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ABSTRACT  

The advent of aberration correction for transmission electron microscopy has transformed 

atomic resolution imaging into a nearly routine technique for structural analysis. Now an emerging 

frontier in electron microscopy is the development of in situ capabilities to observe reactions at atomic 

resolution in real-time and within realistic environments. Here we present a new in situ gas holder that 

was designed to bypass several limitations that have plagued previous in situ gas holders. The new 

holder is compatible with any type of sample, and its capabilities include localized heating and precise 

control of the gas pressure and composition while simultaneously allowing atomic resolution imaging at 

ambient pressure. The results show that 0.25 nm lattice fringes are directly visible for nanoparticles 

imaged at ambient pressure with gas path lengths up to 20 µm. Additionally, we quantitatively 

demonstrate that while the attainable contrast and resolution decrease with increasing pressure and gas 

path length, resolutions better than 0.2 nm should be accessible at ambient pressure with gas path 

lengths less than the 15 µm utilized for these experiments.  
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The ability to study gas-solid interactions with atomic resolution and ambient pressures in the 

transmission electron microscope (TEM) promises new insights into the growth, properties, and 

functionality of nanomaterials. Heterogeneous catalysis is a particular application in which, the 

structure, morphology, and chemistry of nanoparticles are dynamic and greatly depend on the gas 

environment and temperature 1-7. Unfortunately, conventional high-resolution TEM of catalysis is 

extremely challenging since both ambient pressure and elevated temperature can adversely affect 

imaging conditions. This is further complicated by the fact that normal TEM imaging is performed 

under a high vacuum (1.5x10-7 Torr) to prevent unwanted scattering from gases. Therefore, to enable in 

situ experiments within the column of an electron microscope, a localized gas environmental chamber 

with controllable gas pressure, composition, and temperature is crucial. Such conditions can be obtained 

using an environmental cell built around the specimen. 

 The original designs for environmental cells have been around for over 70 years 8 and are 

produced by either incorporating differentially pumped apertures that separate the specimen from the 

high vacuum of the TEM column 1, 9-16 or windowed-cell designs that confine the gas within the 

specimen holder using electron-transparent membranes 4, 10, 17-22. Atomic-resolution images in gaseous 

environments have been obtained with both techniques at pressures up to ~10 Torr 1, 5, 15, 22, 23, but the 

technological relevance of these measurements may not be compatible with the more realistic operating 

conditions of catalyst nanomaterials at higher pressures. Environmental transmission electron 

microscopes (ETEM) that incorporate differentially pumped apertures are generally limited to pressures 

of 15–20 Torr but they permit imaging a standard TEM sample. A windowed-cell approach produces a 

much thinner layer of gas (or fluid) than a differentially pumped ETEM and can examine samples at 

pressures greater than 50 Torr 10, 17. However, the additional electron scattering due to the window 

membranes can decrease the attainable contrast and resolution. Recently, atomic-resolution imaging in a 

liquid environment was acquired at ambient pressure using a windowed-cell in situ liquid holder with 

fluid path lengths of 200–400 nm 24. Unfortunately, such a thin path length for gaseous experiments 
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would only be amenable to nanoparticle research and not conventional dimpled and ion milled 

specimens.  

While atomic-resolution in situ gas TEM has been previously demonstrated using a windowed-

cell approach at atmospheric pressure and temperatures up to 500°C 17, many reactions, including those 

involving catalysts, require a greater temperature range. Additionally, the micromachined devices used 

in previous designs 17 heat the entire window surface and simultaneously react every nanoparticle. A 

direct heating source that is smaller than the windowed area and translatable across the surface would 

allow experiments to be imaged under equivalent conditions but at separate times to improve 

reproducibility. Possibilities for such localized heating could incorporate a partitioned micromachined 

device or focused laser. A new environmental-cell design using windowed cells with a variable gas path 

length is therefore critically needed to permit in situ observations of any type of sample at ambient 

pressure and elevated temperature in a manner that allows atomic resolution and statistical 

measurements through targeted heating and imaging.  

