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Abstract

We developed a system to effectively trap nanoparticles suspended in solution, in dedicated suspended nanochannels for in-situ liquid phase transmission electron microscopy (LPTEM) measurements. The system was tested through single particle analysis using scanning TEM energy dispersive X-ray spectroscopy (STEM-EDX). Furthermore, electron diffraction characterization of metallic nanoparticles in solution was performed for the electron pair distribution function (ePDF). Finally, samples of biological origin were imaged in the liquid cell. The EDX data enabled elemental identification at the single particle level, facilitating the deduction of atomic scattering factors used in the ePDF analysis, which revealed bond lengths for Si-N, N-N from the chip, and Pt-Pt from the sample. We discuss the implications of these findings for in-situ studies of various applications of nanoparticles in liquids. The trap chip system will be useful for biological imaging, time-resolved studies, single particle statistics, and alternatives to X-ray experiments, offering new possibilities for probing dynamic processes with particles in liquids using TEM techniques.
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1 Introduction
Investigating samples in liquid conditions with Transmission Electron Microscopy (TEM) presents significant challenges due to the need to confine liquids, to prevent evaporation in the vacuum of the TEM column [1]. Traditionally, when looking at a sample that originates from a solution, the sample is dried before TEM analysis [2]. Alternatively, cryogenically frozen samples are often used for biological system. Both drying and freezing the sample compromise the ability to observe dynamic processes in liquid environments [3–5]. Beyond dynamics, critical processes occur in liquid environments, and altering these conditions can modify or even destroy the structure of the sample, leading to misinterpretations [6–8]. While liquid phase electron microscopy offers the opportunity to image samples directly in liquids, keeping nanoparticles stationary for imaging has previously required initially drying the sample, or carefully tuning particle-membrane interactions to act as adhesion, making the process prone to inducing artefacts. We present a direct technique for trapping particles in a liquid cell used for in-situ TEM imaging, spectroscopy, and diffraction for nanoscale characterization. The chip used is a monolithic LPTEM chip manufactured from a silicon substrate through standard microfabrication processes [9]. The viewing area of the chip is a 500 μm x 50 μm membrane consisting of two bonded 20 nm thick silicon nitride (Si3N4) films that are structured to encapsulate the liquid in suspended nanochannels. The trapping principle is illustrated in Figure 1a through a schematic of a single channel with a shallow depth trap at the centre of a deeper nanochannel, all of which consist of suspended and bonded Si3N4 thin films. Both the full height of the channels, as well as the height of the trap, is customizable and determined by the microfabrication processes. When the liquid sample is injected into the chip, any specimen in the liquid that are larger than the height of the trap are physically trapped in the deeper region of the nanochannel, while the liquid can pass through the thin trap region reaching the outlet. When the dimension of the specimen is close to the height of the trap region, the trapping of the specimen also occur in the thinner trap region due to bulging of the membrane.
The channel width is <1.6 μm which only leads to slight bulging ∼10 nm / bar pressure of the channel top and bottom membrane, making the traps only slightly larger when ambient pressure is applied. This is unlike traditional chips with larger membranes, that easily bulge several micrometers which severely impacts the contrast and resolution in LPTEM [1]. With this approach, we are able to achieve atomic scale resolution of gold lattice planes with 1.35Å FFT resolution in the image within the deeper nanochannel, as demonstrated in Figure 1c. Here we present a workflow for preparing samples for TEM characterization of both metallic nanoparticles in solution and samples of biological origin without any surface modification. Single particle analysis is demonstrated through the trapping of metallic particles, with Scanning Transmission Electron Microscopy Energy Dispersive X-ray spectroscopy (STEM-EDX) point measurements to determine the atomic composition. Additionally, electron diffraction of nanoparticle agglomerates is applied for electron Pair Distribution Function (ePDF) analysis with elemental information from the EDX measurements. The imaging of biological ferritin with an iron oxide core achieves high contrast, yielding results comparable to cryo-EM, although limited by the TEM resolution rather than sample preparation constraints.
	[image: thumbnail]	Fig. 1 Schematic diagram of a liquid cell with trapping nanochannel for TEM and STEM imaging of monometallic particles stuck in the nanochannels, where lattice fringe resolution in liquid is demonstrated. a) The suspended nanochannels with a controlled height of 100–170 nm, with trap regions ranging from 10-35 nm, are enclosed between two silicon nitride membranes. The nanochannels are filled with a liquid, which can be flowed in or exchanged using an external pump. The e--beam goes through the membrane with the liquid and samples, thus allowing for imaging, spectroscopy, or diffraction measurements. b) HAADF-STEM image of trapped platinum particles in the nanochannels, with 1000 mbar of pressure applied. c) High magnification STEM image of particles in liquid stuck in the trapping region. d) Example of atomic scale resolution imaging of gold nucleation in solution from high electron beam intensity within a filled 60 nm high nanochannel, confined between two 10 nm Si3N4 membranes, captured on a 200 kV TEM. e) FFT of lattice fringe region in (d), showing peaks around 1.35 Å in the Fourier space.



