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Liquid phase transmission electron microscopy has become a powerful tool for imaging the structure 

and dynamics of materials in solution. Direct observation of material formation, modification and operation 

has provided unique insights into the chemistry that governs the structure-property relationships of 

materials with myriad applications including optical, magnetic and electronic materials. However, full 

control over the reaction environment inside the microscope, especially the solution temperature and 

concentration of reactants, remains challenging and has limited the application of this high-resolution 

methodology. Here we present the ‘Stream Liquid Heating Holder’, a complete system for liquid phase 

experiments at elevated temperature inside the transmission electron microscope. This system features a 

unique on-chip flow channel combined with a microheater. The channel enables direct flow over the imaging 

area and rapid replenishment of the solution inside the Nano-Cell with simultaneous heating to more than 

100 °C. The capabilities of the system are demonstrated by studying the liquid flow dynamics and 

comparing the temperature dependent etching kinetics of silica nanoparticles by in-situ liquid phase 

electron microscopy to in-flask experiments. 
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Driven by the desire to understand processes in materials, in situ transmission electron microscopy (TEM) has 

emerged as a powerful tool to visualize dynamics down to the atomic scale.1 In situ TEM enables direct imaging 

of a material’s response to external stimuli with (sub-)nanometer spatial resolution, in combination with elemental 

analysis using energy dispersive X-ray spectroscopy (EDS) and electron energy loss spectroscopy (EELS).2 

Recently, microfabrication techniques have enabled the development of nanoscale liquid cells (Nano-Cells) for in 

situ TEM imaging of processes in solution.3 This innovation has created a new field of research, liquid phase TEM 

(LPTEM), which has been gaining in popularity.4–6 Understanding phenomena in liquid is of vital importance to 

solve problems in a wide range of research fields spanning chemistry, biology, physics and engineering. Currently, 

the most active fields include material synthesis, self-assembly, soft-matter science, fluid dynamics, catalysis, 

molecular and cell biology, electrochemistry and corrosion.7–15 The capability to image these processes directly, 

in realistic and dynamic environments with resolutions down to the nanoscale, has already enabled several 

breakthroughs.16,17  

There are several types of liquid cell designs, including flow and sealed cells, which can be fabricated 

monolithically or using two separate substrates (dual-chip). Graphene liquid cells18 are a common example of a 
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sealed liquid cell, which minimize the background signal from the electron transparent window, offering high 

resolution and spectroscopic performance.19 However, graphene liquid cells are poorly reproducible and offer 

limited control on liquid layer thickness. Furthermore, the sealed nature of these cells prevents the user from 

changing the solution conditions inside the microscope, limiting the possible experiments.  

Flow cells are fabricated with channels that connect the liquid cell to the exterior of the microscope and enable 

liquid to be flown inside the cell during imaging. This enables the user to initiate a reaction, or change the liquid 

in the cell.20 Preventing depletion of the precursor can be especially important, as this can limit a reaction process,21 

or alter reaction kinetics.22 Flow cells exist in two flavors: monolithic and dual-chip configuration. Monolithic or 

single-chip devices are mostly used because of their thin and reproducible liquid layer.23 However, their complex 

microfabrication makes them expensive and they are limited to samples suspended in a solution that can be flown 

through from outside the microscope. The dual-chip configuration is the most versatile design as it allows for 

sample preparation by both flowing through whilst imaging and by drop casting a solution directly onto the window 

prior to assembly of the cell. Additionally, it enables the user to place lamellas,10 locally functionalize the surface 

or grow cell cultures directly on the window.24 Importantly, after the experiment, the dual-chip liquid cell can be 

disassembled for post mortem analysis, to provide additional information of the sample, including higher resolution 

imaging and chemical analysis, that is either challenging or impossible in a liquid.25–27 

Dual-chip liquid cells have so far relied on what is called a ‘bathtub’ configuration, in which the tubing is 

connected to a pocket in which the two chips are placed (Figure 1c).28,29 For this ‘bathtub’ configuration the lower 

fluidic resistance around the chips means that most of the flow bypasses the chips completely, and the reacting 

species reach the imaging area driven mainly by diffusion.30,31 Therefore, the control of the flow speed and 

direction in the window area is limited. Moreover, quantitative analysis is complicated when the precise solution 

composition cannot be controlled.  

