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Tin oxide subnanoparticles: a precisely-controlled synthesis,
subnano-detection for their detail characterisation and
applications

Akiyoshi Kuzume, Kimihisa Yamamoto*

Subnanometric metal particles exhibit anomalous chemical activity, suggesting innovative applications as next-generation
materials. However, a precise synthesis and detail characterisation of these subnano-materials remains a major challenge.
Here we summarise recent works on the synthesis of size-controlled tin (Sn) oxide subnanoparticles (SNPs) using the
dendrimer template method, and on their detailed characterisation. Size-controlled Sn oxide SNPs (Sn12, Sn2s and Sneo) have
been synthesised and showed a size-dependent composition change containing not only stable Sn(IV) states but also
metastable Sn(ll) states so as to form subnano-scaled particle shapes. Detailed vibrational characterisation of SNPs was
achieved by establishing subnano-sensitive Raman spectroscopy for spectroscopic characterisation. Combined with density
functional theory studies, the inherent subnano-structures of the Sn oxide SNPs has been elucidated for the first time.
Furthermore, the size-dependent activity of Sn oxide SNPs on the CO oxidation was rationally explained from the simulated
structure of Sn oxide SNPs. A detailed understanding of the chemical and physical nature of subnano-materials facilitates

the rational design of SNPs for practical applications such as catalysis, biosensors, and electronics.

Introduction

Nanomaterials are one of the most widely investigated
substances in innovative research and development studies
within numerous scientific fields with varieties of potential
applications, such as catalysts, electronics, optics, sensors and
biomedical applications. In particular, nanomaterials made of
metals, semiconductors and oxides are of great interest for
electrical, optical, chemical, magnetic and other properties, that
are distinctively different from that of bulk materials. What
makes nanomaterial special here is that their properties
mentioned above vary significantly with their size, while a bulk
material has constant physical properties regardless of its size.
For instance, semiconductor nanoparticles show quantum
confinement effect, and coinage metals in nanoscale induce
surface plasmon resonance. Therefore, there have been many
studies aimed at the production of homogeneous nanocrystals
with fine control of the size and shape so as to tune their
physical, chemical and electrical properties. Recently, there has
been a breakthrough in the fabrication of monodisperse
nanocrystals in the size range around 1 nm in diameter: so-
called subnano-particles (SNPs)-2. SNPs exhibit discrete
characteristics with respect to the number of constituent atoms
(atomicity), such as unexpectedly high catalytic activity in the
electrochemical reduction of oxygen3%, hydrogenation of
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olefin?, and the aerobic oxidation of hydrocarbons19, as well as
a quantum size effect with notable shifts in bandgap energy
with atomicity!!. However, a detailed understanding of the
physical and chemical properties of SNPs is still in its early stage.
In the realm of nanomaterials, one of the most intriguing
materials is tin (Sn) oxide. Since it is inexpensive and abundant,
intensive research has been conducted on a wide range of
applications for Sn oxide nanoparticles such as gas sensor,
(electro)chemical catalysts, and transparent conductors. In
addition, Sn oxide nanoparticles deposited on supports have
gained much attention as the heterogeneous catalysis,
providing fundamental insight into the specific reaction
mechanism. Recent studies have shown that Sn oxide catalysts
have different stoichiometry, Sn(ll) and Sn(lV), depending on
their physical structure such as size, crystallographic planes,
morphology, surface composition, and density of defect sites!?-
15, In general, Sn(1V) is a thermodynamically stable phase, while
Sn(ll) is a metastable one in the bulk crystals¢18, The
emergence of the Sn(ll) components in Sn oxide nanoparticles
is caused by the formation of oxygen vacancies on the surface;
i.e. a crystal structure of SnO; (Sn(1V)) is in the classical rutile
type structure which cannot be maintained its structure in
nanoparticles that have high surface curvature, and thus it is
more energetically favourable to partially include Sn(ll) sites on
the surface of nanoparticles!®-23, Because of the low oxygen-
vacancy-formation energy where their surface is easily reduced
from Sn(IV) to Sn(ll) depending on the oxygen partial pressure
in the atmosphere?4-26, Sn0, is known to be effective catalysts
for CO oxidation reaction. The CO oxidation over the surface of
Sn oxide proceeds based on the Mars-van-Krevelen mechanism,
in which the reduction and the oxidation of Sn atoms occur on
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the surface?’. The common understanding is that partially
reduced Sn(ll) species on the surface are the active sites for CO
oxidation reaction, where Sn(ll) species act as an electron donor
to transfer electrons to oxygen molecules adsorbed on the
surface to generate active oxygen species attacking adjacent CO
molecules in the reaction cycle. However, the correlation
between the surface stoichiometry and the oxidation activity is
obscure.