Atomic-scale imaging of catalysts and other nanoparticles would also benefit from in situ 

aberration corrected high-angle annular dark-field Scanning TEM (HAADF-STEM) imaging 25. This 

imaging mode can provide directly interpretable atomic-scale images of catalyst nanoparticles at the 

required pressures and temperatures. HAADF-STEM imaging is produced from incoherent, Rutherford-

like scattering of electrons to high angles by the atomic nuclei of the specimen. The intensity (contrast) 

in the images is related to both the density and thickness (mass-thickness contrast) and the atomic 

number of the species responsible for scattering (typically referred to as Z-contrast imaging), generating 

images that reveal chemical information as well as structural information without potentially unwanted 

diffraction contrast 26-28. This makes HAADF-STEM imaging ideal for catalysis studies in which small 

particles or clusters of heavy atoms sit on a substrate and it is necessary to differentiate chemically 

inhomogeneous structures at small spatial scales 29-32. Recently, an edge resolution of 0.4 nm was 

reported for gold nanoparticles at ambient gas pressure using a windowed-cell holder in an uncorrected 

scanning TEM 33, but atomic lattice fringes were not observed. However, the use of an aberration-
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corrected STEM can significantly improve the resolution by producing a smaller electron probe (<1 Å 

in some instances) relative to an uncorrected STEM, as the dark-field resolution is largely determined 

by the probe diameter.  

Here, we demonstrate the capabilities of a new in situ holder capable of precisely controlling gas 

composition and pressure. The new holder has the ability to image any type of sample since the gas path 

length is adjustable between 0 and 250 µm and enables access to experiments at temperatures beyond 

the previous limitation of 500°C by incorporation of localized specimen heating using a translatable 

fiber-based laser. In this paper, we present atomic-resolution images obtained with aberration-corrected 

HAADF-STEM from two distinct experiments using nanoparticle specimens (TiO2 and PbO). The 

images were acquired at ambient temperature and a range of pressures up to 800 Torr. Finally, we 

evaluate the effect of gas pressure on attainable resolution.  

 

RESULTS 

 The design of the in situ environmental heating holder (E.A. Fischione Instruments, Inc.) 

employed in these studies incorporates a windowed environmental cell (e-cell) with a total height of 2 

mm that makes it compatible with the objective pole pieces of most commercially available TEMs 34. A 

pair of 15-nm-thick amorphous silicon nitride windows (Ted Pella, Inc.) created the electron-transparent 

reaction chamber as shown in Figure 1A&B. The e-cell is designed to accept a standard 3-mm-diameter 

TEM specimen and a modular design allows for a variation in the spacer height and gas path length 

(GPL) to accommodate various sample thicknesses up to 250 µm. The modular spacers consist of 15-

µm-thick titanium discs with an outer diameter of 3 mm and an inner diameter of 1 mm to provide a gap 

between the two silicon nitride membranes for gas flow in and out of the e-cell without obscuring the 

viewable area. For the experiments described here, nanoparticles were placed directly on the inner side 

of the upper membrane (entrance window with respect to the scanning electron probe) of the e-cell to 

minimize probe broadening prior to scattering by the specimen.  
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Figure 1C shows a schematic of the complete gas-flow assembly. This design has the provision 

of flowing up to four different gases simultaneously through the cell. The gas flow is controlled 

accurately using pressure regulators and mass flow controllers. The gases initially flow into a mixing 

chamber external to the TEM, and from there the gas mixture is circulated into the specimen chamber of 

the holder through the inlet port. Pressure gauges at the inlet and outlet ports are used to determine the 

average steady-state pressure within the e-cell. Simultaneous pumping of the e-cell with an external 

two-stage diaphragm and turbomolecular pump and/or regulating the mass flow rate of the gases can 

accurately vary the pressure inside the e-cell. All flow regulations are computer controlled using a 

LabVIEW™ interface.  

The new holder also incorporates a built-in laser optics assembly to focus an infrared laser onto 

the specimen for localized heating experiments. The laser enters the end of the holder via a fiber optic 

cable and is focused onto the sample using a 60° titanium mirror with 5 nm gold plating. The optics are 

adjustable to yield a spot size on the sample between 30 and 300 µm and translatable along the sample 

plane x- and y-axes. Figure 2 shows bright field TEM images of hollow zinc oxide nanoparticle 

generation from a core-shell zinc/zinc oxide (Zn/ZnO) nanoparticle following infrared heating. Power 

spectra of the amorphous SiN membrane to which the nanoparticles are attached show that the images 

were acquired at the same focus, indicating the contrast change is not due to defocus effects. At a laser 

power setting of 18% and a spot size of 200 µm (power density of 4.9x107 W/m2), the solid zinc core 

disappears leaving behind a zinc oxide shell as a hollow nanoparticle.  Similar results were achieved 

during previously published ex situ laser heating experiments 35 where hollow ZnO nanoparticles were 

formed following selective-laser vaporization of Zn/ZnO core shell nanoparticles. The vaporization of 

the solid core occurs when the nanoparticle is heated (with a laser photon energy below the band gap of 

the shell material) to a temperature above the core material boiling point but below the shell material 

melting point. For the Zn/ZnO nanoparticle shown in Figure 2, this corresponds to a temperature above 

907°C but below 1975°C 35. To verify that the ZnO shell did not expand during this experiment while 

the Zn core disappeared, we included line profiles for equivalent regions of the nanoparticle before and 
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after heating (Figure 2C-F). Since we systematically increased the laser temperature to achieve these 

results we are confident that we are above 907°C, but we are not sure of the deviation above this value. 

