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Introduction

Over the past decades, metallic nanoparticles (NPs) with optimized morphologies have attracted significant interest in research areas such as catalysis, [1,2] hydrogen storage, [3] biomedicine, [4] plasmonics [5,6] and gas sensing. [7] In particular, the unique size-and shapedependent electronic, magnetic and optical properties of NPs and their assemblies [8] have led to various emerging technologies of functional devices [9] ranging from reconfigurable Boolean logic [10] to novel types of biosensors [11] and chemoresistive gas sensors. [12,13] For the latter application, the development of scalable nanomaterial fabrication techniques that are compatible with industrial complementary metal-oxide-semiconductor (CMOS) manufacturing is of utmost importance for successful gas sensor commercialization and incorporation with integrated circuit technology. In this regard, inert-gas condensation approaches are ideally suited, as they allow single-step NP deposition at room temperature under high-vacuum conditions, resulting in high chemical purity due to the absence of organic solvents. [14,15] Furthermore, by using a versatile magnetron sputtering synthesis method, [16] NPs with well-defined size, chemical composition, and crystalline structure can be achieved, which is a crucial prerequisite for optimized gas sensing [17] or nanoplasmonic characteristics. [18] For many important systems, however, NP gas-phase synthesis techniques have been facing low material yield [19] as a major obstacle to high volume production for industrial applications, which has stimulated the development of new advanced technologies. [20,21] Regrettably, precise size control has always been associated with postgrowth NP separation such as time-of-flight or quadrupole mass filtration, [19,22] which inevitably leads to a reduced quantity of deposited NPs. In order to overcome these limitations, advances in understanding NP formation are required for further improvement and technology up-scaling of NP gas-phase synthesis.

To this end, we recently investigated the growth mechanism of Fe NPs of switchable shapes, and demonstrated the decisive kinetics effects that give rise specifically to anisotropic, cubic morphologies. [23] Here, we tackle the issue of precise simultaneous control over size and chemical composition, as well as shape, while maintaining high-uniformity and consistently sufficient material yield. We present an in-depth study on Fe nanocube synthesis and their application in high-performance gas sensing devices, and explore the possibility for additional functionalities by doping with Au. Introducing the magnetic target thickness as a new experimental parameter to manipulate the plasma density and distribution near the target surface ensures precise control of NP size and morphology during growth, rendering subsequent mass filtration obsolete. A material yield increase of more than one order of magnitude is thus obtained, which, coupled with the well-known preferential head-to-tail alignment of the magnetically anisotropic cubes, [24] enables the realization of percolating Fe nanocube thin films as low-cost material for chemoresistive gas sensing. We report on the low ppb-level range detection of NO2 (down to 3ppb), which is, for instance, relevant for biomedical applications (i.e. exhaled breath analysis) and for atmospheric air pollution monitoring. [25] Compared to previously reported in Fe-based sensors, [26] our devices show unprecedented sensor performance, while comparing favorably with the vast majority of literature reports on NO2-sensing using inorganic materials such as 1D metal oxides [27] or 2D materials [28] . In contrast to other currently available nanofabrication techniques, our NP synthesis method simultaneously offers simplicity, scalability and CMOS-compatibility due to room-temperature deposition, making Fe nanocubes realized by magnetron sputtering inert gas condensation ideally suited for gas sensing applications.

Thermal Environment Effect on Nanoparticle Morphology

In a magnetron sputtering inert-gas aggregation system the sputter target is placed on the magnetron gun, and when aggregation gas (usually Ar) is fed into the chamber, plasma is formed by ionization due to electrical discharge (Figure 1a). Subsequently, Ar + ions bombard the target, sputtering atoms off its surface. Unlike conventional sputtering, these energetic atoms collide with room-temperature Ar atoms, cool down, and, upon collisions with each other, eventually form nanoclusters. [29,30] There is a direct correlation between the morphology of the resultant clusters and the thermal environment in which they were generated. NP temperature during growth is governed by the relative rates between collisions with Ar and sputtered atoms; any variation in these rates may result in clearly distinct NP structures. In order to demonstrate this delicate effect of Fe:Ar ratio on Fe nanocluster growth, we applied molecular dynamics (MD) computer simulations with a model designed to correspond to the conditions of our experimental setup as closely as practically possible, within computational time and size limits (Section 1, Supporting Information). In Figure 1b, exemplary MD results are shown with sputtered species-to-inert gas atomic number density ratios of 1/5 (red curves) and 1/10 (blue curves), respectively, while maintaining equal total atomic densities. The top graph reveals typical temperature evolution profiles for both samples. An instantaneous initial temperature drop due to single Fe atoms colliding with room-temperature Ar atoms (inset) is followed by a heating phase due to Fe-Fe bond formations. Clearly, condensation of the high-Fe density sample started earlier (~0.3 μs) and led to a slightly higher maximum temperature.