2 Material and methods
2.1 Ferritin with Iron oxide core
Ferritin from equine spleen in saline solution was obtained from Sigma-Aldrich with a density of 71 mg / mL. The solution was directly used without any modification.
2.2 Metallic nanoparticle mixing
Commercially available nanoparticles (Sigma-Aldrich: silver nanocubes, 75 nm; gold nanoparticles, 50 nm; platinum nanospheres, 30 nm) were mixed into 0.5 mL of Milli-Q water, adding 15, 60, and 60 μL of each solution, respectively. The mixture was then sonicated for 5 min.
2.3 Microscope and EDX acquisition
Both liquid phase and cryo TEM data were collected on an FEI Tecnai T20 G2 with a high tension of 200 kV (λ = 0.02 pm) and a TVIPS XF416 CMOS detector (4096 × 4096 px) was used for imaging. For STEM-EDX an Oxford X-Max 80T SDD X-ray detector was used to capture X-ray signals at an α-tilt of 20° STEM imaging was collected on a High Angle Annular Dark Field (HAADF) detector, and the camera length was set to 150 mm. A selective area diffraction (SAD) aperture with a diameter of 3.8 μm was used to collect diffraction patterns, with a dose rate of 0.15 e−/Å2s. For the cryo-TEM imaging, the same 200 kV Tecnai was used with similar image conditions. An in-situ TEM holder from the company Insight Chips facilitated the flushing of suspended nanoparticle solutions through the trapped chips.
2.4 Preparation of the liquid cell
The ferritin solution was loaded into a chip with a deep nanochannel liquid thickness of ∼110 nm, and shallow 12 nm trap heights, using a dropcasting method [10]. Before filling, Si3N4 membranes sealing the inlets and outlets of the trap chip were punctured using a copper wire. A droplet of aqueous solution (0.2 μL) was placed over each inlet, that is directly connected to an outlet by a bypass microchannel inside the chip. The microchannels also connects to another bypass channel with in/outlets on the other side through the nanochannels across the membrane. Capillary forces draw the liquid into the nanochannels, through the traps and towards to outlets. The complete filling was achieved in seconds, upon droplet contact with the inlet, leading to particle entrapment in the trap channels Figure 1b.
For the metallic nanoparticle solution, a continuous flushing approach was used to maintain pressure in the ∼120 nm high nano-channels, ensuring a sufficient amount of particle flow to the trap and are retained within the nanochannels in front of the 20 nm traps, as seen in Figure 1b. Prior to flushing, the inlets and outlets seals were punctured with a thin copper wire, and the chip was mounted in an Insight Chips TEM flow holder. Initially, Milli-Q water was flushed through both the inlet and outlet to remove potential air bubbles that could obstruct flow. Following this, the mixed metallic nanoparticle solution was connected to one of the inlets and flushed through the chip at a pressure of 1000 mbar. To avoid losing particles via the inflow bypass microchannel because of excessive flow, the outlet was closed, thereby forcing the flow through the nanochannels and traps instead of the bypass channel. The flow through the trap channels made trapped particles pile up preferably towards the traps within the nanochannels (Fig. S6).
3 Results and discussion
3.1 Thickness measurement of the nanochannels
The height of the nanochannels, and thereby the liquid layer, is an important parameter for imaging as well as for a range of different spectroscopy techniques. The thickness of the liquid layer will influence the spatial resolution of the imaging, as well as skew the x-ray results of EDX from absorption in thicker samples, which in turn can influence compositional data [11,12]. For this reason, controlling the thickness of the liquid layer is important for subsequent analysis. The nanochannels were formed by etching the channel design into the silicon substrate using a dry etch process [13]. From measurements acquired by atomic force microscopy (AFM) of a range of channels across the silicon wafer during the fabrication process, the full height of the nanochannels is ∼120 nm, while the thinner parts of the channels have a height of ∼20 nm. However, Zhang et al. (2009) [14] showed that dry etching rates can vary slightly across the wafer, which will result in slight variations of the nanochannels depth, depending on the position of the nanochannel chip on the silicon wafer. For this reason, a method for determining the height of the full channel as well as the thinner trap was implemented.
At the edge of each LPTEM chip membrane are three test-structures, in the form of nanochannels, not connected to the in/outlet bypass channels, so they remain dry during use; the test channels have different heights: one with the height of the trap, one with the height of the full channel minus the height of the trap, and one with the height of the full channel. From TEM images of these test structures and the silicon wedge encapsulating them, it is possible to calculate and estimate the height of the channels [15]. To generate the free-standing Si3N4 membrane, the silicon wafer is etched through by a KOH etch, which will generate side wall along the <111> crystal plane, leaving sloped side walls at an angle of 54.7° (as depicted in Fig. 1). From this slope it is possible to determine the height of the channels through simple trigonometry as the channel height will be protruding the Si wedge in TEM projection images. A schematic principle of the measurement is shown in the supporting information (Fig. S1). From the top view it is possible to calculate the height of the channel (h) using the following expression:
[image: equation](1)
From the approach described above, the height of the thin area of the channel, making up the trap used for the metallic nanoparticle, is 22±3 nm, while the height of the channel minus the trap height was estimated to 96±6 nm. This give a full height of the channel of 129±6 nm.
3.2 Metallic nanoparticles
