energy ions
are simply scattered from the surface [22]. Reactive collisions can
occur with particular ion/surface combinations, with new bonds
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being formed to the surface or in the deposited ion. In the first
demonstration of the SL phenomena, small sulfur-containing ions
were landed on metal surfaces [10], and subsequent work is reviewed
inseveral articles [9,11,12,22—25,28—30]. The most distinctive feature
of SL is the purity of the resulting materials, achieved because of the
absence of counterions. The chemical nature of the ion, landing sur-
face, and the collision energy altogether control the nature of any
chemical bonding to the surface. Important phenomena associated
with SL such as charge loss and ion desorption also influence the
nature of the landed materials. lon-neutralization is dominant for SL
at a conductive surface [24], whereas retention of charge tends to
occur at semi-conductive surfaces [26,31—33]. In the special case of
matrices like self-assembled monolayers (SAMs) [26], charge can be
preserved for hours or even days. Charge retention efficiency of soft-
landed organic cations has been reported to decrease in the order of
increasing hydrophilicity, fluorinated > alkyl > carboxylate-SAM
surfaces. Retention of charge is more likely in multiply charged ions
which give up their excess charges more readily than their last charge,
as expected considering the relative recombination energies
involved. Soft-landed cations can be neutralized via exothermic
electron transfer across the interfaces or by loss of protons. Electron
transfer from the anion to the surface is less thermodynamically
favorable [34—36].

In a study on the details of charge transfer involving ions of
different charge states (double, single, and neutral), Gramicidin S
cations were soft-landed onto FSAM surfaces and their fate was
analyzed by in situ Fourier transform ion cyclotron resonance mass
spectrometry [34]. SL of the different charge states showed
different time profiles, in which the abundance decreased for
doubly charged and neutral species while it increased for the singly
charged species. This result indicates a continuous deprotonation
from the doubly charged species to form the singly charged ion,
which is in agreement with the loss of protons being the major
decay channels for polyatomic cations ions soft-landed on FSAM
surfaces [24,34]. The rate constants for these processes suggest that
proton loss is much faster than the desorption of ions from the
surface [34]. In another study, [37] involving the SL of both
[Ni'(salen)+H]* and VVO(salen)* complexes, [salen = N,N-ethyl-
enebis-(salicylideneaminato) ligand] onto an FSAM surface,
reduction of charge by proton loss from [Ni'(salen)+H]" initiated
an in situ redox reaction to form V'O(salen)*, a key intermediate in
the four-electron reduction of O [37] and indicative of the fasci-
nating chemistry accessible by ion SL.

2.1. Soft landing in materials synthesis

SL has gained significant attention and found applications in the
preparation of thin films [38,39]. Deposition of ionic clusters
[40,41] of precise size and composition onto surfaces with well-
defined coverage [21,42,43] allows tuning of catalytic properties
by altering the size, composition, and surface coverage of the
deposited clusters. SL provides the capability to deposit metal
clusters with the desired numbers of atoms by employing mass-
selection, and this controls their physical and chemical proper-
ties, specifically their catalytic properties [44,45]. In one such study,
Heiz and co-workers [46] soft-landed mass-selected Ni cluster ions
onto a MgO film. The soft-landed material was treated with CO, a
model reaction in surface science, followed by examination of the
reacting Ni clusters by infra-red (IR) and thermal desorption [46].
The experimental results suggested that the reactivity towards CO
dissociation is Ni3g > Niyg > Niy;. Furthermore, the SL of the cor-
responding Pty5 cluster resulted in the catalytic oxidation of CO to
CO; by activating adsorbed O; [47]. The high reactivity of the Ptys
cluster is mainly attributed to the optimum position of its electronic
d-band which enables efficient back-donation of electrons and

Trends in Analytical Chemistry 161 (2023) 117010

activation of adsorbed 0. In another study [48], the catalytic ac-
tivity of soft-landed small Au clusters (Auy, X < 20) for the same
oxidation was examined. The Aug cluster was found to be the
smallest cluster that promotes oxidation [48]. Other than CO
oxidation, many other reactions are promoted by soft-landed ma-
terials such as the reaction of CO with NO using Pd;s clusters [49],
the oxidation of cyclohexane to CO and CO, using mass-selected Pd
clusters [50], the epoxidation of propylene to propylene oxide by
mass-selected Ag clusters [51], the epoxidation of propene by Au
clusters [52], the polymerization of acetylene by Pd clusters [53],
the oxidative dehydrogenation of cyclohexene by Co clusters [54],
the decomposition of hydrazine by Ir clusters [55], and photo-
catalytic generation of Hy gas by mass-selected Pt clusters on CdS
nanorods [56].