A more detailed analysis using multiple samples (of similar size and shape) and data points will be 

needed to fully calibrate a plot for laser power versus sample temperature. Based on these results, it 

would be theoretically possible to achieve a local sample temperature greater than 10,000°C with this 

holder if the power density was increased to 50% and the spot size decreased to 100 µm (assuming a 

linear effect and a similar sample absorption rate of 40% 36. However, a maximum operating value of 

2000°C is more realistic for this in situ gas holder. This temperature limit would avoid thermal radiation 

from the sample compromising the integrity of the silicon nitride membrane and gold plating on the 

mirror. Although the higher temperature capabilities of the holder are the focus of a separate paper, the 

possibility of achieving localized sample temperatures up to 2000°C will permit imaging of many high-

temperature catalyst systems currently not amenable to in situ analysis. 

 As a first test specimen for verifying the resolution achievable with HAADF-STEM and the new 

in situ gas holder under atmospheric conditions we imaged PbO nanoparticles directly attached on the 

inner side of the upper membrane. Figure 3 shows raw images of PbO recorded at 20 and 800 Torr (>1 

atm) along with respective direct Fourier Transforms (FT). Lattice fringes at 0.25 nm are visible in the 

images of PbO nanoparticles at all applied pressures up to 800 Torr (average steady-state). However, 

while we detected 0.18 nm fringes while imaging particles at 20 Torr none of the particles imaged at 

800 Torr depicted fringes beyond 0.2 nm. This could of course be due to the orientation of the 

nanoparticles during imaging or it could be due to an adverse effect for resolution dependent on gas 

pressure, path length, and/or membrane thickness.  

 Any loss of resolution due to increasing the gas pressure to 800 Torr can be explained by plural 

scattering from a combined effect of the silicon nitride membranes and gas molecules. Unlike standard 

imaging where the sample is exposed to the vacuum of the microscope, in situ e-cell imaging (both gas 

and liquid environments) involves extra material density surrounding the sample of interest which 

causes plural scattering and can degrade image contrast and resolution. Additionally, this effect gets 
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worse as the pressure increases due to outward membrane bulge that results in a larger gas path length. 

However, the magnitude of resolution loss is dependent on where the sample is located relative to the 

upper membrane. With the sample adhered to the opposite (bottom) window, the scanned probe is 

broadened due to scattering caused by interaction of the electron beam with the upper window and the 

density of gas molecules prior to surveying the sample. Since the resolution in HAADF-STEM is 

dependent on the probe size, this type of broadening directly limits the attainable resolution. During 

these experiments we were unable to detect any lattice fringes for nanoparticles on the bottom window.  

On the other hand, when the particles are attached to the upper membrane, the scattering from the gas 

density occurs after the electrons have already interacted with the specimen and decreases the signal to 

background ratio. This is because some electrons that would have hit the HAADF detector will be 

randomly scattered away from it and vice versa. Thus, there may be some critical pressure, GPL, and/or 

density beyond which atomic lattice fringes for a given resolution will no longer be observed as the 

noise effectively blurs the lattice fringes.  

For our experiments, the initial GPL was nominally set with a single 15 µm titanium spacer 

inserted between the upper and the lower silicon frames. When the e-cell was pressurized, the silicon 

nitride membranes bulged due to the pressure differential between the e-cell and vacuum of the 

microscope column and the bulging was measured experimentally by calculating the change in eucentric 

height position of each membrane as the pressure inside the e-cell increased. While the GPL at the edge 

of the windowed area matched the nominal spacing of 15 µm, the middle of the window bulged to a gas 

path length of ~50 µm at 760 Torr. Using the approach of Creemer et al. 37, we calculated the atomic 

density projected along the path of the electron beam through the gas by integrating the molecular 

density through the thickness of the environmental cell (there will be contributions from both the 

window membranes and the gas). For O2 gas at 760 Torr and 300°K with a 50 µm gas path length, this 

gives a projected density of ~2.5×103 atoms/nm2 due to the gas molecules only. This projected gas 

density matches the density previously obtained both in a nanoreactor with H2 gas at ~750 Torr (34 µm 