Herein, we summarise our recent works on the precise
synthesis of Sn oxide SNPs with different size, a fundamental
understanding of their physical characteristics, development of
a spectroscopic technique to reveal chemical information and
detail structural natures of Sn oxide SNPs, as well as on the
elucidation of their catalytic activity and mechanism towards
CO oxidation?%2%, Finally, we provide a comprehensive
understanding of the chemical and structural natures of Sn
oxide SNPs that rationally explain their specific size-dependent
catalytic activity during the CO oxidation reaction.

Synthesis of the Sn oxide SNPs

The precise preparation of SNPs is realised by using nano-
synthesizers, in which a precise number of metal complexes is
first accumulated at the coordinating sites within the dendrimer
molecules. Subsequently, multinuclear-complexed dendrimer
molecules were chemically reduced to form a size-
monodispersed metal particle within the template molecule?.
This approach, a dendrimer template method, is extremely
general and widely applicable to many of the metallic elements
in the periodic table3?. Sn oxide SNPs were prepared by our
original template technique using the fourth-generation
dendritic phenylazomethine3! with a tetraphenylmethane core
(DPA-TPM-G4) as a template molecule (Fig. 1a)32, which is
composed of a m-conjugated rigid skeleton and 60 of
intramolecular imine moieties (inset of Fig. 1a), a typical Schiff
base, that can coordinate with Lewis acidic species to form a
multinuclear complex as a precursor of a SNPL2. In this
technique, potential gradient properties of dendrimer
molecules induce the stepwise accumulation of metal
complexes from the inner generation layers towards the outer
generation layers during the titration of metal salts. This
accumulation process can be monitored by the UV-vis spectral
titration (Fig. 1b). UV-vis absorption spectra of DPA-TPM-G4
upon stepwise addition of SnCl, showed gradual spectral
change due to the one-to-one coordination with the imine
nitrogen atoms, exhibiting four isosbestic point in turn (inset of
Fig. 1b). Each respective generation layer consists of 4, 8, 16 and
32 imine sites, and a gradual multistep complexation process
allows the formation of stable monodispersed complexes
containing 4, 12, 28 and 60 metal atoms, respectively, which
offers precise size control (Fig. 1c). The presence of four
isosbestic points was the evidence that the complexation
proceeds in four steps. Furthermore, the each added amount of
SnCl; until the switching of isosbestic points were in good
agreement with the number of imine nitrogen atoms in each
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Fig. 1 (a) Molecular structure of DPA-TPM-G4. Inset: imine
part at where Lewis acid is attracted. (b) UV-vis spectral
titration, monitoring the accumulation process of SnCl,,
showing four isosbestic points (inset) due to the stepwise
accumulation within the dendrimer molecule. (c) The
preparation process of Sn oxide SNPs via a dendrimer
template method. Reprinted from ref. 29 with permissions.
Copyright AAAS (2019).

generation. Thus, it is suggestive that Sn ions were accumulated
in a stepwise manner from the inner layer to the outer layer of
the dendrimer template molecules!2. After chemical reduction
of precursors by NaBH, solution, the reaction solution including
Sn oxide SNPs was casted either on the silicate film deposited
on the commercial TEM grid for STEM observation or on the
silicate substrate for AFM measurements for further structural
analyses. They were later rinsed gently by water and chloroform
to remove dendrimer and by-products, such as NaCl. For
catalysis studies, Sn-dendrimer complexes were mixed with
mesoporous silica (MPS) before NaBH, reduction, followed by
the calcination at 600°C in air to oxidise Sn and remove
dendrimer?8. The absence of dendrimer and by-products was
confirmed by the disappearance of Cl 2p and N 1s core level
signals in X-ray photoelectron spectra?s.