Controlling nanoparticle formation to obtain a better understanding of their synthesis, is crucial for optimizing their physicochemical properties for specific applications [16]. Studying nanoparticles in solution presents challenges due to the complex interactions between the material, solvent chemicals, and external factors such as pH, temperature, and pressure [17–19]. Furthermore, these particles are typically analyzed either after solvent evaporation to make them adequate for TEM or at high concentrations for X-ray diffraction [20]. In this study, a mix of three metallic nanoparticle solutions with minimal preparation, as described in methods, was flushed through the chip while operating the microscope, to test which size of particles can be flushed in and trapped within the liquid cell. Upon initial observation of the trapped particles, the LPTEM based particle size distribution analysis (Fig. S7), revealed a diameter of 28 ± 6 nm. This is only consistent with the TEM image based size of the 30 nm platinum particles, not the larger silver (75 nm) or gold (50 nm), thereby indicating that only the platinum nanoparticle had entered the traps. An explanation for this could be that the gold and silver particles were too large to enter the nanochannels, due to a double layer or citrate functionalization that will increase the diameter of the particles. From working with the nanochannels, this matches our experience that the diameter of particles should be less than half of the height of the channels to ensure that they are able to enter into the channels. Low-magnification TEM images revealed a mix of dense and dispersed particles trapped in regions in front of the shallow trap, providing an optimal environment for various experimental studies (Fig. S5a). The STEM image in Figure 2a, highlights the contrast coming from the higher scattering cross-section of the metallic nanoparticles. This contrast allows for differentiation between the nanoparticles and the surrounding liquid. The variation in particle distribution allowed for single-particle analysis in low-population areas, where STEM-EDX was employed to examine the individual particle composition. The STEM-EDX data indicated that no silver or gold was present Figure 2b, while the individual particles studied had a clear platinum signature. The STEM-EDX results further support that only the platinum particles had made it into the trap chips In addition to the platinum signal, an unexpected copper signal appeared in the STEM EDX spectra, and a precipitate occurred in the area after the EDX measurement (Fig. S8). SEM EDX measurements on dried particles from each solution did not indicate copper was present in any of the solutions (Fig. S9). Normally no copper signals are present in the chips, but in this case STEM-EDX spectra of water alone in the channel revealed the same contamination (Fig. S10a). We replaced the thin copper wire used to puncture the membrane with a steel needle, and this eliminated the contamination from the spectra (Fig. S10b). The copper wire was oxidized and evidently deposited Cu containing particles into the inlets, which then dissolved upon contact with the liquid, introducing copper ions into the sample. These copper ions underwent a radiolytic reduction due to the high-energy STEM electron beam irradiation, forming metallic copper. We could not identify the copper in the STEM or TEM mode images, as it only occurred after extended irradiation for STEM-EDX acquisition. This illustrates the importance of careful sample preparation as tiny fragments can lead to spurious contaminations in the small volumes of liquid inside such chips. Electron diffraction patterns were collected on particles in the area before the trap, at a position with a high population of particles. The change in position was done to avoid areas that had been subjected to EDX measurements, ensuring that there would be no diffraction signal from irradiation-formed copper particles. This approach mimics powder X-ray diffraction (PXRD) while offering the future possibility for in-situ analysis while changing the environment by flowing in different reagents. Before the diffraction patterns were acquired the tilt of the sample was calibrated using the Si substrate of the chip. A unique feature of the Si-based chip, is that the Si wedge is made from a specifically aligned silicon single crystal. This property serves two purposes: first, it allows precise alignment of the chip to ensure that the membrane is perpendicular to the electron beam, ensuring optimal diffraction geometry where any preferred orientation of particles can be assessed; and second, it enables the calibration of the diffraction pattern with the Si crystal structure, ensuring accurate reciprocal space measurements (Fig. S11). Unlike bulk crystalline materials, nanoparticle samples do not produce a sharp Bragg peak pattern but instead a broader and diffuse ring scattering, because of the polycrystalline nature and random orientation of the particles [21]. This type of scattering, known as total scattering, consists of both elastic and inelastic contributions, captures both long-range and short-range structural information, making it suitable for ePDF analysis [22].
The selected area diffraction (SAD) data collected from a densely populated region is shown in Figure 3, along with the corresponding intensity as a function of the scattering vector (I(Q)) used to obtain the ePDF. For the ePDF a polynomial fit was used to remove the background. The ePDF reveals characteristic peaks of silicon nitride at 1.8 and 2.8 Å, corresponding to previously published bond-lengths [23]. The O-H and O-O bond length from water at 1.8 and 2.8Å, respectively, overlap with the Si3N4 peaks, making it difficult to assess [24]. Future improvements of the ePDF procedure could involve directly subtracting the background signal from a region without particles, and membrane region without liquid, to eliminate silicon nitride and liquid contributions. In addition to the silicon nitride peaks, which overlap with the first platinum interatomic distance at 2.8 Å, small peaks at 4.0 and 4.9 Å are observed, which are characteristic of FCC platinum (Fig. S14). Based on the EDX of the particles, the average electron scattering factor has been calculated as a weighted sum of the individual atomic scattering factors for the membrane and platinum. Then the integrated intensity in Figure 3a is normalized with the electron scattering factors to isolate the total scattering signal from the sample. The rest of the steps in the analysis are demonstrated in Figure S13. While this selection provides a reasonable approximation, further high-Q space refinement could enhance the structural resolution. This could be achieved by increasing exposure times, using higher beam energy, reducing the camera length to access higher Q values, or incorporating mosaic diffraction patterns.
	[image: thumbnail]	Fig. 2 STEM imaging of metallic nanoparticles in a trap, with EDX point spectra showing the elemental compositions. a) STEM image showing the nanoparticles, with the areas corresponding to the spectra marked on the image. b) STEM-EDX point spectra of the particles (lines), with the yellow spectrum aiding as a reference from a region without particles. The characteristic X-ray energies for gold, silver, platinum, and copper are indicated along the spectra.