GPL and 0.18 nm resolution) and in an ETEM with N2 gas at ~4 Torr (5 mm GPL and 0.14-nm 
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resolution) 38. Interestingly, atomic resolution was not obtained in the present experiments when the gas 

path length was 50 µm for particles on the upper window. Instead, a critical path length of less than 

20 µm was required to observe lattice fringes at 760 Torr and above. Taking into account the 

contribution from the 15-nm-thick nitride membranes, this corresponds to a critical projected atomic 

density of ~7×103 atoms/nm2 (~1×103 atoms/nm2 are due to the gas molecules). Since each silicon 

nitride membrane contributes 3x103 atoms/nm2 in the projected atomic density, scattering from the 

membranes is currently much stronger than the scattering from the gas molecules. As a result using 

thinner membranes would likely permit even higher resolution imaging conditions than presented here, 

however a simultaneous decrease in window areas will be required to maintain sufficient mechanical 

resistance to the differential pressure experienced by the e-cell during loading into the microscope. 

To verify these results and test the versatility of combining the in situ holder with HAADF-

STEM for imaging nanoparticles composed of lower atomic number elements, a titanium (IV) oxide 

(TiO2) nanopowder with an average particle size of ~25 nm was also imaged. Figure 4 shows atomic-

resolution HAADF-STEM images of TiO2 nanoparticles at four pressures ranging from the vacuum of 

the microscope column (~10-7 Torr) to 760 Torr. To quantify the resolution loss as a function of 

pressure, we analyzed line profiles and Bragg spot intensities corresponding to the 0.25 nm lattice 

fringes from the nanoparticles shown in Figure 4A-D. Since the membrane thickness used for these 

images were identical, the images were shifted to an equivalent average pixel value for the amorphous 

SiN background prior to calculating the line profiles. This constant adjustment of pixel values generated 

a relative reference value from which the effect of pressure on resolution could be assessed. As seen in 

Figure 4E, the average signal levels of the particles and background were similar for both the 40 and 

760 Torr images. However, the peak-to-valley height for the 0.25 nm lattice fringes at 760 Torr was 

roughly 33% of the height at 40 Torr. The decrease in fringe visibility with increasing pressure was 

validated by a second measurement of Bragg spot intensity quotient (IQ) values. To calculate the IQ 

values, direct Fourier Transforms of the images were performed and the central peak intensity of each 

Bragg spot was compared to the average intensity of background pixels. To ensure the background 
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pixels were representative and did not include above-average intensity due to a broadened spot, a radius 

of 10 pixels from the central peak was used to calculate the average background value (excluding all 

values within 9 pixels of the central peak). Figure 4F depicts a plot of the IQ values normalized to the 

IQ value calculated at 40 Torr. The plot indicates a decrease of spot intensity at 760 Torr to 72% of the 

intensity at 40 Torr. It is important to note that the line profile analysis is an absolute measure while the 

IQ analysis is a relative measure of contrast. The IQ analysis has been used for over 25 years in the 

biological TEM community where it was developed to evaluate images with low signal-to-noise levels 

39. Although the doses used here were higher than the typical low-dose images of biological TEM, the 

IQ analysis provided a convenient mechanism for qualitatively comparing the different imaging 

conditions due to varying pressure. Bragg spots can be detected in the power spectrum of an image even 

when the particle contrast is nearly zero. Thus despite the discrepancy in magnitude between the two 

measurements appearing large, both analysis methods support a significant loss of contrast and 

resolution as a function of pressure. The observation that the 0.18 nm fringes were absent in images 

acquired at ambient pressure (while the 0.25 nm fringes remained visible) suggests that plural scattering 

limited the resolution to around 0.2 nm for the microscope and holder assembly conditions utilized 

during these experiments. Since the increase in gas pressure was accompanied by window bulging as 

described above, we could not fully determine if the resolution loss was due to the change in pressure or 

gas path length. However, since both variables affect the total number of gas molecules that reside in the 

path of the electron beam and cause plural scattering, the use of a thinner nominal path length than the 

15 µm spacer used here may permit imaging on the 1-angstrom scale for future experiments.  

 

DISCUSSION  

The results presented here demonstrate that aberration-corrected atomic-resolution HAADF-

STEM images can be obtained from nanoparticles at technologically relevant pressures greater than 760 

Torr. The new in situ gas holder design bypasses previous limitations with sample flexibility, localized 

heating, and large field of view. Optimization of the parameters required for atomic-resolution STEM 
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imaging in ambient pressures involved overcoming several multifaceted challenges in design, 

engineering, and experimental planning such as specimen drift, carbon contamination, and blurring 

factor of the windows. The first results of these efforts are presented here as an initial step toward 

developing a technique capable of creating a realistic environment (ambient pressures and elevated 

temperatures) in an electron microscope for in situ studies of catalytic materials on substrates. 