In both cases, when the simulation box eventually became depleted of Fe atoms, a maximum temperature was reached and the systems started cooling down gradually. [31,32] The growth rate of the nanoclusters is more clearly demonstrated in the bottom graph, showing the potential energy evolution of the Fe atoms. Decreasing potential energy is the fingerprint of bond formation; therefore, it is evident that aggregation of the high-Fe density sample was faster and more pronounced than that of the low-Fe density one. By the end of the simulation run, the overall potential energy decrease in the former model was double that of the latter, corresponding to a smaller number of larger-size particles (only 3 compared to 11 in the low-Fe density sample).

Besides their effect on size, subtle differences in the thermal environment can also have a major effect on the shape of the NPs. The rate of atomic deposition on the growing nanoclusters in combination with their current temperature can determine the morphology; decisive differences in kinetic growth modes give rise specifically to cubic rather than nearspherical shapes. [23] Due to the sensitive correlation between growth conditions and the resultant nanoparticles, in what follows special emphasis is given to determining the former as accurately as possible, in order to predict and control the properties of the latter.

Magnetic Field Optimization via Target Thickness Modification

In magnetron sputtering, plasma confinement is achieved by locating a set of permanent magnets behind the target surface (Figure 2a). The resulting magnetic field acts as a secondary electron trap that modifies their trajectories into a cycloidal path, enhancing the ionization rate of the sputtering gas. Once a sputtering target is used, a groove (commonly referred to as the racetrack) starts forming, which modifies the magnetic field strength close to the target surface. A higher ionization rate occurs in this region due to an enhancement of the magnetic field. [33] This leads to a modification of the sputter yield, [34] influencing considerably the cluster size obtainable with the source. [35] When magnetic targets (Fe, Ni, Co, etc.) are used, they can affect the magnetic field configuration via a screening effect. This effect, arising from the high permeability of ferromagnetic materials, induces magnetic flux through the target, allowing only a small part to leak out and sustain the magnetron plasma. Therefore, if the magnetic field is adjusted via the magnetic target thickness, the electron confinement (magnetic field distribution) and the plasma density (magnetic field strength) are modified, as demonstrated previously. [36,37] In order to scrutinize the influence of the magnetic screening effect experimentally, Fe NPs were deposited onto silicon nitride transmission electron microscopy (TEM) grids using three Fe target thicknesses: 0.3mm, 0.5mm and 1mm. Typical low-magnification TEM images reveal well-dispersed Fe NPs with a markedly high probability of demonstrating cuboid morphology (average over 9 samples ~90%), as shown in Figure 2b. The Gaussian distributions obtained in all cases clearly demonstrate that no coalescence or agglomeration took place during NP formation. We quantified the screening effect induced by Fe targets of various thicknesses using finite element method (FEM) simulations of the commercial magnetron source utilized in this study (Figure S1, Supporting Information). For benchmarking we compared the magnetic flux densities for the cases of the ferromagnetic Fe targets with a paramagnetic Ti target (Figure 2c, top). Primarily, the magnetic field strength near the target surface, which dictates the plasma density, shows a gradual decrease with target thickness, especially for the 1.0mm Fe target (Figure 2c, bottom). Moreover, the magnetic field distribution is also drastically modified in the 1.0mm case due to the screening effect induced by the Fe target. The magnetic confinement of electrons is essential to the erosion of the target, since it governs the ionization of Ar atoms. In the cases of the paramagnetic target and the 0.3-0.5mm Fe targets (Figure 2c, second and third rows), the emitted electrons are confined tightly within the electron trap region (Bz=0, indicated by the red circles in Figure 2b). In the 1mm Fe target case, the electron trap region is shifted toward the center of the target, as shown in Figure 2c. This is clearly demonstrated in Figure 2d with a displacement toward zero (center position) of the Bz component of the magnetic field. Moreover, considering less efficient electron confinement due to the reduced normal flux density, a wider erosion region is expected. In order to obtain the erosion profile of each target, we performed profilometry measurements after NP deposition using a Bruker DektaXT profiler instrument; clear evidence of the target thickness influence on the racetrack width is demonstrated in Figure 2e.