SL has also been shown to be effective in creating useful
electrode-electrolyte interfaces (EEIs) by depositing mass-selected
electroactive ions onto electrodes [27,57,58]. EEIs are important for
energy conversion and storage technologies [59]. SL of multielectron
redox-active polyoxometalate (POM) anions ([PMo12040]>") were
utilized to study the effect of counterions on the performance of
redox supercapacitors [57]. SL proved effective in eliminating the
strongly coordinating counterions from POMs, and this resulted in a
substantial decrease in the interfacial charge-transfer resistance and
therefore enhanced performance of the POM-based redox super-
capacitor [57]. SLand ESD showed contrasting outcomes in regard to
the structures of the produced materials and contrasting perfor-
mance as redox supercapacitors because SL allows mass-selective
ion deposition, whereas ESD does not (Fig. 1a-b). Scanning trans-
mission electron microscopy (STEM) images show uniformly
distributed POM anions upon SL (Fig. 1c), whereas a substantial
cation-POM aggregates on electrodes were observed in the case of
ESD (Fig. 1d) [57]. This study shows that SL can be used to compare
the redox properties of intact ions and their fragments, that enables
rational design of EEIs. A similar study SL of mass-selected Ti
nanoclusters (NCs) [58] showed a remarkable increase in the pho-
toelectrochemical activity of metal oxide electrodes. SL also enabled
controlled stoichiometry and of the distribution of electroactive
species at EEIs [60].

2.2. Soft landing to create biomaterials

SL also has been instrumental in the synthesis of biomaterials.
One example is the use of SL in the formation of protein microarrays
on a surface [61]. In the earliest such study, protein microarrays
were prepared by depositing selected charge states of cytochrome
¢, lysozyme, insulin, and apomyoglobin on an Au surface. Fig. 2a
shows a photograph of the landed array of four different proteins in
spots of 1 mm radius [61]. Fig. 2b shows an ESI mass spectrum of
apomyoglobin after rinsing from the surface: the lack of any frag-
mentation indicates the intact deposition of the protein by SL on
the surface while the wide distribution of charge states indicates
collisional unfolding of the native conformation. It is interesting,
however, that the biological activity of these simple hardy proteins
is retained after SL, presumably because their refolding is facile
[62,63].

In recent years, SL has begun to be applied to purify proteins and
protein complexes for cryo-EM studies of their structures [64—68].
Cryo-EM is a stain-free imaging method that has the advantage of
keeping the proteins hydrated at all times, so avoiding artifacts and
aggregation [69]. Integration of cryo-EM with MS-based separation
by ion SL creates a direct link between structural and chemical
information obtained from cryo-EM imaging and MS [67]. In a
different type of application, SL has been utilized for the chiral
enrichment of mass-selected protonated serine octamers [70],
enrichment being confirmed by redissolution of the landed
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Fig. 1. Schematic representation of electrode-electrolyte interfaces (EEIs) of redox-supercapacitors fabricated by (a) SL and (b) ESD of [PMo12040]>" onto CNT electrodes. High-
resolution STEM images of the POMs formed on the electrode by (c) SL and (d) ESD. Reprinted from Ref. [57] with permission from Nature Publishing Group.
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Fig. 2. (a) Photograph of soft-landed microarray of four proteins onto Au substrate, where each spot is having a radius of 1 mm. (b) ESI mass spectrum generated by rinsing the soft-
landed apomyoglobin spot. Reprinted from Ref. [61] with permission from American Association for the Advancement of Science.

material and comparison of the pre- and post-landing pattern of
MS intensities using optical isomer selective isotopic labeling [70].
In another study [71], 2D chiral amplification was achieved by SL of
trioctyl-functionalized triazatriangulenium ions on Au(111) and
Ag(111) surfaces in ultrahigh vacuum (UHV). The three octyl chains
attached to the molecular core are bent due to steric and surface
interactions and therefore the molecule is adsorbed on the surface
in the gauche form. Only one of the eight possible configurations of
the octyl groups was observed in STM images. SL led to chiral
amplification in the hexagonal islands of the deposited molecular
networks [71].