One of the most relevant control variables for chemical reactions is temperature. Heat is the driving force 

behind many reactions, and different temperatures can be used to favor different reaction pathways. The 

opportunity to accurately control temperatures inside the liquid cell promises to significantly widen the application 

of LPTEM in the physical, chemical and life sciences.32 To date, several successful studies involving LPTEM at 

elevated temperature have been reported. Since the introduction of microfabrication for liquid cells, the first 

experiment at elevated temperature was in 2011 and involved the imaging of nanobubbles in water, heated by 

platinum strips.33 A heating holder with Peltier element was used to observe the nucleation of calcium carbonate 

.
34 Using a furnace-type heating holder, the growth of bismuth and bismuth oxide nanoparticles was shown.35,36 
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The formation of zinc oxide from liquid was imaged, both by using an external heat source to heat up the liquid 

cell, as well as by using the electron beam.37,38 More recently, one of the two micro-electro mechanical system 

(MEMS) chips was equipped with a microheater. This enables the imaging of thermally induced shrinking of core-

shell microgels39,thermally induced polymerization40, galvanic replacement in silver nanocubes with gold41 the 

growth of gold-palladium core-shell nanoparticles21, and metal-organic nanotubes42 were visualized.  

Despite the success of LPTEM, challenges remain with precise control over the solution composition, 

temperature and liquid layer thickness, and limiting bubble formation (Supplementary Figure 1). The lack of 

control limits the ability to reproduce the results from conventional synthesis (termed ‘in-flask’ experiments) inside 

the TEM. To address these challenges, we designed a new LPTEM system based on a dual-chip liquid cell, termed 

the ‘Nano-Cell’, with an on-chip microfluidic channel and a microheater. The channel guarantees direct flow in 

the imaging area, hence, control over the solution composition via replenishment of fresh solution within 

milliseconds, and the removal of unwanted bubbles from the solution. The microheater allows uniform heating to 

more than 100 °C. As far as we are aware, this is the first dual-chip system that has both an on-chip microfluidic 

channel and an on-chip microheater.  The systems’ capabilities are demonstrated by comparing the in situ to in-

flask etching of silica (SiO2) nanoparticles in sodium hydroxide (NaOH) at 20 °C, 40 °C, and 60 °C. We chose this 

example as silica and silicates are ubiquitous in industrial applications as optical materials, catalyst supports, 

chromatography and drug delivery.43–47 The complete LPTEM system is commercially available from 

DENSsolutions B.V. 

 

DESIGN & DEVELOPMENT 

The Nano-Cell relies on the dual-chip concept of sandwiching two MEMS devices to seal a miniaturized 

chamber,48 as shown in Figure 1a. Top and bottom MEMS devices have a rectangular window (20 x 200 and 20 x 

400 µm respectively) of electron transparent amorphous silicon nitride (50 nm). The two windows are aligned on 

top of each other in a cross-configuration, yielding a viewable area of 20x20 µm2. Figure 1b shows the architecture 

of the MEMS devices that form the Nano-Cell. These MEMS devices are consumable sample carriers, which can 

be replaced to prevent cross contamination between experiments. The Nano-Cell is assembled in its dedicated 

holder, which acts as the interface to the external electronics and the microfluidic pumps (complete system shown 

in Supplementary Information S2).  
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Figure 1 Design of the Stream Nano-Cell with the on-chip flow channel. (a) “Exploded view” of the dedicated 

sample holder with the two sandwiched MEMS devices and the inlet and outlet channels. The O-rings create leak-

tight interfaces with the channels in the tip of the holder, which are connected to the tubing that can be accessed 

from outside the TEM. The needles are pressed onto the 4 contact pads to actuate the microheater. (b) Nano-Cell 

overview and cross-sectional view, showing the on-chip microfluidic channel defined by the spacers, which directs 

the flow from inlet to outlet. The metal microheater is present on the bottom chip. (c) Flow path in the Ocean holder 

(our first solution for LPTEM and shown here for comparative purposes), a ‘bathtub’ type liquid cell where most of 

the flow bypasses the MEMS devices and the imaging area.28 (d) Flow path in the Stream holder along which all 

liquid is forced through the Nano-Cell and across the imaging area.  