	[image: thumbnail]	Fig. 3 Electron scattering of a selective area of condensed packet platinum particles a) I(Q) of particles in trap channel, from the diffraction pattern obtained with a camera length of 680 mm and an exposure time of 1 second. b) Electron PDF of the platinum particle in the trap chip, a histogram of interatomic distances r. The dampening of oscillations around 12 Å, indicates an individual platinum particle size of 1.2 nm. The characteristic interatomic distances is displayed on the PDF.



3.3 Ferritin imaging
Ferritin, a 12 nm diameter iron storage protein, plays a crucial role in iron regulation in humans and animals. It consists of a hollow protein shell capable of storing up to 4500 oxidized iron atoms in its 8 nm core [25]. Ferritin is typically imaged dried in TEM or using Cryo-EM, and recently also liquid cells [26,27]. While Cryo-EM enhances resolution, it sacrifices the dynamic properties that liquid cell TEM can provide. With trap chips, ferritin can be trapped and imaged, achieving a resolution similar to that of cryo-EM obtained from the TEM used here (Fig. S4a). The chip used here had a ∼15 nm thin trap region, composed of two 20 nm silicon nitride membranes, and a few ferritin molecules got stuck inside the trapping region with shallow water and higher resolution. In Figure 4, TEM the ferritin remain immobilized, enabling imaging and opening possibilities for single particle analysis of ferritin in liquid phase for comparison to Cryo-EM. The LPTEM size distribution in Figures S3 and 4b  reveals a similar size to the cryo TEM characterization, with measured sizes of 8.3 ± 1.4 nm and 7.6 ± 1.3 nm, respectively. The trapping method allows for good contrast imaging from the iron core of ferritin, preserving their native structure and preventing movement, at the level of this TEM's resolution, which has complicated analysis in traditional liquid phase TEM [28]. This method offers a unique way to study the morphology and behavior of ferritin in solution.
	[image: thumbnail]	Fig. 4 Trapping of Ferritin with iron oxide core. a) Ferritin particles with an iron oxide core are trapped both before and inside the trap. b) The ferritin particles are expected to be 12 nm in diameter, with an 8 nm inner iron oxide core.