MS allows the precise control of the ion beam in terms of
chemical entity, charge state, and kinetic energy and it therefore
allows controlled preparation of protein or peptide films. Fig. 3a
shows a schematic representation of both ESD and SL of AcAi5K
peptide ions on SAM surfaces [72]. Infrared reflection-absorption
spectra (IRRAS) were recorded from the surface upon ESD and SL
and they suggested the formation of a B-sheet-dominated peptide
layer by ESD and an a-helical peptide layer by SL (Fig. 3b) [72].
Molecular dynamics (MD) simulations showed a stable a-helical
conformation of AcA;sK peptide in the gas phase. This conforma-
tion was stabilized by the interaction between the protonated C-
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Fig. 3. (a) Schematic representation of electrospray deposition (ESD) and soft landing (SL) of peptide ions onto self-assembled monolayer (SAM) surface. (b) Infrared reflection-

absorption spectra (IRRAS) of AcA;sK peptide layer onto SAM surface created by (top) ESD and (bottom) SL, respectively. The features at 1632 and 1697 cm™
istic features of p-sheets, and observed in the case of ESD, whereas the sharp feature at 1670 cm™

Ref. [72] and Ref. [23] with permission from Wiley and Annual Review.

terminal lysine residue and the dipole of the helix [73—76]. SL
resulted in this o-helical conformation being retained in the
ambient environment for at least 20 days [72]. The formation of the
B-sheet in the case of ESD is not completely understood but it was
suggested that ESD retained the B-sheet dominated structure found
in the solution phase [72]. This study demonstrated that the SL of
mass-selected peptide ions can be used for the preparation of
conformation-specific peptide arrays on SAM surfaces [72].
Electrospray ion beam deposition (in this review, we use the
original term SL) of biological molecules, specifically proteins, al-
lows control over their conformation [10,19,26,77,78], and so dic-
tates the physical and chemical properties of the deposited
proteins. The 3D structural characterization of proteins with spatial
resolution at the atomic level is achievable by the combination of SL
with surface-sensitive scanning tunneling microscopy (STM),
which characterizes the individual landed proteins [9]. While MS
allows the identification of proteins in terms of peptide sequences,
STM characterizes the protein conformational structure in space
and both methods (indirectly or directly) achieve atomic precision.
To demonstrate the power of this combined approach, ion beams of
the protein CytC were deposited on a flat metal surface followed by
STM imaging. The entire workflow is shown in Fig. 4a [79]. The
conformational states of CytC (folded or unfolded) are directly
related to the charge state of the landed protein ions. Many protein
studies suggest that the higher charge state ions (z > +10) corre-
spond to the unfolded structures, while lower charge state ions
(z < +8) arise from folded and partially unfolded proteins [80].
Therefore, the selection of the m/z range of the desired high- or
low-charge states directly reflects the conformational structure in
the STM micrographs. Fig. 4b shows the STM images of the selected
charge states of CytC ion beams soft-landed onto the Cu(100) sur-
face UHV [80]. Fig. 4b shows lower charge states from z = +3 to +38,
correspond to mostly globular-like folded or native CytC proteins
[81—83]. As the charge state was gradually decreased, the protein
conformations were also found to be different ranging from
extended, almost straight strands (z = 17-19), to more curved
strands (z = 14, 15, and z = 12, 13), to compact two-dimensional
patch (z = 12,13 and z = 8, 9). The STM images of the unfolded
and folded proteins are distinct, folded proteins appear as globular,

1 are the character-
1is characteristic of a-helical conformations as generated by ion SL. Adapted from

whereas unfolded proteins appear as extended strands. In this case,
the interaction between the protein chains and Cu(100) surface was
quite strong which always led to 2D structures, and the 3D struc-
ture only formed due to deposition of the native conformation of
the protein [80].

3. Electrospray deposition in synthesis of nanomaterials

ESD was first introduced as a fabrication tool to prepare thin
radioactive materials used in nuclear research [84—88]. Subse-
quently, it was utilized in various areas such as for the modification
of silicon surfaces [89], semi-conductive ceramics [90], polymer
coatings [91], DNA and protein films preparation [92], biologically
active protein deposition [93—95], and nanomaterials synthesis
[96]. This method has provided sufficient versatility to prepare a
variety of structures without use of hazardous oxidants or re-
ductants. There are several studies that deal with the fundamental
aspects of electrospray in the context of materials synthesis
[97—99]. While ESD is not strictly an MS method, ESI is the most
common MS ionization method and MS is often used to charac-
terize the materials that result from ESD.

