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In situ transmission electron microscopy (TEM) provides exciting
opportunities in order to address fundamental questions and
technological aspects related to functional nanomaterials,
including the structure-property relationships of miniaturized
electronic devices. Herein, we report in situ chemoresistive
sensing in the environmental TEM with a single SnO, nanowire
device, studying the impact of surface functionalization with
heterogeneous nanocatalysts. By detecting toxic carbon monoxide
(CO) gas at ppm-level concentration inside the microscope
column, the sensing properties of a single SnO, nanowire were
characterized before and after decoration with hybrid Fe-Pd
nanocubes. Structural changes of the supported nanoparticles
induced by sensor operation were revealed, enabling the direct
correlation with CO sensing properties. Our novel approach is
applicable for a broad range of functional nanomaterials and
paves the way for future studies on the relationship between
chemoresistive properties and nanoscale morphology.

Despite the continuous increase in demand for miniaturized,
low-cost sensors based on chemoresistive nanostructures, the
complex morphology dependence of sensing activity remains
to a large extent unexplored, in particular for the widely used
semiconducting metal oxide materials. In order to optimize
the performance of these sensor devices, surface
functionalization with catalytic nanoparticles has
extensively investigated for improved selectivityz'3 and low

been

operation temperature;‘l‘6 however, only limited information is
available on the interplay between the atomic-scale structure
of the employed and their impact on
chemoresistive sensing properties. To address these

nanocatalysts

shortcomings, we introduce a novel approach based on in situ
probing of functional devices by environmental
transmission electron microscopy (TEM). Over the years, in situ

sensor
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TEM has become a powerful tool for studying chemical
reactions in gas/liquid environments while applying elevated
temperatures and/or electrical bias.” It has been utilized in
diverse research areas ranging from materials to life sciences,
offering unique capabilities for studies on various dynamic
processes at the atomic scale, such as phase transitions,8
oscillatory catalytic reactions,9 mechanical deformation,10 or
catalytic11 and non-catalytic12 nanowire growth. Moreover, in
situ experiments have been performed in order to establish
structure-property relationships of functional devices, for
instance in applications such as Li-ion batteries,l}14 graphene
field effect transistors’ or resistive switching memory
devices.'®™®

Herein, we demonstrate chemoresistive sensing in the
TEM characterization  of
heterogeneous nanocatalysts deposited on the sensor surface.

environmental for in situ
As an exemplary case, we study the detection of toxic CO gas
at ppm-level concentration using a single SnO, nanowire
device. By comparing results before and after functionalization
with hybrid Fe-Pd nanocubes, we shed light on the relationship
between sensing properties and nanoparticle structure, in
particular by characterizing morphological changes induced by
sensor operation at elevated temperatures.

Sn0O, nanowires were grown on Si substrates using a
synthesis method similar to that previously reported in
sensing devices were
constructed on membrane-based TEM heating chips (see ESI),

Reference 19. Chemoresistive
which can be seen in Fig. 1a, with a single SnO, nanowire
placed across two tungsten (W) contacts as well as across a
through-hole for TEM imaging. After electron-beam induced
deposition of Pt for improved nanowire-electrode contact
properties, properties were
characterized inside the microscope column. The single SnO,

both structural and electrical
nanowire exhibited a diameter of 125nm, a length of 15um
between the two W contacts, and was grown along the [100]
crystallographic direction, as revealed by high resolution TEM
micrographs close to the [010] zone axis (inset of Fig. 1a).
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Fig. 1. a) Single SnO, nanowire (diameter 125nm) between two W contacts on membrane-based TEM heating chip after
mechanical transfer (scale bar 5um). On the right, a high resolution TEM image close to the [010] zone axis can be seen,
revealing the [100] nanowire growth direction (scale bar 5nm). b) In situ electrical measurements of the single SnO, nanowire in

the environmental TEM, showing linear IV characteristics in vacuum at different temperatures (left) and increasing device

resistance for increasing O, pressures at 300°C (right).

In situ electrical measurements in vacuum showed linear IV
characteristics and a weak negative temperature coefficient of
nanowire resistance (Fig. 1b, left). Considering the nanowire
dimensions and assuming circular geometry, conductivity
values of around 55/cm and a conductivity increase close to
20% at 300°C compared to 200°C were found. Both results are
in good agreement with literature results on a single SnO,
nanowire in N, atmosphere.20 Furthermore, it was found that
the device properties were dependent on O, gas pressure,
with increasing SnO, nanowire resistance for increasing O,
pressure (Fig. 1b, right). This result can be attributed to
depletion of electrons close to the surface because of
negatively charged ionosorbed oxygen species.21 Moreover, it
is expected that the SnO, nanowire initially exhibited a large
number of surface oxygen vacancies due to the high-
temperature synthesis in oxygen-deficient Ar atmosphere. We
assume that a considerable number of these vacancies were
compensated upon first exposure to O, atmosphere at
elevated temperatures, resulting in significantly increased
device resistance. Consequently, the single SnO, nanowire
device clearly shows chemoresistive properties influenced by
the gaseous atmosphere in the environmental TEM,
confirming the in situ functionality.