Characterisation of Sn oxide SNPs

Structural analysis by a high-angle annular dark-field scanning
transmission electron microscopy (HAADF-STEM) found that
the size of Sniz, Shyg and Sngo oxide SNPs were around 0.9, 1.0
and 1.8 nm, respectively (Figs. 2a-c). These results from STEM
observation agreed well with the trend determined by atomic
force microscopic (AFM) study?°. The SNPs have different sizes
depending on the amount of SnCl, added to DPA-TPM-G4.
Energy-dispersive X-ray spectroscopy (EDX) and elemental
mapping also showed homogeneous distribution of Sn oxide
SNPs over the silicate substrate?8.

The oxidation states of the Sn atoms and the composition of the
Sn oxide SNPs were determined by Sn 3ds/; core-level X-ray
photoelectron spectroscopy (XPS) measurements (Figs. 2d-
f)28.29 |n each case, a significant contribution of a shoulder peak
on the lower binding energy edge was apparent, indicating the

This journal is © The Royal Society of Chemistry 20xx
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Fig. 2 STEM images (a-c) and Sn 3ds;; core-level XPS (d-f) of
Sni, (a,d), Snys (b,e) and Sneo (c,f) oxide SNPs. (g) Size
dependent Sn 3d5/2 core-level XPS spectral parameters and
estimated chemical formulae of Sn oxide SNPs. Reprinted
and rearranged data reported in Supplementary materials in
ref. 29 with permissions. Copyright AAAS (2019).

formation of sub-stoichiometric SnOx (1 < x < 2) species
intermediated between SnO and SnO,. The spectra were
deconvoluted into two peaks. The peak at higher binding energy
at 486.4 — 487.6 eV corresponded to the Sn(IV) species33:34,
while that at lower binding energy at 483.5 - 484.6 eV were
attributed to the Sn(ll) species3>36, Stoichiometric compositions
of Sn oxide SNPs could be estimated from the ratio of XPS peak
intensity as Sn12017 (X = 1.42), Sn28042 (X = 150), sn600100 (X =
1.67) on silicate??, and Sn;2019 (x = 1.58), Sn2s049 (x = 1.79),
SneoO112 (x = 1.87) on MPS after calcination (Fig. 2g)28. The
proportion of Sn(ll) in SNPs increased with decreasing the size,
and that on the silicate surface was slightly higher than that
loaded on MPS in which Sn oxide were calcined in air.

For a detailed comprehensive understanding of the chemical
and structural states of Sn oxide SNPs, further spectroscopic
characterisation is essential. However, the spectroscopic
detection of subnano-scale substances is difficult in general
because of a severely weak signal intensity, as well as the
limited sensitivity and accuracy of conventional spectroscopic
techniques. In addition, the surface coverage of SNPs on a
support can be an issue. SNPs are not stable and readily
aggregate if they are not supported or if the surface coverage is
overly high on the support. Therefore, SNPs supported on
carbon, silicate, graphene and other substrates must be at a
concentration as low as 0.4 weight % to guarantee sufficient
distance between adjacent SNPs, so as to avoid surface
agglomeration’. As a consequence, the detection limit of
conventional spectroscopic methods is far below the level
required to detect isolated SNPs, and thus, it is extremely

This journal is © The Royal Society of Chemistry 20xx
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difficult to examine in detail the characteristics of subnano-
substances.

Development of subnano-sensitivity Raman
spectroscopy

Surface-enhanced Raman spectroscopy (SERS) is a powerful
capable of providing fingerprint
information regarding the target substances. The vibrational

analytical technique
signals associated with SERS are greatly enhanced in the
presence of Au or Ag nanoparticles, which work as an optical
amplifier. The sensitivity of SERS strongly depends on the size
and shape of the amplifiers, as well as spatial design of the
hotspots generated at the gaps between neighbouring
nanoparticles. It is at these gaps that specific surface plasmon
resonance phenomena emerges in response to the laser
irradiation, which lead to a pronounced enhancement of the
Raman signals. Therefore, a key aspect of obtaining high-
sensitivity Raman signals is the successful design and fabrication
of the plasmonic amplifiers.