4 Outlook
Using the traps to capture an ensemble of metallic nanoparticles in solution, allows for both crystallographic and structural information to be gathered in the TEM with spectroscopy and diffraction data. Here, diffraction patterns will offer a similar possibility as powder x-ray diffraction, and equivalent atomic pair distribution function analysis could be carried out to find the interatomic distances and unit cell parameters [29–31]. In addition, it could be utilized for phase identification, crystallographic texture analysis, radiolytic beam damage study in liquids, and the detection of strain or defects. The possibility of doing fast experiments with the trap nanochannel gives rise to gathering more data on experimental high entropy alloys (HEA). Here, it could be feasible to collect high-resolution STEM-EDX data to highlight the different metallic components of the synthesis HEAs, together with atomic information from the ePDF [32–34].
Growing crystals large enough to do single-crystal x-ray diffraction (SCXRD) is often a comprehensive and difficult task [35–37]. Once again, the advancement in electron diffraction techniques opens new prospects for carrying out crystallographic studies. 3D ED works on the same principles as SCXRD but with a single crystal, in principle, up to 106 times smaller [38]. One research field that is starting to gain popularity using 3D ED is studying dynamic processes in metal-organic frameworks (MOFs) [39,40]. MOFs are another possible sample to grow or inject in traps. The limitation of these studies is that every dynamic process is generally done, ex-situ, and then usually some kind of treatment to get the sample dry again [41]. This can be overcome by trapping the MOFs and then changing the physical or chemical environment to initiate the structural change.
Trapping catalytic nanoparticles within nanochannels offers a unique, controlled environment for studying catalytic reactions at the nanoscale [42,43]. The ability to introduce reagent liquids and dynamically alter the chemical environment enables real-time observation of reaction processes. This setup allows for direct imaging of reaction sites, capturing changes in both the structure and composition of the catalyst. Additionally, any gases produced during the reaction can be detected using EELS, providing valuable information on reaction intermediates and by-products. Such methodology will further bridged traditional environment TEM with liquid phase electron microscopy to allow in-situ studies into catalytic transformation at high temporal and spatial resolution.
Trapping structures of biological origin provides an alternative to Cryo-EM, though with the added challenge of radiolysis [44]. Better TEM and improved chip designs should one for studies e.g. biomolecular function, stability, and response to external stimuli by real-time tracking of structural and chemical changes, thus enhancing the connection between structural biology and in-situ TEM studies.
5 Conclusion
Trapping particles in LPTEM for imaging and spectroscopic analysis offers unique possibilities to conduct in-situ studies. By utilizing the technique, we preserve the integrity of samples, while achieving single-particle elemental analysis through STEM-EDX and structural characterization using electron diffraction. Selective trapping of nanoparticles in well-defined regions enhances reproducibility, providing precise control over experimental conditions. In addition, this opens up new perspectives for in-situ studies enabling the tracing of real-time nanoparticle dynamics, nucleation and growth and reactions within a controlled liquid environment. By combining LPTEM with time-resolved diffraction and spectroscopic methods, one can track structural changes in real time. Overall, an improvement in methodology for studying dynamic processes at the nanoscale, providing new insights into reaction mechanisms, phase transformation, and interfacial phenomena.
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Fig. 1. Nanochannel thickness estimation a) schematic of the side views of the nanochannel with a height of h, where the distance x is defined. b) Shows a top view of the same principle, which is what will be seen from the TEM image, as shown in c).