Nanoparticle decoration is a commonly used method for
surface functionalization of nanowire sensor devices in order
to optimize chemoresistive properties. In recent vyears,
magnetron sputtering inert-gas condensation has attracted
considerable attention for the gas-phase synthesis of
nanoparticles with tuneable size, chemical composition and
morphology.zz_25 Recently, it was demonstrated that this
technique is ideally suited for the single-step decoration of
metal oxide nanowire sensor devices with heterogeneous

This journal is © The Royal Society of Chemistry 20xx

nanocatalysts.26 In this communication we present bi-metallic
Fe-Pd nanoparticles with anisotropic shapes as an exemplary
case. A schematic illustration of nanowire decoration by
magnetron sputtering inert-gas condensation is shown in Fig.
2. Three individual sputter sources were operated using two Fe
targets and one Pd target (see ESI for detailed experimental
parameters). The resulting vaporized atomic species were
cooled by collisions with Ar gas atoms, resulting in cluster
formation.”’ For optimized deposition conditions, Fe-Pd

nanoparticles with predominant cuboid morphology (83%) and
a narrow size distribution around 9nm were achieved.
differential pumping

water cooling
linear translationfSf—————,

DC source,

® Pd atoms

Sn0,
nanowire

probability density [%]

6 8 10 12 14 16 18 20 22

lateral width [nm]

hybrid Fe-Pd
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Fig. 2. Schematic illustration of magnetron sputtering-based
nanoparticle deposition for surface functionalization of SnO,
nanowire device with hybrid Fe-Pd nanocubes, exhibiting a
narrow size distribution around 9nm (bottom left).
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Most commonly, specific nanoparticle shapes
explained by theoretical models based on thermodynamic or
kinetic considerations.”® The mechanism of Fe nanoparticle
formation during magnetron sputtering inert-gas condensation
has been recently explained by correlating experiments and
atomistic modeling.29 Cubic shapes were found for a certain
range of condensation temperatures and atomic deposition
rates, clearly underlining the crucial importance of kinetic
effects. In a similar way, gas-phase synthesis of hybrid Fe-Pd
nanocubes presented in this study is assumed to be governed
by an analogous growth mechanism.

Structural characterization of the Fe-Pd nanocubes was
performed by high resolution TEM and Fast Fourier Transform
(FFT) analysis, which is shown for a representative
nanoparticle in Fig. 3. The nanocube core exhibited single-
crystalline, body-centred cubic structure with lattice
parameters close to Fe. A thin oxide shell was observed on the
nanoparticle surfaces, which is attributed to oxidation during
ambient air exposure. An epitaxial relationship between this
oxide shell and the nanocube core was found. FFT analysis
revealed Fe [100] parallel to Fe oxide [100] and Fe [001]
parallel to Fe oxide [011], which is in agreement with
Reference 30. The lattice spacings corresponding to the shell
agree with the inverse-spinel structure characteristic for Fe;0,
and Fe,03. Additional scanning TEM micrographs are provided
in the ESI (Fig. S1), showing marked contrast differences
between metallic core and oxide shell.

Furthermore, electron energy loss spectroscopy (EELS) was
employed for compositional characterization. EELS spectra for
Fe-Pd nanocube core and shell are compared in Fig. S1. As the
nanoparticles were supported on SiN TEM grids, a N-K peak
was found in all measurements. The bi-metallic nature of the
nanocube core was confirmed, as energy losses for both
Pd-M,;s and Fe-L,; edges were observed. Standard EELS
quantification techniques indicate a Pd/Fe ratio of about 5-
15% for the core region. In the nanocube shell, no significant
amount of Pd was detected. Moreover, the near-edge fine
structure of the O-K edge was found to be in good agreement
with Fe;0, or Fe,0; and rather different from Fe0,** which
corroborates the results for the Fe-Pd nanocube shell obtained

are

by high resolution TEM.

gt

Fig. 3. Characterization of Fe-Pd nanocubes by high resolution
TEM imaging and Fast Fourier Transform (FFT) analysis
revealed the single-crystalline, body-centred cubic structure of
the core, covered by an Fe oxide shell (scale bar 2nm).

This journal is © The Royal Society of Chemistry 20xx

The chemoresistive properties of a single SnO, nanowire
decorated with Fe-Pd nanocubes were studied in the
environmental TEM by performing in situ carbon monoxide
(CO) sensing experiments. The impact of surface
functionalization with Fe-Pd nanocubes was assessed by
comparing results of the same SnO, nanowire before and after
nanoparticle deposition. No TEM imaging was performed
during CO sensing experiments in order to avoid any potential
interference of electron irradiation with the chemoresistive
measurements, electron beam-induced O, gas
ionization.