The fundamental innovation of this design is the controlled flow; an inlet and outlet are created in the bottom 

MEMS device as well as spacers to define the on-chip microfluidic channel, as shown in Figure 1d. This design 

ensures that the liquid is forced to flow between the chips and across the imaging area, as this is the only route for 

the liquid to reach the outlet. By contrast, other commercially available and in-house fabricated liquid cells have 
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‘bathtub’7,49 style designs (Figure 1c), which rely on diffusion to bring reactants to the viewing area.26,31 By directly 

interfacing the inlet tubing to the microfluidic channel on the chip, the direction and speed of the flow can be 

precisely controlled. Accordingly, the reactants are driven to the imaging area directly, and the cell can be flushed 

of reacted species. Furthermore, bubbles can be actively evacuated through the use of this controlled flow, 

overcoming an important hurdle for LPTEM.50–52 Finally, this configuration ensures that all the exiting liquid has 

experienced the same environment and temperature conditions. To the best of our knowledge, no other system 

either commercially available or custom-built, has employed a dual-chip configuration with on-chip channel.  

In a dual-chip liquid cell, if the liquid cell is assembled dry (i.e. without first depositing a liquid sample) the 

liquid layer thickness is determined by the height of the spacers plus the window bulging, the latter being governed 

by the pressure.53 Thicker liquid layers result in lower spatial resolutions,54 and compromise the information 

obtained from LPTEM experiments. To control this pressure inside the Nano-Cell, the pressures at both the inlet 

and outlet of the holder must be controlled. Therefore, two independent pumps are used to set the pressure of the 

holder inlet and outlet tubing; over-pressure (pushing/infusing) on the inlet reservoir and under-pressure 

(pulling/withdrawing) on the outlet reservoir. Note that the TEM’s vacuum pressure is not affected by these 

operations, as the windows physically separate the inside of the Nano-Cell from the vacuum of the TEM. Where 

syringe pumps only push the liquid into the inlet, consequently linking flow rate and pressure, this system allows 

independent control of flow and pressure inside the Nano-Cell. For example, by increasing the pressure difference 

between the inlet and outlet, the flow will increase. Keeping the pressure difference the same while lowering both 

pressures simultaneously will reduce the absolute pressure in the Nano-Cell without a change in flow. The latter 

is especially beneficial to reduce the bulging of the windows, and consequently the thickness of the liquid layer. 

The absolute pressure in the liquid cell can be varied from 50 mbar to 2000 mbar. A flow meter measures the flow 

up to 1500 nL/min. The bulging was shown to be an order of magnitude lower for similar window and spacer 

geometry for a Nano-Cell at 50 mbar vs 1 bar.55 

In situ heating is achieved by placing a metal microheater on the bottom chip, which allows for Joule heating 

of the Nano-Cell. The metal heating coil resistance is linearly dependent on the temperature, which allows for 

simultaneous heating and accurate temperature measurement.56 In this way the software is able to control the 

temperature via a closed loop feedback algorithm, similar to our previous efforts for in situ heating in vacuum or 

gas.48,57 In this case the heater is not located on a membrane close to the imaging area but on the silicon substrate 

instead (Figure 2). We use the high thermal conductivity of the silicon58 to transport the heat homogeneously across 

the entire Nano-Cell. Note that the heating lines are outside of the O-ring such that they do not come into contact 
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with the liquid. This is imperative, as the (biased) metal would otherwise become an electrode and potentially 

initiate unwanted electrochemical reactions, e.g. hydrolysis.  