Recently, Electron Energy Loss Spectroscopy has been demonstrated for ambient pressure in 

situ liquid studies 40 and could potentially be combined with the holder described here to track the 

electronic states of catalyst particles and clusters at elevated pressures and temperatures while the 

structure and morphology are monitored with HAADF-STEM imaging. Extending these experimental 

capabilities further to techniques that employ high temporal resolution such as Dynamic TEM 41 could 

potentially allow observation of transient states of catalysts while also providing the added benefit of 

overcoming drift due to specimen heating. The ability to couple these novel platforms for in situ 

analysis using this new environmental cell opens up a large number of possibilities to study functional 

nanomaterials under relevant ambient conditions. 

 
METHODS 

Nanoparticle Preparation: The PbO nanoparticles were grown by first forming lead sulfide 

nanoparticles in solution 24 followed by deposition on the window surface and oxidation at room 

temperature 42. The TiO2 nanopowder (Sigma Aldrich®, ≥99.5% pure titanium (IV) oxide, 25 nm) and 

Zn nanoparticles (Sky Spring Nanomaterials, 99.9% zinc, 80–100 nm) were used as purchased and 

deposited directly on the window surface prior to imaging. In the case of the Zn nanoparticles, the 

exposure to air during loading of the holder resulted in the formation of a zinc oxide shell surrounding 

the Zn core.  

 

Scanning Transmission Electron Microscopy and In Situ Imaging: HAADF-STEM imaging with the in 

situ holder was performed in an aberration-corrected JEOL JEM-2100F/Cs operating at 200 keV using a 
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probe current of ~72 pA and a dwell time of 15 µs/pixel. TEM imaging was performed in an aberration-

corrected JEOL JEM-2200F, also operated at 200 keV. All in situ images were recorded in O2 gas with 

>99.5% purity, as this provides a means of removing hydrocarbon contamination that may develop 

during experiments 19. For the heating experiment, a 1085 nm laser (total power output of 8.5 W) was 

operated at 18% power with a sample plane spot size of 200 µm providing a power density at the sample 

of 4.9x107 W/m2. 
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FIGURES AND FIGURE LEGENDS 

	
  
Figure 1: Overview of environmental gas flow holder design.  A) Illustration showing a cross-section of 

the environmental cell at both low pressure (10 Torr) and atmospheric pressure (760 Torr). The silicon 

nitride membranes bulge as the pressure increases, resulting in a larger gas path length for scattered 

electrons. Nanoparticles are placed directly on the inner side of the upper window, as shown. B) The tip 
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of the in situ holder before mounting the windows (top) and after inserting the windows and securing 

the clamp to seal the chamber (bottom). C) Schematic view of the complete gas flow assembly.  
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Figure 2: Generation of hollow zinc oxide nanoparticle using localized infrared laser heating. A) 

Zn/ZnO core-shell nanoparticle imaged at room temperature. B) Same particle as (A) following 

exposure to a 200 µm diameter continuous 1085 nm laser for 15 seconds with a power density of 

4.9x107 W/m2. Only the hollow ZnO shell remains. The scale bar is equivalent for both panels and 

represents 100 nm. C) Illustration showing the equivalent line scan regions for the particles shown in 

(A) and (B). Line scans 1-3 correspond to panels (D-F) respectively. All line scans depict the 20-pixel 

wide integrated profile before and after heating.  
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Figure 3: Atomic-scale resolution under gas flow. PbO nanoparticles showing atomic lattice fringes at 

A) 20 Torr and B) 800 Torr O2 gas. FT insets show 0.25-nm lattice fringes (white circles) corresponding 

to (002) lattice planes and the 0.18 nm lattice fringes (white square). Scale bars represent 3 nm.  
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Figure 4: HAADF-STEM images showing lattice fringes for TiO2 nanoparticles attached to silicon 

nitride membranes. A-D) Nanoparticles deposited between two 15 nm silicon nitride membranes inside 

the in situ environmental holder at 40, 163, 330 and 760 Torr O2 gas respectively. Scale bars represent 3 

nm. E) Plot showing line profiles for the nanoparticles depicted in A&D perpendicular to the 0.25 nm 

lattice fringes. F) Plot showing normalized IQ value of the 0.25 nm spots for 6 different gas pressures. 

The black circles indicate IQ values from particles between two membranes at pressures between 40 and 

760 Torr. The red circle indicates the IQ value for a nanoparticle atop a single membrane and exposed 

to the high vacuum of the microscope (~10-7 Torr) for reference. 