According to the FEM results, the magnetic field strength close to the target depends on its thickness and controls the electron confinement; this, in turn, governs the width of the erosion profile and consequently the atomic density and temperature of the plasma zone, i.e. the thermal environment where nucleation and growth occur. In that sense, the well-defined narrow size distribution obtained in the 0.3mm case can be explained by the enhancement of the plasma density close to the target surface, with the electron confinement more localized in the direction perpendicular to the target surface [START_REF] Wang | Proceedings of the IEEE[END_REF] leading to a uniform thermal environment.

In contrast, gradual increase of the target thickness induces a broader electron confinement along the direction parallel to the target plane and a decrease in uniformity of the thermal environment. The 0.5mm case confirms this tendency with a larger standard deviation compared to the 0.3mm case. Furthermore, in the 1mm case, a surprisingly well-defined bimodal distribution is obtained, which signifies totally different plasma conditions, leading to the simultaneous creation of two distinct growth environments.

Quantitative Analysis of Nanoparticle Size as a Function of Sputtering Yield

In order to elucidate the growth behavior of the Fe nanoclusters under specific magnetic plasma conditions, we combined MD simulations with an analytical model and correlated the results with the groove profile measurements. We focus on the 1mm target as a case study, exploiting the well-defined bi-modal size distribution it exhibits.

The incidence angle, θ, of the energetic ions (Ar + ) bombarding the target defines the depth of the interaction volume between the ions and the target [START_REF] Sigmund | [END_REF] . In the beginning of the sputtering process, it is defined as normal (θ=0°); subsequent erosion, however, modifies the surface, leading to a change of the incidence angle and affecting the growth behavior of the nanocluster. [34] The aforementioned screening effect of the thick magnetic target led to the creation of an asymmetric racetrack. Two distinct angles were measured on the upper part of the groove in Figure 3a, namely θ1≈45° and θ2≈70°. MD simulations were utilized to calculate the sputter yield Y Fe as a function of the incidence angle for a constant Ar kinetic impact energy of 300eV (Figure 3b and Section 3, Supporting Information). Since experimental Fe targets are typically polycrystalline, three low-index {100}, {110}, {111} surfaces were simulated and the results were averaged (Figure 3c). It should be emphasized that this distinct difference in incidence angle between the two sides of the race track leads to a remarkable disparity in YFe: a 5-fold increase is obtained, with YFe[θ1]≈2.5, compared to YFe[θ2]≈0.5 (Figure 3c), which induces a major modification of the Fe:Ar atomic ratio in two clearly separated nucleation and growth zones. 

d) Calculated number of atoms in one Fe NP (N(t) as a function of time (t)) using different initial density of Fe atoms (ρFe).

In order to explain the large difference in size of the bi-modal distribution obtained with the 1mm target, we developed an analytical model based on our previous studies [23,40] (Section 4, Supporting Information). It is clear from Figure 3d that there is a superlinear dependence between the number of atoms in one cluster and the Fe atom density. A 5-fold difference of Fe atom densities (ρFe1 and ρFe2, estimated from the sputter yields mentioned above) results in a 50-fold increase in the number of Fe atoms in one NP. This value is in very good agreement with the ratio calculated from the NP sizes of the bi-modal distribution (Section 4, Supporting Information). Furthermore, the NP size difference between the 0.3mm and 0.5mm targets can be correlated with a slight variation of the incidence angle (Figure S2, Supporting Information).

Similarly to our model, previously suggested mechanisms for the creation of bi-modal distributions of nanoparticles grown under plasma conditions also focus on the presence of inhomogeneous nucleation and growth regions. Studying the synthesis of Cr nanoparticles, Yamamuro et al. correlate the Ar gas pressure in the chamber with the width of the growth region, which, under certain conditions, can become inhomogeneous. [41] Koten et al., on the other hand, speculate on the formation of an initial distribution of Cu nanoclusters with a large standard deviation, attributed to a high Ar flow rate, which may be later converted to a bi-modal distribution via heating by plasma electrons of distinct temperatures. [42] Our suggested mechanism, attributing the inhomogeneity of the primordial thermal environment of the nanoclusters to magnetic effects of the target, provides an additional explanation which is, for the first time, supported by good quantitative agreement between a theoretical model and experimental findings.