Accurate temperature control is achieved by utilizing a 4-point-probe configuration.59 Two contacts are used 

to supply the current, while the two others measure the voltage, through which the resistance of the microheater is 

determined. In this 4-point configuration, the contribution of other resistances such as contact resistance are 

excluded, and therefore only the resistance of the microheater is measured. The closed-loop feedback algorithm in 

the software regulates the temperature with a stability better than ±10 mK.  

Finite Element Analysis (FEA) was used to predict the temperature distribution of the Nano-Cell. The FEA 

model includes the 2-way coupling between the electric current calculation and the thermal distribution. In this 

way the electric currents generate Joule heating, and the resistance increase due to the higher temperature is taken 

into account. A room temperature boundary condition is applied to the location where the holder is supported by 

the stage. The results are shown in Figure 2 with the temperature set to 80 °C.  

 

Figure 2 Temperature distribution predicted by Finite Element Analysis. (a) Overview of the tip of the holder with 

the two silicon chips clamped by the lid. (b) Surface of the bottom chip, showing a homogeneous temperature across 

the Nano-Cell, resulting from the heater line geometry and the high thermal conductivity of the silicon substrate. 

The temperature scale bar is shared between both images. 

The density of the heater lines is higher in the area where the needles are pressed onto the contact pads, as this 

is closest to the heat sink, to compensate for the gradient that would otherwise be present. The zoomed-in view of 

the bottom chip (Figure 2b) shows a homogeneous temperature, with a maximum temperature difference being 

present in the liquid containing area of <0.3 °C. With this design a homogeneous temperature throughout the Nano-

Cell is achieved, as opposed to the large gradients that would happen with localized heating.60 A typical (high) 
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flow of 1000 nL/min was incorporated into the FEA model to assess the influence of the flow on the temperature. 

Even though water has a high heat capacity, this influence is negligible, as the water layer is ~3 orders of magnitude 

thinner than the silicon substrates. For the situation shown in Figure 2, the power required to heat up the liquid is 

~4 mW, less than 2% of the total heating power. The feedback loop controlling the temperature automatically 

adjusts to deliver this extra power. Another effect that could influence the temperature is the electron beam itself, 

however, this effect is typically small (<2.5 °C) for liquid cell experiments.52,61 As shown in Figure 2, there is no 

significant temperature gradient between bottom and top chip, so either window can be used to deposit the sample 

(depending on the desired imaging mode, TEM or STEM62).  

 

EXPERIMENTAL RESULTS & DISCUSSION 

Characterization of liquid flow dynamics 

To demonstrate the effect of the on-chip flow channel on the flow of liquid over the imaging area we compared 

the Nano-Cell filling dynamics to a conventional ‘bathtub’ liquid cell. One of the most common ways to prepare a 

liquid cell is to first assemble the cell dry (i.e. in air) and flow in the reaction solution after the holder is inside the 

microscope. This preparation method has several advantages, 1) the spacer determines the liquid thickness, 

providing reproducible cell dimensions, 2) it is easy to find the window, and set the imaging conditions prior to 

starting the experiment and 3) the concentration of the initial solution can be precisely controlled, unlike the drop 

casting method which is, if carried out in a standard lab environment, subject to evaporation during assembly. When 

using this preparation method, it is common to monitor the filling of the cell at a magnification that provides a full 

overview of the viewable area.  

In the conventional ‘bathtub’ liquid cell the liquid enters the imaging area isotropically, trapping a bubble in the 

center of the cell (Figure 3a, Supplementary Movie 1). This bubble can be removed by continued flowing of the 

solution and dissolving the bubble into the liquid (Figure 3a, t = 55 – 58 s). This process often takes around 1 min. 

Performing the same filling experiment with the Stream shows that viewing area typically takes place within 0.2 s 

(Figure 3b), if the lines have been prefilled with liquid. The dramatic decrease in filling time is directly related to 

the decrease in the solution volume inside the liquid cell and the absence of the large bypass channel.  