We have introduced Ag-coated Au-core nanoparticles
(Au@AgNPs) with a diameter of 100 nm as the optical
amplifiers, synthesised via a seed-mediated multistep process
(Fig. 3)?°. The design of the Au@AgNPs were optimised by a
theoretical study using a three-dimensional finite difference
time domain (3D-FDTD) simulation (Fig. 3a)37. It can compute
the electromagnetic field distribution and the enhancement
characteristics of the hotspots for various materials and
structural configuration. Au@AgNPs were further coated with
the silica shells to form shell-isolated Au@Ag nanoparticles
(Au@AgSHINs), inhibiting chemical and electrical interactions
between SNPs and amplifiers such that only the intrinsic
characteristics of the SNPs are assessed in the Raman spectrum
(Fig. 3b)38. This configuration also allows using any type of
substrates in terms of shape and materials, providing extensive
applicability of this technique to interfacial analysis in the range

-
| L Au seed

Au@Ag NP Au@Ag SHIN
Q Ag shell

Sio, shell \
AgNO, APTMS ¢\°
Ascorblc acid Na schate
(©)

ags aas
cast % Rinse, s/ e
@ @ Complex @0 H,O @@

)

=)

m
°

0o
©

Enhancement Factor x 107

o
©

60 80 100 120 140
Diameter (nm)

Fig. 3 (a) A simulation of the maximum size-dependent
enhancement at the hotspot between two Au@AgSHINs as
calculated by 3D-FDTD simulations. Schematic diagrams of
(b) the synthesis of Au@AgSHIN and of (c) the sample
preparation for SERS analyses of Sn oxide SNPs. (a) is
reprinted from ref. 29 with permissions. Copyright AAAS
(2019).
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Fig. 4 (a) SERS spectra of Sn oxide SNPs casted on
Au@AgSHINs on Si substrates, compared with a reference
Effects of
atomicity on (b) the peak position and (c) FWHM values. The

spectrum obtained without SnCl, as a blank.

Raman signal from the silicon substrate is indicated by an
asterisk. Reprinted from ref. 29 with permissions. Copyright
AAAS (2019).

from subnano to micro-scale. For Raman measurements of Sn
oxide SNPs, SNPs were loaded on the Au@AgSHINs-coated Si
substrates (Fig. 3c). EDX and elemental mapping analyses
confirmed the presence of homogeneously distributed Sn on
the Au@AgSHIN surfaces?°.

The SERS spectra of Sn oxide SNPs using Au@AgSHINs contained
only a single intense but broad peak, with a maximum between
569 and 583 cm™ (Fig. 4a). These broad peaks cannot be
ascribed to any of the modes predicted by group theory3°47. In
addition, the characteristic three Raman bands from the rutile-
type SnO, were absent3°. The emergence of a broad signal, in
general, is typically indicative of the accumulation of signals
from Sn-O bonds with slightly different binding configurations.
Therefore, spectral observation on Sn oxide SNPs suggested the
complete deformation of the crystalline structure of rutile type
Sn oxide along with the formation of multi-atomic clusters with
distorted atomic configurations. The position of the Raman
peak maxima and the full-width at half-maximum (FWHM)
values of the undefined peaks were directly acquired from the
spectra and were plotted as functions of the constituent
atomicity, respectively (Figs. 4b and 4c). A red-shift and
broadening of the peak width with decreasing SNP size were
apparent, indicating that the size, even at the subnano-scale,
affects the spectral properties sensitively.

Structure simulation and vibrational analyses of
Sn oxide SNPs

4| J. Name., 2012, 00, 1-3
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Fig. 5 (a)-(c) Experimental SERS spectra (solid line) and
simulated spectra (dashed line) along with (d)-(f) the SNP
structures simulated by DFT calculations after the structural
optimisation process for (a,d) Sni,, (b,e) Snys and (c,f) Sneo
SNCs. The Raman signal from the silicon substrate is
indicated by an asterisk. Reprinted and rearranged data
reported in the main text and Supplementary materials in
ref. 29 with permissions. Copyright AAAS (2019).