Transmission Electron Microscopy Characterization of Fe Nanocubes

Shape, crystalline structure and uniformity of the Fe nanocubes were characterized using (scanning) TEM, high-resolution TEM (HRTEM) and Electron Energy-Loss Spectroscopy (EELS). The low magnification high-angle annular dark-field (HAADF) scanning TEM images (Figure S3a, Supporting Information) show well-defined and uniform Fe nanocubes with a distinct core/shell structure typical for metallic NPs covered by an oxide (air exposure at room temperature). [43] Moreover, two distinctive morphologies depending on NP size were observed [44] (Figure S3b, Supporting Information). The EELS line-scan profile along a representative Fe core/shell nanocube (Figure 4a) points to the presence of a metallic Fe core (Fe L2,3 edge at 711.7eV) and a homogeneously distributed Fe oxide shell (O-K edge at 531.7eV). The near-edge fine structure was characterized using a monochromator (energy resolution around 0.2eV), which is shown in Figure 4b. The O-K edge reveals the four distinct features (a, b, c, and d) characteristic for the Fe oxide phase. The intensity ratio of the prepeak (a) compared to the major contribution (b) suggests the presence of either Fe3O4 and/or γ-Fe2O3 instead of the FeO phase. In addition, the near-edge fine structure of the Fe L2,3 edge shows the characteristic L 3 and L2 white lines of Fe. Interestingly, we observe a specific splitting of the L3 (1.3eV) and L2 white lines. This splitting is often related to an octahedral coordination of the Fe (III) species [45] and is usually attributed to the γ-Fe2O3 phase. [46] 

Figure 4. a) HAADF-STEM Z-contrast image of a typical Fe/Fe oxide core-shell nanocube and the corresponding EELS line-scan profile, the shell (blue) and the core (red). b) Near edge fine structure of the O-K edge (top graph) and Fe L 2,3 edge (bottom graph). c) HRTEM image along [100] zone axis and corresponding FFT of the core and the (core + shell) shown in d) and e), respectively.

The crystalline structure of the obtained Fe nanocubes was characterized using HRTEM imaging (Figure 4c). The Fast Fourier Transform (FFT) analysis of the core in Figure 4d revealed the (110), ( 200) and (310) reflections characteristic of the [001] zone axis for a bcc structure (α-Fe phase). Concerning the Fe oxide shell, the FFT (Figure 4e) demonstrated that the oxide is composed of an inverse spinel structure, which can be either γ-Fe2O3, Fe3O4 or an intermediate phase. A gradual decrease of the calculated lattice parameter toward a value close to that of γ-Fe2O3 phase was observed compared with that of the large nanocubes (Figure S5, Supporting Information), which confirms the EELS results shown above. Additional information on the oxidation behavior and comparison with the large Fe nanocubes is shown in Section 6 (Supporting Information).

Synthesis of Magneto-Plasmonic Fe-Au Nanocubes

It should be stressed that, following our deposition approach, uniformity in shape, size, and crystallinity is not compromised by simultaneous co-sputtering of non-magnetic dopants.