Fig. 2. Overview of the trap chip with ferritin a) this design of the trap channels, offers a height variation to trap particles in the narrow region. High contrast comes from the solution in the channels. b) Few particles had made it into the trap region.

Fig. 3.  Size distribution of ferritin particles. The size was found from the particles in Figure 4.a, with a mean diameter found was: 8.5 ± 1.4 nm - number of particles: 745.

Fig. 4. Cryo TEM imaging of same ferritin sample as used in the trap chip a) cryo TEM images of ferritin with iron oxide core. b) Particle distribution of (a), with a mean diameter found was: 7.6 ± 1.3 nm - number of particles: 928.

Fig. 5. Metallic nanoparticles in the trap chip a) particles distributed in the trap channel and the dense variation. b) Typical example of one of the traps filled with stuck particles. c) Particle size similarity was early observed in TEM images like this.

Fig. 6.  HAADF-STEM images of particles trapped Show flow front to the side channels of particles stuck in a trap, with 1000 mbar pressure applied.

Fig. 7.  Particle size distribution Figure S3 c was processed in Fiji [1], with gaussian blur, threshold, fill holes and watershed function to do a particle size analysis. Mean diameter found was: 28 ± 6 nm - number of particles: 2386.

Fig. 8. STEM DF on the area after EDX map Copper signals from the EDX map are displayed with orange dots. Traces of copper are shown all over the background where the liquid solution is present in the chip.

Fig. 9. SEM EDX spectrum of the three metallic solutions All metallic components were analyzed in the SEM to investigate the copper source. The gold, platinum and silver signal was detected in their respective solution, but no copper signal was present.

Fig. 10. STEM-EDX point measurements of the same type of chip, the membranes were punctured differently followed by the same dropcasting of Milli-Q H2O. a) The membrane in the inlets was punctured with a thin copper wire, the same wire as used to puncture the membrane in the experiments conducted in this study. b) A hypodermic needle used to puncture the membrane on the inlets.

Fig. 11. Diffraction pattern of Si (11[image: equation]) rotated to ensure perpendicular beam to chip a) diffraction at 0° α tilt. b) Aligned diffraction pattern to the Si wedge at 0.8° α tilt. c) Simulated diffraction pattern of 0° tilt Si (11[image: equation]) from Recipro [2].

Fig. 12. TEM images from the SAD a) particles in trap, a dense area was chosen for diffraction. b) The particles in SAD used for diffraction.