Further structural deliberation of the Sn oxide SNPs required ab
initio theoretical calculations that simulate the vibrational
features in Raman spectra based on the atomic configuration of
model clusters?’. For this purpose, density functional theory
(DFT) calculations were performed, using model Sn oxide SNPs
with stoichiometric composition estimated from XPS data (Fig.
2g). These models were constructed starting from a rutile-type
crystal structure, which was subsequently geometrically
optimised to obtain a minimum energy configuration.
Vibrational spectra were then simulated based on the
structures obtained for each model SNPs and compared to the
experimental SERS spectra?®. Since Sn oxide SNPs were exposed
to air, water molecules were added to the stoichiometric
formula obtained from XPS, adjusting the simulated vibrational
spectra to the experimental spectra®. As a consequence,
simulated spectra based on vibrational analyses accurately
reproduced the spectral shapes observed in the experiments
(Figs. 5a-c). The broad bands in the SERS spectra were blue-
shifted by 10 to 30 cm™ when Sn oxide SNPs were calcined?°.
The variations in the main peak position upon calcination
therefore provide evidence for the presence of hydroxyl group
in the SNPs?°.

The modification of atomic coordinates, the
introduction of oxygen vacancies and hydroxyl species, is known
to change the local morphology of SNPs, which, in turn, affects
the corresponding vibrational features. Therefore, reproducing
unique experimental Raman spectra by simulated vibrational
analyses can corroborate these morphological parameters,
providing further information regarding the structure-chemical
activity correlation of Sn oxide SNPs towards CO oxidation.

such as

This journal is © The Royal Society of Chemistry 20xx
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Fig. 6 (a) Typical CO-TPR spectra of Sn oxide SNPs for
different size supported on MPS. The bare MPS as a control
sample showed no significant peaks (grey dots), indicating
MPS itself is inert to the CO oxidation in this temperature
range. The amount of desorbed CO, from the Sn oxide SNPs
estimated from the CO-TPR spectra as a function of (b) SNP
size and of (c) the peak intensity ratio of the Sn(ll) to the
Sn(IV) from XPS measurements. Reprinted from ref. 28 with
permissions. Copyright American Chemical Society (2018).

Size-dependent specific activity of Sn oxide SNPs
towards CO oxidation

The CO oxidation reaction is one of the most simple oxidation
reactions of industrial importance and seeks to eliminate CO
from the reformed gas and exhaust-gas-catalysts, reducing CO
poisoning of the catalyst*. To study the CO oxidation rates on
Sn oxide SNPs with different size, we performed temperature-
programmed reaction measurements using CO as a reacting gas
(CO-TPR). The reactivity towards CO oxidation was evaluated by
detecting CO; molecules generated during the reaction
between the CO gas and adsorbed oxygen on the Sn oxide
surface (Fig. 6a). The obtained CO-TPR spectra showed CO;
peaks around 125-140°C for all the Sn oxide SNPs, while there
was no signal for the blank MPS sample, confirming that the Sn
oxide SNPs acted as the catalyst for the CO oxidation. As we
already mentioned, the Sn oxide SNPs contained more electron-
rich Sn(ll) sites compared to bulk materials. The increase of
Sn(ll) sites leads to an increase in the surface charge density and
lowering the reaction temperature?8. High surface charge
density decreases the activation energy of oxygen molecule
dissociation into active atomic oxygen. In Fig. 6a, we found that
the CO; production exponentially increased with decreasing the
size of SNPs. The amount of produced CO; on Sni> SNPs was 6.1
times higher than that on the Sngo SNPs (Fig. 6b). We also
plotted the amount of produced CO, molecules versus the
composition of the Sn oxide SNPs calculated from XPS data,
surprisingly showing a linear correlation (Fig. 6¢). Estimating the
CO oxidation activity of the Sn oxide SNPs by the amount of
produced CO; molecules per weight, these results strongly
suggest that Sn(ll) is the active site of the SNPs.