ESD under ambient conditions has emerged recently as a new
method for a range of nanomaterials. The experiment does not have
the advantage of deposition of mass-selected species nor is it sol-
vent free, but the chemical nature of the solvated ions contained in
ESD-charged droplets is usually known. The solvated ions are
reduced to form nanostructures when the droplets making up a
dispersed plume collide with an electrically grounded surface.
Depending on the nature of ions in microdroplets and collecting
surfaces, ESD can result in several forms of materials. Examples
include the synthesis of NPs [100,101], nanobrushes [102], nano-
wires [103,104], nanoclusters [105,106], nanoplatelets or nano-
pyramids [107], nanosheets [108,109], monodispersed NPs [110],
nanosized onion-like carbon (OLC) [111], etc. The choices of col-
lecting surfaces include flat metal surfaces [107], ITO plates
[110,111], water [109], MoS; nanosheets [108], Te nanowire [112],
TEM grids [102], etc.

Electrochemical corrosion-based ion generation from coinage
metals (Ag, Au, and Cu) and its deposition to synthesize NPs was
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Fig. 4. (a) Schematic representation of SL of CytC protein. After the ionization of protein by ESI, the protein ions are collimated, mass-selected, and focused by the ion optics
assembly. The ion beam is deposited onto different flat metal surfaces in ultrahigh vacuum (UHV). TOF-MS and STM are used to analyze the chemical composition and topography of
the landed proteins, respectively. Reprinted from Ref. [79] with permission from American Chemical Society. (b) STM images of filtered CytC ions of different charge states deposited
onto the Cu(100) surface in UHV. Reprinted from Ref. [80] with permission from American Chemical Society.

first introduced in 2014 [100]. Fig. 5a shows the presence of Ag-
containing ions in the mass spectrum when anhydrous acetoni-
trile was electrosprayed from the Ag electrode-based nano-
electrospray emitter. Electrocorrosion of Ag occurred with
anhydrous acetonitrile but not when spraying MeOH/H,O solvent.
Direct deposition of these charged droplets on a grounded surface
like a TEM grid led to neutralization and aggregation to form metal
NPs. Fig. 5b and ¢ show TEM images of the Au NPs electro-deposited
onto TEM grids at different scales. The Au NPs synthesized by this
method were utilized as a catalyst for the NaBHg-assisted reduction

of p-nitrophenol [100]. Fig. 5d shows the UV—vis spectra for the
reduction of p-nitrophenol by directly electrospraying Au ions onto
the surface of the grounded reaction mixture. This electrodeposi-
tion method was also used for the synthesis of Cu NPs, which act as
catalysts for the polymerization of styrene [100]. In another study
[102], an aqueous solution of AgOAc was electrosprayed onto a TEM
grid, which led to the brush-like growth of nanowires, as shown in
Fig. 5e—h. The corresponding ESI mass spectrum shows the pres-
ence of Ag and hydrated Ag ions. Lee et al. [103] demonstrated that
Au NPs and their self-assembly led to the spontaneous formation of
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Fig. 5. (a) Nano-ESI mass spectrum generated by electrospraying acetonitrile (ACN) from a nanoelectrospray emitter holding an Ag wire electrode. Au nanoparticles (NPs) syn-
thesized by electrocorrosion of Au wire electrode and their (b) TEM and (c) high-resolution TEM image. (d) UV—vis spectra for the reduction of p-nitrophenol with online added
charged droplets containing Au* ions, which formed AuNPs and subsequently catalyzed the reduction. Reprinted from Ref. [100] with permission from Wiley. (e) Photograph of
electrospray of aqueous solution of AgOAc. (f) Mass spectrum generated from the electrospray of AgOAc solution. (g) TEM and (h) high-resolution TEM image of Ag nanobrush.

Reprinted from Ref. [102] with permission from Wiley.