Although the filling is typically fast, it is also possible for bubbles to become trapped in the imaging area, likely 

due to the bulging of the windows creating a pocket in which the bubble will preferentially reside. In our experience 

this bubble is more likely to be trapped if the tubing lines are not pre-filled with liquid before assembling the Nano-

Cell. During one experiment where the lines were not pre-filled, the filling dynamics were slow enough to observe 
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the effect of the flow on the removal of the bubble (Figure 3c, Supplementary Movie 2). The images show filling 

of the liquid cell from the left (Figure 3c, t = 44 s – 65 s) and the bubble is removed by flowing out of the imaging 

area (Figure 3c, t = 95 s – 98 s), rather than a dissolution into the liquid. These effects are a direct consequence of 

the on-chip channel and provide direct evidence that the flow occurs directly over the imaging area.  

Apart from using the momentum of the flow to flush out the bubble, as shown in Figure 3b, a second method to 

deal with the bubble is available by controlling the pressure. The key parameter here is the supersaturation of the 

gas dissolved in the liquid. The amount of gas molecules dissolved into the liquid in the inlet reservoir, governed 

by Henry’s law, depends on the pressure, the temperature and the solubility of the liquid.63 As the flow through the 

Nano-Cell is driven by a pressure difference, the liquid experiences a drop in pressure, resulting in a lower solubility 

of gases. In other words, the liquid is supersaturated with gas molecules that prefer to nucleate into bubbles. The 

same situation occurs when the temperature is increased, as this also leads to lower gas solubility. Fortunately, this 

supersaturation condition is not enough to form a bubble, as it first needs to nucleate and grow larger than a critical 

radius. This nucleation can be initiated from gas nuclei in the crevices on the surface, and in the case of LPTEM 

also by the electron beam. Supplementary Figure S3 shows an example of a bubble, purposely introduced by the 

electron beam and dissolved by increasing the pressure. As such, the ability to remove bubbles easily, either by the 

direct flow over the imaging area or by changing the pressure conditions, is of great benefit to LPTEM experiments.  
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Figure 3 Comparison of the filling dynamics. (a) Conventional ‘bathtub’ type liquid cell, showing that this type of 

liquid cell fills equally from all directions and that the bubble dissolves into the center. (b) Stream Nano-Cell with 

the on-chip flow channel, showing a much-shortened filling time. White arrows indicate the water entering the 

imaging area. (c) Removal of a bubble trapped in the imaging area of the Stream Nano-Cell. Due to the on-chip 

flow channel, the imaging area fills from left to right and the bubble is removed by flowing out of the imaging area. 

Scale bars = 5 µm. 
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Temperature dependent etching kinetics of silica nanoparticles 

To demonstrate the experimental capabilities provided by the Stream Liquid Heating system we studied the 

temperature dependent etching kinetics of silica nanoparticles, etched by NaOH (0.6 M; pH = 13.8) at 20, 40, and 

60 °C. 0.6 M was selected as the NaOH concentration as it resulted in etching times of ~minutes to ~hours, which 

is a common duration for LPTEM experiments. The goal of this experiment was to assess the capability of the 

Stream Liquid Heating system to create a reaction environment inside the Nano-Cell with control over composition 

and temperature. This assessment was made by comparison of the temperature dependent kinetics observed in situ, 

using LPTEM, with in-flask, using UV-vis spectroscopy. If the kinetics are comparable this is a clear indication that 

the reaction conditions are well controlled, despite the ~12 order in magnitude reduction in reaction volume. Silica 

nanoparticles (diameter = 251 ±31 nm, Supplementary Figure S4.1) were synthesized using a modified Stöber 

method,64 and were dialyzed against water to remove the residual reactants before NaOH etching (see details in 

‘Materials and Methods’). The temperature dependent etching was first studied in-flask using UV-vis spectroscopy 

to measure the transmittance of the reaction solution at different time points (details in ‘Materials and Methods’). 