Fig. 13. Steps in ePDF analysis plotted

Fig. 14. Simulated PDF of Pt FCC The simulated diffraction pattern is with similar Q-range as observed in the electron diffraction data. The simulation is done with the python package DebyeSimulator [5].
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	[image: thumbnail]	Fig. 1 Schematic diagram of a liquid cell with trapping nanochannel for TEM and STEM imaging of monometallic particles stuck in the nanochannels, where lattice fringe resolution in liquid is demonstrated. a) The suspended nanochannels with a controlled height of 100–170 nm, with trap regions ranging from 10-35 nm, are enclosed between two silicon nitride membranes. The nanochannels are filled with a liquid, which can be flowed in or exchanged using an external pump. The e--beam goes through the membrane with the liquid and samples, thus allowing for imaging, spectroscopy, or diffraction measurements. b) HAADF-STEM image of trapped platinum particles in the nanochannels, with 1000 mbar of pressure applied. c) High magnification STEM image of particles in liquid stuck in the trapping region. d) Example of atomic scale resolution imaging of gold nucleation in solution from high electron beam intensity within a filled 60 nm high nanochannel, confined between two 10 nm Si3N4 membranes, captured on a 200 kV TEM. e) FFT of lattice fringe region in (d), showing peaks around 1.35 Å in the Fourier space.
In the text



	[image: thumbnail]	Fig. 2 STEM imaging of metallic nanoparticles in a trap, with EDX point spectra showing the elemental compositions. a) STEM image showing the nanoparticles, with the areas corresponding to the spectra marked on the image. b) STEM-EDX point spectra of the particles (lines), with the yellow spectrum aiding as a reference from a region without particles. The characteristic X-ray energies for gold, silver, platinum, and copper are indicated along the spectra.
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	[image: thumbnail]	Fig. 3 Electron scattering of a selective area of condensed packet platinum particles a) I(Q) of particles in trap channel, from the diffraction pattern obtained with a camera length of 680 mm and an exposure time of 1 second. b) Electron PDF of the platinum particle in the trap chip, a histogram of interatomic distances r. The dampening of oscillations around 12 Å, indicates an individual platinum particle size of 1.2 nm. The characteristic interatomic distances is displayed on the PDF.
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	[image: thumbnail]	Fig. 4 Trapping of Ferritin with iron oxide core. a) Ferritin particles with an iron oxide core are trapped both before and inside the trap. b) The ferritin particles are expected to be 12 nm in diameter, with an 8 nm inner iron oxide core.
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        Schematic diagram of a liquid cell with trapping nanochannel for TEM and STEM imaging of monometallic particles stuck in the nanochannels, where lattice fringe resolution in liquid is demonstrated. a) The suspended nanochannels with a controlled height of 100–170 nm, with trap regions ranging from 10-35 nm, are enclosed between two silicon nitride membranes. The nanochannels are filled with a liquid, which can be flowed in or exchanged using an external pump. The e--beam goes through the membrane with the liquid and samples, thus allowing for imaging, spectroscopy, or diffraction measurements. b) HAADF-STEM image of trapped platinum particles in the nanochannels, with 1000 mbar of pressure applied. c) High magnification STEM image of particles in liquid stuck in the trapping region. d) Example of atomic scale resolution imaging of gold nucleation in solution from high electron beam intensity within a filled 60 nm high nanochannel, confined between two 10 nm Si3N4 membranes, captured on a 200 kV TEM. e) FFT of lattice fringe region in (d), showing peaks around 1.35 Å in the Fourier space.
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        STEM imaging of metallic nanoparticles in a trap, with EDX point spectra showing the elemental compositions. a) STEM image showing the nanoparticles, with the areas corresponding to the spectra marked on the image. b) STEM-EDX point spectra of the particles (lines), with the yellow spectrum aiding as a reference from a region without particles. The characteristic X-ray energies for gold, silver, platinum, and copper are indicated along the spectra.
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        Electron scattering of a selective area of condensed packet platinum particles a) I(Q) of particles in trap channel, from the diffraction pattern obtained with a camera length of 680 mm and an exposure time of 1 second. b) Electron PDF of the platinum particle in the trap chip, a histogram of interatomic distances r. The dampening of oscillations around 12 Å, indicates an individual platinum particle size of 1.2 nm. The characteristic interatomic distances is displayed on the PDF.
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        Trapping of Ferritin with iron oxide core. a) Ferritin particles with an iron oxide core are trapped both before and inside the trap. b) The ferritin particles are expected to be 12 nm in diameter, with an 8 nm inner iron oxide core.
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