Au nanowires by fusing microdroplets on a microsecond time scale
at ambient conditions. The rate of formation for these nano-
structures was several orders of magnitude greater than in bulk
solution. The air-water interface of microdroplets provides locali-
zation or self-alignment of reactants at the surface as well as a
strong electric field, which enables the accelerated synthesis of
nanostructures [103,113—115].

3.1. Ligand-free electrospray deposition (ESD)

Conventional methods of nanomaterials synthesis often require
a stabilizing ligand, which needs to be removed before utilization of
the product in studies like electrocatalysis [116,117]. However, ESD
can be used to synthesize nanomaterials without stabilizing ligands
[116,118—120]. Two different types of electrodeposition methods
can be used to synthesize ligand-free nanomaterials, (a) the
electrospray-based deposition of solvated metals ions
[100,102,109,121,122], and (b) electrochemical deposition of
droplet-mediated metal ions at an ultramicroelectrode surface
[116,118—120]. The latter method provides more control over the
size, morphology, roughness, and coverage of metal nanomaterials
[118]. Briefly, this method utilizes water droplets containing the
metal as its precursor salt in the ionic form, suspended in dichlo-
roethane (DCE). Sonication is applied to create droplets of ~500 nm
radius which then collide with the electrode forming the metal NPs
[116,118—120].

3.2. Synthesis of nanoclusters (NCs)

He et al. [97] has suggested that ESD-generated materials can be
classified based on their shapes such as spherical, non-spherical,
and assembled structures. ESD has been used to form spherical
(NPs) as well as non-spherical structures, such as NCs [105,106],
nanoplatelets or nanopyramids [107], and nanosheets, [108,109].
Atomically precise metal NCs have emerged as very important
materials in terms of energy storage, catalysis, photoluminescence,
sensing, and some biological applications [7,123—126]. NCs are

structurally different from NPs and they behave more like mole-
cules [7]. A classic example is fullerene, Cgp, the widely known
stable carbon cluster that was first discovered using mass spec-
trometry [127] by focusing a pulsed high-powered laser and
vaporing solid graphite. The resulting vapors were cooled in a high-
density helium stream, which led to the formation of carbon clus-
ters, that were detected and characterized by time-of-flight (TOF)
MS. Fig. 6 shows the TOF mass spectra of carbon clusters at different
flow densities of helium gas, where the major constituents are Cgg
and Cyg cluster [127]. In Fig. 6¢, a gaussian distribution of large and
even-numbered clusters with 38—120 carbon atoms was observed
in the presence of a low-density helium stream. As the pressure
was increased to ~760 torr, the intensity of the Cgo peak increased
(Fig. 6b), and adding an integration cup for the delayed expansion
of the vapor led to prominent features corresponding to Cgg and C7g
clusters in the mass spectrum (Fig. 6a) [127]. Recently, ESD was
utilized to synthesize protein-protected Au (Au@BSA, Au@Lyz;
BSA = bovine serum albumin and Lyz = lysozyme protein) and Ag
NCs (Ag@BSA) as shown in Fig. 6d [105]. The TEM image of Au@BSA
reveals the average diameter of the NCs is 1.5 nm (Fig. Ge).
Furthermore, MALDI MS was utilized to confirm the Au@BSA
cluster and the difference in mass between BSA and Au@BSA cluster
peak indicates that the cluster comprises 30 Au atoms (Fig. 6f). The
rate of formation of this “molecular material” utilizing
microdroplet-based synthesis was greatly enhanced as compared
to the traditional synthetic approach [123,124,126]. Further, it was
demonstrated that these NCs with biological ligands such as pro-
teins (BSA, lysozyme) retain their biocompatibility and that their
luminescence can be utilized for in vitro imaging, e.g., of retino-
blastoma cells [105]. This unique and simple method of nano-
material fabrication also resulted in the formation of different
phases of Cu sulfide nanostructures [107]. These findings indicate
that the synthesis of nanomaterials by ESD is very efficient and that
it does not require multiple steps, long reaction times, high tem-
peratures, or the use of additives as required in conventional syn-
thetic approaches.
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Fig. 6. Mass spectra of carbon clusters generated by laser vaporization of graphite and subsequent cooling in a helium stream of (a) 760 torr in the integration cup, (b) 760 torr, and
(c) 10 torr. Reprinted from Ref. [127] with permission from American Association for the Advancement of Science. (d) Schematic representation of ESD setup for the synthesis of
Au@BSA nanocluster, where BSA = bovine serum albumin protein used as protecting ligand. (e) TEM image, (f) UV—vis spectrum (left) and photoluminescence (PL) spectrum (right),
(g) MALDI MS spectra of Au@BSA cluster synthesized by ESD. Reprinted from Ref. [105] with permission from American Chemical Society.