The spectroscopy data show that the rate of etching increases significantly with increasing temperature and that the 

etching time decreases by roughly an order of magnitude with each 20 °C increase in temperature resulting in etching 

times of ~500 min, ~50 min, and ~10 min, for the 20, 40 and 60 °C experiments respectively (Figure 4a).  

To monitor the etching using in situ LPTEM, silica nanoparticles were first precisely deposited onto the center 

of the bottom window using the ultra-low volume dispensing system SciTEM65, and left to dry (Supplementary 

Figure S4.2-4). The Nano-Cell was assembled dry and inserted into the microscope. The etching was initiated by 

flowing the NaOH solution into the cell at a rate of 700 nL/min. The flow was held constant for the duration of the 

experiment to ensure a constant concentration of NaOH and to remove any etching products. For the experiments 

at 40 and 60 °C the system temperature was increased immediately after the reaction was initiated. The time to reach 

the desired temperature of 40 and 60 °C was 90 and 120 seconds respectively. Etching progress was monitored in 

TEM mode by acquiring images at different time points with acquisition details provided in Table 1. 

 The in situ TEM images show a significant increase in the etching rate with increasing temperature, consistent 

with the in-flask experiments. The etching time was determined by the relative intensity of the particle (see 

Supplementary Information S5). When the particle could no longer be detected, we consider the reaction to be 

finished. The etching times were found to be ~ 360 min, ~ 40 min, and ~ 4 min for the 20, 40 and 60 °C experiments 

respectively (Figure 4b-c). The similarity between the in-flask and in situ data provides strong evidence for the high 

control over the solution conditions inside the microscope.  
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Figure 4 Temperature dependent etching kinetics of silica nanoparticles, in-flask vs in situ LPTEM. (a) Evolution 

of transmittance with reaction time in-flask. The transmittance data are measured from UV-vis spectroscopy. (b) 

Evolution of relative intensity of a single silica nanoparticle (Iparticle/Ibackground) with time, from in situ LPTEM. All 

the data points represent 100 pixels intensity averages (Iparticle) taken at the center of the particle. (c) Single particle 

TEM snapshots of the etching process (larger regions of interest shown in Supplementary Figures S5.1-3). Scale 

bar: 500 nm. 

 

Table 1 Dose rate and total dose overview in 3 LPTEM heating experiments 

 20 °C 40 °C 60 °C 

Dose rate (e-.nm2-.s-) 15 15 15a 

Total dose (e-.nm2-) 4260 5400 840 (1680)b 

Exposure time (s) 4 8 16 

 

a. The dose rate had dropped to 6 e-.nm2-.s- after the reaction finished. 
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b. The total dose 1680 e-.nm2- includes the dose applied before the temperature reaches 60 °C.  

  

 Although the electron dose rates and total electron dose from Table 1 have previously been determined to have 

minimal effects on the chemistry of beam sensitive materials,66 it is important to investigate the effect of the electron 

beam on all in situ LPTEM reactions. To determine the effects of the electron beam, a location specific beam 

blanking protocol was employed (Figure 5). The protocol involves imaging multiple areas of the Nano-Cell at 

different time and with different accumulated doses. When performing these control experiments at 60 °C, we 

observed that the electron beam induced particle growth (Figure S5.5). Our hypothesis is that this is a redeposition 

of the silica, a process which has been previously observed.67 However, this redeposition process did not occur at 

lower temperatures, indicating that electron beam effects also depend on the temperature of the system, as has been 

observed previously.40 

 The results of the beam blanking experiment indicate that the electron beam accelerates the etching process. In 

the 40 °C experiment, particles in Area 1 were fully etched after 38 minutes and a total dose of ~5400 e-.nm-2. In 

Areas 2, 3 and 4, the particles were etched to ~70% (0.7 relative intensity) after 40, 38 and 39 minutes respectively 

and a total applied dose of ~120 e-.nm-2. (Figure 5). The etching time of the particles exposed to the lowest total 

dose (Areas 2-4) is most consistent with the etching time from the in-flask experiment. The data shows that a ~50 

fold increase in the total dose results in a decreases in a ~30% decrease in the etching time, whereas a 20 °C 

temperature change (e.g. 20 °C to 40 °C) results in a ~90% decrease in the etching time. Consequently, we conclude 

that even though the electron beam accelerates the etching process, the kinetics are dominated by the changes in 

temperature.  