Hence, one can also tailor the chemical composition of bi-metallic nanocubes to engineer multifunctional nanomaterials, such as magneto-plasmonic nanoalloys for bio-sensing, magnetic-resonance imaging contrast agents, hyperthermia, etc. As an additional advantage, the non-equilibrium nature of the growth process can lead to metastable final products with desirable properties. As an example, the Fe-Au system, which combines the physical and chemical properties of its two constituent elements, is a promising candidate for numerous applications. [refs 47,48] The limited miscibility of Fe and Au normally implies a tendency of Au segregation owing to its positive heat of mixing. [49] As a result, the vast majority of studies on the system focus on bi-functional, segregated structures, such as Fe-Au core-shell, [50] dumbbell-like Au-Fe 3O4, [51] or star-sphere Au-Fe nanoparticles [52] that simultaneously maintain the high saturation magnetization of Fe and red-shift the absorption peak of Au to the near infrared. On the other hand, the nanoalloy configuration also displays promising magneto-optical properties for various applications, due to the high spin-orbit coupling characteristics of Au. [53] However, only a limited number of studies on the synthesis of Fe-Au nanoalloys have been reported to date, mostly by chemical methods, without conclusive results regarding the homogeneity of the nanoparticles. [54,55] Here, using gas phase synthesis from a composite Fe target with inserted Au pellets, [56] we fabricated well-defined FeAu nanocubes (see Figure 5a) with single crystalline cores, as shown in Figure 5b. FFT analysis indicates a single-phase bcc structure (α-Fe) with an expansion of the lattice parameter of ~3-4%, which can be attributed to a purely substitutional solid solution with Au concentration of ~10-15%, as confirmed by EDS analysis of multiple nanocubes. Moreover, using energy dispersive x-ray spectroscopy (EDS) combined with EDS linescan profiling indicates the presence of both elements homogeneously distributed in the core, as shown in Figure 5c. The FeAu nanocubes were dispersed in ultra-pure water using a harvesting procedure (see details in experimental section) based on a bio-compatible polymer coating (PVP). Their normalized magnetization in aqueous solution as a function of the applied magnetic field, M(H), is shown in Figure 5d. A typical ferromagnetic behavior at room temperature is observed for the Fe and FeAu nanocubes with a coercive field (Hc) of 200Oe and 40Oe, respectively (left inset Figure 5d). The decrease of Hc in the FeAu sample can be attributed to weak dipolar interaction due to a lower particle density in the aqueous solution. In contrast, at low temperature, an inverse tendency is observed with an increase of the remanence accompanied by a drop of the coercivity in the Fe sample (right inset Figure 5d), which confirmed the higher particle density on this sample. [57] The optical properties of the Fe-based nanocubes were determined using UV-Vis absorption spectroscopy (Figure 5e). FeAu nanocubes reveal a broadband absorption centered at ~450nm compared to the Fe nanocubes which show absorption at ~320nm. The broadband absorption and blue shift (compared to the usual Au plasmon peak) obtained in the FeAu sample can be attributed to the good dispersion and homogeneity of the nanocubes in water solution, [58] whereas the rather weak absorption band is expected, due to the relatively low concentration of Au (compared to previous studies using Au-rich samples). [58] Our goal in growing homogeneous solid solution FeAu nanocubes was twofold: first, we explored the possibility for adding extra functionalities to our Fe nanocubes by doping with other metals. More importantly, though, we demonstrated the potential of our fabrication method for overcoming thermodynamic limitations in both physical and chemical ordering.

Naturally, once a metastable configuration with an optimized composition is obtained, it can be reverted to an energetically favorable one by thermally assisted segregation processes, thus paving the way for future studies on tailored magneto-plasmonic nanostructures.

Chemoresistive Gas Sensing Application

By employing our efficient synthesis of homogeneous Fe NPs, we demonstrate the assembly of Fe nanocubes into percolating films on microhotplate devices (see schematic illustration in Figure 6a) and their application for chemoresistive gas sensors. To this end, the importance of NP size control by plasma properties rather than mass-filtration needs to be emphasized.

The overall NP deposition rate was evaluated with and without operation of a quadrupole mass filter (Figure S8, Supporting Information). It is clear from Figure 6a (left inset) that the relative standard deviation obtained using a Gaussian fit is almost constant in all cases (~8-10%) with no significant gain by mass-filtration. For larger particles (containing a few thousand atoms or more), the physical properties generally exhibit moderate size-dependence; therefore, a relative standard deviation of ~10% is usually sufficient for applications. [21] More importantly, a remarkable increase of the deposition rate without filtration was found (Figure 6a, left inset) with a 10-times higher material yield compared to size-selected samples. This considerable yield improvement enabled the realization of conductive layers of Fe nanocubes, which were achieved between circular-shaped metal electrodes on microhotplate devices [59] (Figure S9, Supporting Information) used for local heating to the sensor operation temperature (see representative thermo-electrical simulation [START_REF] Dufour | 25th Micromechanics and microsystems Europe workshop[END_REF] in Figure 6a, right inset). The electrical resistance of an Fe nanocube layer during exposure to NO2 pulses in dry synthetic air at 200°C is shown in Figure 6b, indicating a marked increase in the presence of the toxic gas. Sensor response is observed for NO 2 concentrations down to 3-100ppb, highlighting the excellent performance (literature comparison in Table S2 and Table S3, Supporting Information). In previous reports, the lowest analyte concentration detected with Fe-based devicesmost commonly employing α-Fe2O3 as gas-sensitive material -was in the ppm-level concentration range, also for the case of NO2. [26] Hence, the superior performance of the presented Fe-based nanoparticles with cuboid morphology is evident, comparing favorably with other inorganic nanomaterials such as 1D metal oxides [27] or 2D materials. [28] In order to assess the selectivity to other toxic gases, electrical resistance measurements were also performed during exposure to 100ppb H2S and 10ppm CO, as shown in the inset of Figure 6b. No marked resistance change was found in the presence of CO, whereas a decrease was found for the case of H2S. The signs of the resistance changes indicate that the sensing mechanism can be described by literature models for n-type metal oxide semiconductors. [START_REF] Stanoiu | [END_REF] Furthermore, the sensing performance was compared for NO2 concentrations from 3-100ppb for three Fe nanocube devices from two deposition batches.