3.3. Surface patterning

The micropatterning of surfaces is important in the fields of
optics, biotechnology, and electronics. Different techniques such as
photolithography, soft lithography, and ink jetting have been
widely used for microfabrication, however, they have limitations in
terms of accessing surfaces with an inherent variety of chemical
and physical properties, as well as high cost and inconvenient and
complex procedures [128,129]. Deposition of ion beams onto sur-
faces by both ESD and SL is emerging as an effective method for
patterning on surfaces [61,112,121,130—132]. In addition, MS en-
ables surface modification with specific analytes by mass-selection
or selective reactivity e.g. transhalogenation at the surface
[133,134] and it also provides control over the incident ion energy
range. It is simple to control the shape and size of the landed spots
by changing the beam direction and the shape of the aperture
through which the ion beam passes [132]. The size of the patterned
spots also depends on the voltage supplied to the collection elec-
trode [132]. Representative studies include trialkyl silyl cation
(SiR¥) patterning on OH-terminated SAM surfaces [130,131], SL of
mass-selected protein ions to create mme-size microarrays [61], ESD
of Ag ions using electrically floated masks to focus the ion beams to
create a patterned surface with Ag NPs spots with 20 pm diameter
[121]. These NPs spots showed surface-enhanced Raman spec-
troscopy (SERS) activity [121]. In another study [135], a low-energy
platinum nanocluster beam produced by laser vaporization was
deposited onto HOPG surfaces, which led to the self-organization of
NCs into dense arrays.

3.4. Magnetron sputtering in synthesis of nanoclusters (NCs)

Apart from SL and ESD which are the most widely used mate-
rials synthetic methods involving ions, magnetron sputtering has
emerged as an alternative technique to produce charged clusters
for the synthesis of solid materials of different size and

composition, including those that could not be generated by solu-
tion phase synthesis [136]. This method has advantages as a
nonthermal method capable of producing continuous beams of
large fluxes of mass-selected ions. High-power impulse magnetron
sputtering (HiPIMS) coupled with a gas flow cell reactor was uti-
lized to synthesize Ag; NCs (n = 1-73) [137]. Time-resolved mass
spectrometry was utilized to understand the growth mechanism of
these NCs by gradually increasing ion flux using higher peak
powers and repetition rates of the HiPIMS [137]. Various NCs were
effectively generated by magnetron sputtering. They included
clusters of different sizes and compositions such as TaSi, [138],
small-sized metal clusters encapsulated in silicon cages, M@Siqg
(M = Ti, V, Nb, and Ta) [139—143], charge transfer complexes,
(Ta@Siqg)"Cqo [144], Agy, or Au, NCs [145—147], ligand-free Pt NCs
supported on Marimo carbon powder [148], mass-selected nega-
tively charged Mo1gos25 and (MoOs)s74+15 clusters [149], ligand-
free Mo, clusters of different core sizes [150], (TiN)y41 clusters
[151], PtZr,07 clusters supported on HOPG for catalytic dehydro-
genation of 1-propanamine [152], size-selected (ZrO); for
decomposition of dimethyl methylphosphonate, a chemical war-
fare agent [153] (WO3), and (M0oOs), (n = 1, 2, 3, 5, 30) for catalytic
dehydration of 2-propanol [154], (WO3)3>~ clusters [155], the
(PbS)s3 cluster [156], and Moy, Wy, and Fe;; cluster anions [157].