 While the kinetics of the etching process can be obtained using UV-Vis, LPTEM provides additional insight 

into the etching mechanism as the morphology evolution can be directly observed for individual particles. Figure 4 

shows that for all temperatures the etching begins in the interior of the particle, creating a porous silica intermediate, 

which eventually dissolves fully. This mechanism is observed for both isolated particles and clusters of particle 

(Figure S5.s) and is consistent with ex situ TEM studies of silica particle etching.43,68 The latter provides  further 

evidence that the electron beam is accelerating the process but not significantly perturbing the underlying solution 

chemistry.  
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Figure 5: Quantification of beam effects on the silica etching process in 40 °C using a location specific beam 

blanking protocol. (a) Overview of the 4 areas being imaged by the electron beam at different times. (b) Overview 

of the locations where control experiments were performed. (c) The evolution of relative intensity of silica 

nanoparticles in different areas with time. Note that all the data points represent 100 pixels averaged in the center 

of particle. The intensity values in each area are normalized by the maximum intensity value. The two dashed lines 

indicate the intensity of the silica particles when the reaction is considered finished and when the Area 2-4 are 

imaged again after beam blanking.  

 

CONCLUSION 

In this work we have presented the development of an LPTEM system that includes an on-chip microfluidic 

channel and microheater for performing LPTEM experiments with control over solution flow, composition and 

temperature. Comparing the bubble removal dynamics of the on-chip microfluidic system to the conventional 

‘bathtub’ type liquid cell we have demonstrated that the on-chip microfluidic channel enables direct flow of the 

solution over the imaging area. Comparing the temperature dependent etching kinetics of silica nanoparticles 
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measured with the LPTEM system to in-flask kinetics measured with UV-vis spectroscopy, we have demonstrated 

that the combination of the on-chip microfluidic channel and the microheater enables the study of temperature 

dependent chemistries by LPTEM with comparable kinetics to the in-flask experiment. Consequently, we believe 

that the Stream Liquid Heating system will become a valuable tool for studying variable temperature chemistry of 

materials by in situ LPTEM. 

 

MATERIALS AND METHODS 

System characterization  

The MEMS devices were characterized with optical and scanning electron microscopy (SEM) to ensure the 

chips were defect free and clean. The chips were subsequently checked in a pressure test setup to confirm that they 

were sufficiently robust to the pressure difference inside the TEM.  

To ensure accurate temperature measurements, the chips were calibrated using Raman spectroscopy (Horiba 

Labram HR Raman Spectroscope). Calibrations were performed on leak-tight Nano-Cells, assembled in the holder 

and placed in a vacuum chamber to mimic the situation inside the TEM. Utilizing the temperature sensitive silicon 

peak (520 cm-1 at 20 °C), the resistance-temperature curve was acquired for the microheater.69 This (linear) curve 

is used by the software to regulate the temperature of the MEMS device. The calibration was done in vacuum to 

mimic the situation inside the TEM. During the microfabrication, the chips were annealed to 200 °C to prevent a 

resistance change from annealing during the process (to avoid inaccurate temperature readout). 

In experiments 200 nm spacers were used to produce a liquid layer which allows sufficiently high resolution 

and contrast, while retaining bulk-like properties so as to be representative of real-world phenomena and minimize 

confinement effects. The total liquid layer thickness, including the effects of bulging, was less than 500 nm, resulting 

in a theoretical resolution better than 1 nm for both TEM and STEM modes.4 

Temperature dependent etching of silica nanoparticles 

1. Synthesis of silica particles 

Tetraethyl orthosilicate (TEOS >97%) was purchased from TCI, Absolute ethanol was purchased from 

Biosolve, Ammonia (28%) was purchased from VWR, Deionized water (18 MΩ cm) was obtained from a MilliQ 

water purification system. All chemicals were used as received without any further purification.  