The sensor response RNO2/Rair was found to be well comparable (Figure 6c), which confirms the reproducibility of the obtained results. In all three cases, the sensor response curves can be described by a power law dependence with an exponent close to one (linear relation), which is in agreement with experimental and theoretical results for n-type metal oxide semiconductors interacting with NO 2 through the adsorption of NO2 -anions. [62] At an operation temperature of 200°C, this direct adsorption process is expected to be favored over catalytic decomposition (above 250°C). [START_REF] Stanoiu | [END_REF] The conduction model of film-based devices and thus their sensor performance is strongly dependent on layer geometry and grain morphology. [63] Traditionally, studies on gas sensitive materials are restricted to structural characterization of the employed nanostructures before sensor operation. However, this neglects the fact that elevated temperatures and oxidizing/reducing gas atmospheres can have a significant impact on the nanoscale morphology of the sensor device. In order to understand the gas sensing functionality of the presented Fe nanocubes, we utilize in situ experiments in an environmental TEM as a novel approach for assessing structural changes of gas-sensitive nanomaterials induced by elevated temperatures and oxidizing gas atmosphere. A high-resolution scanning TEM image of an Fe nanocube after ambient air exposure is presented in Figure 7a, showing Fe-Fe oxide coreshell morphology, as described above. In situ thermal oxidation was performed (200°C, 1h, 20mbar O2) resulting in distinct morphological changes of Fe nanocubes: formation of voids was observed in the NP center, as shown in Figure 7b. This phenomenon is attributed to the Kirkendall effect -a difference in solid-state diffusion rates in alloying or oxidation reactions. [64] The outward diffusion of metallic Fe is expected to be faster than the inward oxygen diffusion, resulting in consumption of the Fe core and void formation. [65] Our environmental TEM results demonstrate that Fe NPs retain close-to-cubic shapes after complete thermal oxidation, which differs from literature results on Fe nanocubes that adopt approximately spherical shapes after long-term storage at room temperature. [66] In an ex situ control experiment shown in Figure 7c, equivalent morphological changes of Fe nanocubes were observed, validating the environmental TEM results and suggesting that the gas sensor resistance is determined by the percolation of fully oxidized, hollow Fe oxide nanocubes. We attribute the excellent sensing performance to the morphology of individual NPs: the space charge region due to chemisorbed gas species [START_REF] Stanoiu | [END_REF]67] is expected to extend to the entire Fe oxide shell, as the Debye length of undoped metal oxide semiconductors is typically in the range of few nm. [68,69] Thus the formation of hollow nanostructures ensures optimized NP morphologies for gas sensing, [70] resulting in electrical conductivity being highly sensitive to minute NO 2 concentrations. It is noteworthy that void formation via the Kirkendall effect is mostly suppressed in spherical NPs under these specific conditions, as shown in Figure 7d, once more emphasizing the importance of using anisotropic NP shapes such as nanocubes. As magnetron sputtering inert-gas condensation has been successfully employed for the synthesis of diverse nanoparticle structures, [30] it can be applied for a broad range of materials, aiming at morphological control of gas sensing activity. [7] 

Conclusion

In summary, we study multifunctional Fe-based nanocubes synthesized by a simple and versatile gas-phase method. The magnetic target thickness was introduced as a crucial parameter in NP synthesis by magnetron-sputtering gas condensation, which revealed the influence of magnetic screening on Fe nanocube formation. By ensuring precise control over NP size and shape during formation instead of using mass filtration, a remarkable increase in NP deposition yield was achieved, which enabled the realization of chemoresistive gas sensor devices for NO2 detection in the low ppb-level range. The excellent sensing properties due to specific NP morphologies combined with the inherent advantages of NP gas phase synthesis make our approach a highly promising candidate for future large-scale production of miniaturized, high-performance gas sensor devices integrated with standard microelectronic components. Furthermore, we tune the magneto-plasmonic properties by introducing dopant materials in hybrid FeAu nanocubes, which opens new prospects for biomedical applications as well as for future studies on chemoresistive sensors with improved selectivity.