Further, magnetron sputtering was utilized to synthesize model
catalysts such as elemental Pd, and binary PdSn and PdTi clusters
for the selective hydrogenation of 1-pentyne and 3-hexyn-1-ol
[158]. This method offers several advantages such as the fact that
the clusters need not have ligands, mass-selected ions provides
precise size determination and control, and clusters of various
combinations of metals can be readily produced [158]. Using a
customized multi-target magnetron sputtering/gas aggregation
source, Laskin and co-workers synthesized bare PtRu NPs, which
catalyzes electrochemical reduction of oxygen [159], size-selected
PtTi alloy NPs [160], and bare Pt3g NCs for oxygen reduction reac-
tion [60].
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4. Physical phenomena
4.1. Selection of collector surface

The type of collector surface during ESD also dictates the
nucleation mechanism and morphology of the deposited materials.
ESD of metal ions deposited on a flat surface tends to lead to the
formation of NPs [100,121], whereas changing the surface to an
uncoated TEM grid results in 3D growth of nanobrush morphology
[102]. TEM images revealed that the morphology of Ag nanowires
formed this way is made up of “pearl necklace” like rows of indi-
vidual Ag NPs, as shown in Fig. 5h. The enhanced electric field at the
nanowire tip causes the growth of 1D nanowires [102]. Further, ESD
of Pd ions onto the surface of water resulted in NPs that further self-
organize to form Pd nanosheets induced by electrohydrodynamic
flow, under the influence of the electric field induced by the applied
potential [109]. Further, experimental results suggest that nano-
sheet formation by ESD is independent of the type of metal and
liquid surface chosen, therefore a strong underlying physical phe-
nomenon must be at play. The authors [109] suggested that ESD
creates a strongly charged electrical double layer at the liquid-air
interface [161]. The tangential electric field at the interface cre-
ates a steady flow, which guides NPs to assemble into nanosheet
structures. The type of collector surface also influences the
dimensionality of the resulting nanostructures such as 1D Ag
nanowires [102], 2D Pd nanosheets [109], and 3D CuxS nano-
pyramids [107] were formed by ESD onto TEM grid, water surface,
and flat solid Cu surface, respectively.

4.2. Monodispersed materials

ESD has also emerged as a medium for the fast and facile
transformation of polydispersed NPs to their monodispersed ana-
logs. Usually, these processes require post-synthetic treatments,
digestive ripening, and refluxing, and they are quite slow
[162—165]. In a recent study [110], ESD was used to convert thiol-
protected polydispersed Ag NPs of 15 + 10 nm diameter to mono-
dispersed Ag NPs of 4.0 + 0.5 nm diameter (Fig. 7). This phenom-
enon is extremely fast (in the order of seconds) and it occurred
without added chemicals, templates, or high temperatures. The
authors have suggested that microdroplet experiences annealing
during electrospray which is analogous to the digestive ripening
but on a microscale and this changes the dispersity of the NPs [110].
In another study, when polydispersed solutions of diphosphine-
capped Au clusters were electrosprayed and deposited onto
carbon-coated Cu grids, they resulted in monodispersed Auj;
clusters as confirmed by TEM analysis [ 166]. However, in a contrary
study, ESD is shown to transform nanodiamonds (11 + 1 nm in size)
into onion-like carbons (50 + 13 nm in size) [111]. A high voltage
was essential for this last transformation [111].

5. Applications

Materials fabricated by ion deposition have been utilized for
many applications such as catalyzing organic reactions
[100,101,109], catalytic polymerization [100,102], surface-enhanced
Raman spectroscopy (SERS) [121], electrochemical reduction of
oxygen [159,167], electrochemical water splitting [168], in vitro
imaging within a biological system [105], disinfection of water
[108], and atmospheric water capture [104].

5.1. Catalytic applications

The utilization of Ag nanocatalysts for the reduction of p-
nitrophenol has already been discussed (Fig. 5d). Related examples
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include fabrication by ESI of an AgPd nanobrush that showed cat-
alytic activity for the polymerization of diphenylamine (DPA) with a
conversion efficiency of 58% [102], whereas in another study [100],
Cu NPs created by ESD acted as a catalyst for radical polymerization
of styrene. Moreover, Pd nanosheets generated by ESD were uti-
lized as a catalyst for the Suzuki-Miyaura coupling reaction be-
tween aromatic boronic acid and an organohalide [109]. The
catalytic efficiency of this nanosheet was found to be ~23 times
higher than a common commercially available catalyst, tetrakis(-
triphenylphosphine) palladium(0) [109]. In a recent click chemistry
study [101], it was demonstrated that ESD of Cu ions onto the
surface of an acetonitrile solution of an azide-alkyne cycloaddition
(AAC) click reaction mixture led to the formation of a film of het-
erogeneous catalyst comprised of small-sized Cu NCs. This NC-
catalyzed the AAC click reaction between a terminal alkyne and
organic azide to synthesize, regioselectively, 1,2,3-triazoles.
Experimental results suggest that diffusional mixing leads to
physical contact between the catalyst and the reactants plays an
important role in the reaction kinetics [101].