Stöber type silica particles were synthesized by modifying the method developed by Bogush et al.64 Silica 

particles were synthesized in ethanol using ammonium hydroxide as catalyst. The reaction was carried out in 25 

mL a round bottom flask charged with a Teflon coated stirrer bar, ethanol, ammonium hydroxide and DI water 
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(final volume 5 mL) were added and stirred at room temperature. 5 mL of 0.5M TEOS solution in absolute ethanol 

was quickly added and stirred at room temperature for three hours. The final concentrations were 0.25 M TEOS, 

0.5 M NH3 and 7.5 M water. 

The particles were diluted with water (final volume 25 mL), and ethanol and ammonia were removed using a 

rotary evaporator at 100 mbar and 60 °C. The particle dispersion was dialyzed against water using a 3500 Da cut-

off regenerated cellulose membrane (Spectrum laboratories). For TEM analysis the particle dispersion was 

concentrated 4 times using a centrifugal filter (0.5 mL, 10000 Da cut-off, Sigma-Aldrich).  

2. Silica etching kinetics in-flask measured with UV-vis spectroscopy 

Transmittance measurements of the solution during reaction were performed on Litesizer™ 500 (Anton Paar, 

Graz, Austria). The sample was irradiated by 40 mW solid state laser (λ = 658 nm). The measurements were 

performed in disposable polystyrene cuvettes with four clear sides and a path length of 1 mm (VWR). Lids were 

placed on all cuvettes in order to prevent dust contamination. Time resolved transmittance measurements involve 

detection of the fraction of the light transmitted by the sample at different time points in order to gain insight into 

the dissolution process of silica. Equivolumes of Stöber silica dispersion were mixed with 1.2 M NaOH solution 

giving a final NaOH concentration of 0.6 M. The dispersion was vortexed for a few seconds and placed in the 

machine preheated to the desired temperature. The measurements were performed at size scatter detection angle 

90°. Focus position and the measurement duration were determined by the machine. Transmittance of 0.6 M NaOH 

solution at each of the different temperatures was determined as a reference. 

3. LPTEM of silica etching at different temperatures   

The complete Stream Liquid Heating system (Supplementary Information S2) was used to visualize the etching 

dynamics of silica nanoparticles, in NaOH at 20, 40, and 60 °C. An ultra-low volume dispensing system SciTEM 

(Scienion AG, Germany)65 was used for the sample deposition (see also Supplementary Information S4). 2-3 

droplets of ~300 pL of water solution with the silica nanoparticles dispersed, were placed on the window. The tool 

enables the precise deposition of the droplets only on the window in such a way that the particles do not cover the 

spacers, which could lead to a thicker liquid layer. The etchant was NaOH, with a concentration of 0.6 M, giving 

the liquid a pH value of 13.8.  

The assembled (dry) cell was inserted into the TEM. The pressures were set to start the flow, 1500 mbar on the 

inlet (absolute pressure) and 500 mbar on the outlet. This way the Nano-Cell is at atmospheric pressure (inlet and 

outlet tubing have the same length, therefore the same fluidic resistance). This pressure difference led to a typical 



17 

 

flow of ~700 nL/min. The etching process starts when the flow reaches the imaging area, after which the temperature 

was increased immediately at a heating rate of 20 °C/min.  

The majority of the experiments was carried out on an FEI Tecnai (Type Sphera) with a LaB6 gun and a Ceta 

camera, operated in TEM mode at 200 kV. Extra care was taken to keep the electron dose low to keep the influence 

of the beam to a minimum. The particles were imaged at a magnification of 7800x, with a dose of 15 e-/nm2s and 

an acquisition time of 4-16 seconds. The beam was blanked between the acquisition of images. The focus was not 

changed during the experiments. No significant change in z-height was observed during heating.  
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