During device operation at 250°C and 20mbar O, pressure,
a considerable resistance decrease was observed after
gradually switching the gas supply from O, to 100ppm CO
diluted in O, (Fig. 4a and Fig. S2), which confirms that CO
detection was achieved inside the microscope column. After
decoration with Fe-Pd nanocubes, enhanced CO sensor
response (39.0£0.5% compared to 33.6+£2.3%) and increased
device resistance were found, which clearly validates the
effect of surface functionalization. No marked structural
modifications of the SnO, nanowire were observed, either
after sensor operation of the pristine SnO, nanowire or after
measurements subsequent to nanoparticle decoration.
Consequently, the differences in sensing properties can be
attributed to the influence of Fe-Pd nanoparticles with specific

such as

Sn0 -Fe-Pd |2

_3‘;1](]\.

0.6 fO,

normalised resistance

0 5 10 15 20 25
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Fig. 4. a) In situ chemoresistive sensing of 100ppm CO using a
single SnO, nanowire functionalized with Fe-Pd nanocubes
(scale bar 10nm), compared to measurements before
nanoparticle deposition. Electrical measurements
performed at 20mbar O, pressure and an operation
temperature of 250°C using the same SnO, nanowire device.

b) Representative Fe-Pd nanoparticle after sensor operation
exhibiting considerable structural changes (scale bar 2nm). c)
Scanning TEM micrograph of the same Fe-Pd nanocube for
visualizing the formation of a void and a Pd-rich region (false
color image; scale bar 2nm).

were
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nanoscale structures. Fe-Pd nanoparticles retained cubic
shapes but underwent significant morphological changes, in
particular void formation combined with the emergence of Pd-
rich regions (Fig. 4b, Fig. 4c and Fig. S3).

The presented case of bi-metallic Fe-Pd nanocubes clearly
illustrates that information on nanoparticle structure is crucial
for the interpretation of sensor performance, for instance in
terms of response kinetics or sensitivity. Based on the
observed Fe-Pd nanoparticle morphologies, we deduce that
changes in SnO, nanowire resistance and CO sensing response
result from Fe oxide — SnO, heterojunctions. Pd was
encapsulated in the core and thus not directly influencing the
nanowire interface or interacting with the surrounding gas
atmosphere. The Fe oxide — SnO, interfaces lead to increased
electron depletion regions at the nanowire surface in oxygen
atmosphere and a more efficient modulation of the conductive
nanowire channel in the presence of small concentrations of
analyte gases.32 On the other hand, Pd is not expected to
contribute to chemical or electronic sensitization of the SnO,
nanowire surface, but the Pd-rich core could potentially have
an indirect effect by modifying the electronic structure of the
Fe oxide shell.

In order to confirm these structural changes, ex situ control
experiments were performed. After heating Fe-Pd nanocubes
to 250°C in ambient air, nanoparticle morphologies similar to
those in the in situ experiment were observed (see ESI Fig. S4).
Consequently, the Pd-rich core/void/shell structure is linked to
the specific thermal oxidation behaviour of Fe-Pd nanocubes,
which emphasizes the importance of oxidizing reactions during
sensor operation in O,-containing atmospheres. The
mechanism giving rise to these morphologies is attributed to
the Kirkendall effect with Fe outward diffusion being faster
than oxygen inward diffusion.®® At the same time, Pd stays
encapsulated within the Fe oxide shell, comparable to previous
reports on Au/Fe oxide core/hollow-shell** or other yolk/shell-
type nanoparticles.*

Hence, our in situ TEM approach opens new possibilities
for studying nanoparticle morphological changes induced by
sensor operation in order to unveil fundamental
conductometric sensing mechanisms. It can be applied to
elucidate and optimize the sensing performance of
chemoresistive devices based on various nanowire-
nanoparticle material combinations, which is relevant, for
instance, in biomimetic electronic nose systems.3 Although
single-crystalline samples and polycrystalline materials
typically show considerable differences in sensing activity,36
nanowire devices may serve as model systems for other device
architectures, providing one-dimensional geometries with
well-defined structures. In the future, the presented technique
can be used for systematic studies on the morphology
dependence of sensing activity and may be combined with in
situ EELS characterization®” or light illumination.>®

4 | Nanoscale, 2012, 00, 1-3

Conclusions

In summary, we demonstrate in situ chemoresistive sensing in
the environmental TEM, studying single SnO, nanowire devices
functionalized with Fe-Pd nanocubes as exemplary case. We
achieve detection of toxic CO gas at ppm-level concentration
inside the microscope column, which offers unprecedented
opportunities for characterizing structural changes of
individual nanoparticles induced by device operation at
temperatures. Our novel approach provides
information on the nanoscale morphology of heterogeneous
nanocatalysts and thus facilitates the interpretation of their
influence on sensor performance, offering new opportunities
for future optimizations of chemoresistor device technology.
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