5.2. Electrochemical applications

SL of mass-selected ions was utilized to create bimetallic PtRu
NPs of 4.5 nm diameter on glassy carbon electrodes [159]. This
nanomaterial was uniform in size and morphology as observed in
high-angle annular dark field mode scanning transmission electron
microscopy images and used for the electrochemical reduction of
oxygen as evaluated by cyclic voltammetry [159]. Further, reactive
magnetron sputtering resulted in Ta ions which were soft-landed
along with 2-butanol, heptane, and m-xylene, individually and it
led to the fabrication of organic-inorganic hybrid NPs [167]. The Ta-
heptane and Ta-xylene NPs were found to be catalytically active
toward oxygen reduction, whereas the pure Ta and Ta-butanol NPs
were unreactive [167]. Electrosprayed charged droplets were uti-
lized to fabricate NiFeOOH with rich oxygen vacancies at the
interface between charged droplets and Ni foam. This material
demonstrated electrocatalysis in water splitting [168].

5.3. Other applications

Patterned Ag NPs formed by ESD are useful in creating SERS
active surfaces and in tuning their plasmon resonance properties
[121]. These nanostructured patterned spots showed an average
SERS enhancement factor of 10® when created using different lasers
(532, 633, and 785 nm) [121]. ESD-generated Au@BSA cluster
showed enhanced luminescence and this property was utilized for
sensing in a biological system, more precisely for in vitro imaging of
retinoblastoma NCC-RbC-51 cells [105]. ESD was also utilized to
create holey MoS;, nanosheets, where Ag ions were deposited on
MoS; nanosheets suspended in water. The Ag ions reacted with S of
the nanosheets creating Mo-rich holes of 3-5 nm. These Mo-rich
defects in the nanosheet generated active oxygen species (H203),
which caused effective disinfection of water from different bacte-
rial and viral strains [108]. Another application of Ag nanowire
assemblies (nanobrush) formed by ESD was to capture bacteria and
particulate matter [102]. Utilizing this capturing property,
hydrophilic-hydrophobic patterned nanowires were synthesized,
which showed atmospheric water capture (AWC) capability [104].
The concept of AWC by these nanowires was inspired by similar
phenomena observed in cacti and Namibian Desert beetles.

6. Conclusion

We have discussed the recent developments of MS as a mate-
rials synthetic tool. The discussion highlights the fabrication of
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Fig. 7. (a) Schematic of the synthetic steps of polydisperse Ag@PET nanoparticles (NPs) and its conversion to monodisperse analogs by ambient microdroplet annealing. Schematic
of the experimental set-up for ESD of Ag@PET NPs on an ITO (indium tin oxide) plate (b) TEM images of Ag@PET NPs before and after ESD on an ITO plate. Reprinted from Ref. [110]

with permission from The Royal Society of Chemistry.

materials by SL and ESD. The deposition of mass-selected species by
SL results in the controlled synthesis of high-purity inorganic and
biomaterials and examples of their utilizations have been dis-
cussed. On the other hand, ESD is a relatively simple and ambient
technique, which is utilized to synthesize different nanomaterials,
and the associated physical phenomena have been discussed. The
utilization of these materials in many practical applications is
intriguing. It is noteworthy that the simplicity of creating catalysts
by deposition of ions suggests a catalyst-on-demand capability.
Moreover, combining this simple synthetic method with high
throughput reaction screening capabilities such as those provided
by DESI-MS [169,170] creates new methods of examining large
numbers of catalysts and optimizing their performance. This is a
new frontier in catalyst science [171].

The fabrication of the important materials discussed here on a
reasonable scale by SL methods is limited by the low mass-selected
ion currents available by MS. On the other hand, ESD can be per-
formed with multiple spray sources generating high material fluxes
[172]. As a future direction, high-transmission bright ESI ion sour-
ces in multiplexed format should answer this challenge. Acceler-
ated synthesis of materials by electrosprayed microdroplets while
screening their properties in a high-throughput format would be
another direction to move forward. Finally, all these aspects make
the MS-based synthesis of materials important, unique, chal-
lenging, and attractive, and many new studies in this area in the
future will enhance the scope of this subject.
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