This journal is © The Royal Society of Chemistry 20xx
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The stoichiometric formulae of the Sn oxide SNPs obtained from
the DFT simulations and Raman spectra were Sni20zsHis,
Snyg048H12 and SngpOi112H24. A closer look at the optimised
chemical structures of the model Sn oxide SNPs (Figs. 5d-f)
revealed unique characteristics resulting from the structural
distortion relative to the bulk crystals. A statistical analysis of all
the Sn-O bond lengths in the simulated SNPs structures
exhibited that the average bond length and the FWHM of the
Sn-O length distribution curve both increased with decreasing
SNP size (Fig. 7), in the same manner as the FWHM values of the
broad peaks in the SERS spectra (Fig. 4c). Deviation from the
bulk structure was more pronounced in the case of smaller
SNPs, indicating that the Sni, SNPs had a highly distorted atomic
configuration with longer Sn-O bonds on average. Here, it is
important to point out that the peak maxima in the SER spectra
were red-shifted with decreases the size of SNPs (Fig. 4b). The
red shift in Raman spectra indicate that the Sn-O bond strength
in the SNPs decreased with decreasing size, which was
consistent with the data showing elongation of the Sn-O bond
with decreasing size (Fig. 7d). During CO oxidation, Sn oxide
worked as oxygen donors, and so, it is likely that a lower Sn-O
bond strength would promote bond cleavage to provide more
oxygen species to enhance the CO oxidation process?8.

In addition, it is interesting to observe that all the Sn-O bonds
longer than 0.22 nm were located at the edge of the SNPs,
which represented the active sites for CO oxidation, and the
content of surface hydroxyl groups was increased from Sngg to
Sniz. Therefore, Sn oxide SNPs with 12 Sn atoms were found to
have higher hydroxyl group coverage ratio and lower bond
strengths. These results, as demonstrated via complementary
approaches with the experimental SERS data and theoretical
simulation, provided direct evidence to indicate the role of
surface hydroxyl groups and with longer Sn-O bond, explaining
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Fig. 7 (a) Histograms of the Sn-O bond length distribution
estimated from the simulated structure of (a) SngoO112H24, (b)
Snzg048H12, and (c) Sni20sH16. (d) Average Sn-O bond
lengths as a function of atomicity. Reprinted and rearranged
data reported in Supplementary materials in ref. 29 with
permissions. Copyright AAAS (2019).
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well the unusual oxidation activity of smaller SNPs during CO
oxidation reaction.

Conclusions

We have synthesised size-controlled Sn oxide SNPs by
employing the dendrimer template method. The synthesised Sn
oxide SNPs unprecedentedly contained both stable Sn(lV) and
metastable Sn(ll) species, where the fraction of the latter
increased with decreasing the size of SNPs. CO-TPR
measurements revealed that the CO, production by the CO
oxidation on Sn oxide SNPs increased with decreasing the size
of SNPs, linearly correlating with the charge composition of the
Sn atoms in the SNPs.

To elucidate the correlation between the chemical composition
and reaction activity, subnano-sensitive Raman spectroscopic
method was established, allowing the direct detection of the
spectral features of subnano-scale materials, even at extremely
low surface loadings, leading to a detailed comprehensive
understanding of the chemical and structural states of Sn oxide
SNPs. The spectra analyses of the unique Raman signals of Sn
oxide SNPs were complemented by theoretical structural and
vibrational analyses to assign the origin of the Raman
characteristics of SNPs. The resulting structural and chemical
information including the chemical formulae and structures of
SNPs further rationally explained the specific size-dependent
reaction activity of SNPs towards CO oxidation reaction.

These studies demonstrated the synthesis of subnano-scale
materials of Sn oxide and their unprecedented size-dependent
reaction activity towards CO oxidation as well as comprehensive
understanding of chemical and structural natures of subnano-
materials. It is important to emphasise the potential importance
of our work on both the development of innovative subnano-
well as of subnano-sensitive
The development of
spectroscopic technique allows the direct detection of the

materials as analytical

methodology. subnano-sensitive
spectral features of subnano-materials for the first time,
inducing a breakthrough of further precise technological
developments at the atomic level in analytical chemistry. In
addition, a detail understanding of physical and chemical nature
design of
subnano-materials on the atomic scale for practical application,
and thus, accelerating material innovation and application
studies at subnano-scale. As a consequence, our studies on Sn
oxide SNPs inspired explorations in the field of subnano-
science, promoting as an interdisciplinary research field.

of subnano-substances facilitates the rational
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