Experimental Section

Synthesis of Fe NPs: Fe NPs were prepared by a commercial inert-gas condensation magnetron sputtering source. The aggregation chamber was water-cooled and the base pressure was kept below 10 -6 mbar prior to sputtering. In all experiments, an Argon (Ar) flow of 55sccm was set to maintain a similar differential pressure, which dictates the residence time and temperature balance in the aggregation zone, and therefore the crystallinity and the size of the nanoparticles. Pure Fe nanoparticles were initially formed through a supersaturated vapor of metal atoms by DC sputtering of a high-purity Fe target (99.9%) under Ar atmosphere. Three different target thicknesses (1mm, 0.5mm and 0.3mm) were used to adjust the thermal environments, which determine the size and shape during formation (see main article). Due to the difference in inter-electrode distance, i.e. the distance between the target surface (cathode) and the fixed anode, for the three target thicknesses, we adjusted the DC current to balance the slight variation of the DC voltage. The aggregation length was set to 90mm and the substrate was rotated during deposition at 2 rotations per minute (rpm) to improve the uniformity.

Synthesis of FeAu NPs: FeAu NPs were obtained using a modified Fe target with two Au pellets inserted at positions within the expected racetrack. The NPs were deposited on TEM grids and on a Polyvinylpyrrolidone (PVP) film to allow for their transfer in aqueous solution.

For the PVP film, a glass slide substrate (76mm × 26mm) was thoroughly cleaned in dry methanol for 10min under ultra-sonication; then dried under N2 gas. 10mg of PVP (Sigma-Aldrich, St. Louis, USA) were dissolved in 250µL of methanol solution and gently dispensed onto the clean glass substrate. A thin PVP film was formed by a spin-coater (MS-A-150, MIKASA, Japan) operated at 3,000rpm for 30sec. NPs were exfoliated by immersing the NPs/PVP/glass samples in methanol and sonicating for 15min, followed by a separation step to remove the excessive PVP polymer using a centrifuge at 100,000rpm for 60min. After washing the precipitated NPs with methanol, the NPs were re-dispersed in ultrapure water from a Milli-Q system (Nihon Millipore K.K., Tokyo, Japan) using 0.1µm filters.

Materials characterization:

The Fe nanoparticles were deposited on Si substrate (5 × 5mm) and Si 3N4 amorphous TEM grids (8mm film, 60 × 60m Apert. on 5 × 5mm windows) for characterization after exposure to air. Nanoparticle dispersions on Si substrates and on gas sensing devices were analyzed using an FEI Quanta FEG 250 Scanning Electron Microscope (SEM). High Resolution Transmission Electron Microscopy (HRTEM) images were acquired using a FEI Titan 80-300kV Environmental TEM (ETEM) equipped with a Cs-image corrector and operated at 300kV and 80kV. Particle size distributions of Fe nanocubes were determined by measuring the lateral dimensions of more than 1,000 nanoparticles for each sample using low magnification TEM images. Electron Energy Loss Spectroscopy (EELS) was performed to study the native oxide formed on individual Fe nanocubes in Scanning Transmission Electron Microscopy (STEM) mode at 80kV (energy resolution of 0.2eV estimated using the full-width at half maximum (FWHM) of the zero-loss peak (ZLP) and a collection semi-angle around 13mrad). The energy loss spectra of the O K-edge and Fe L2,3edge were acquired simultaneously in dual EELS mode.

In-situ measurements: Environmental TEM studies were performed using a commercial TEM heating holder based on heating chips with closed loop temperature control (Protochips Inc.).

Fe nanoparticles were imaged on a carbon support in STEM mode using a high-angle annular dark-field (HAADF) detector. In situ thermal oxidation was performed with a heater setpoint temperature of 200°C for 1h at a pressure of 20mbar O2. Ex situ control experiments were performed by heating Fe nanoparticles on Si3N4 TEM grids to 200°C for 1h in ambient air.
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A flexible gas-phase synthesis method is demonstrated for the fabrication of multifunctional hybrid Fe nanocubes by means of morphological control during formation.

Utilizing this approach, magneto-plasmonic properties of Fe nanocubes are tailored by Au-doping and Fe-based gas sensors with remarkable performance for NO 2 detection down to concentrations as low as 3 ppb.
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