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SUMMARY:  25 
Graphene liquid cell electron microscopy can be used to observe nanocrystal dynamics in a liquid 26 
environment with greater spatial resolution than other liquid cell electron microscopy 27 
techniques. Etching premade nanocrystals and following their shape using graphene liquid cell 28 
Transmission Electron Microscopy can yield important mechanistic information about 29 
nanoparticle transformations. 30 
 31 
ABSTRACT:  32 
Graphene liquid cell electron microscopy provides the ability to observe nanoscale chemical 33 
transformations and dynamics as the reactions are occurring in liquid environments. This 34 
manuscript describes the process for making graphene liquid cells through the example of 35 
graphene liquid cell transmission electron microscopy (TEM) experiments of gold nanocrystal 36 
etching. The protocol for making graphene liquid cells involves coating gold, holey-carbon TEM 37 
grids with chemical vapor deposition graphene and then using those graphene-coated grids to 38 
encapsulate liquid between two graphene surfaces. These pockets of liquid, with the 39 
nanomaterial of interest, are imaged in the electron microscope to see the dynamics of the 40 
nanoscale process, in this case the oxidative etching of gold nanorods. By controlling the electron 41 
beam dose rate, which modulates the etching species in the liquid cell, the underlying 42 
mechanisms of how atoms are removed from nanocrystals to form different facets and shapes 43 
can be better understood. Graphene liquid cell TEM has the advantages of high spatial resolution, 44 



   

compatibility with traditional TEM holders, and low start-up costs for research groups. Current 45 
limitations include delicate sample preparation, lack of flow capability, and reliance on electron 46 
beam-generated radiolysis products to induce reactions. With further development and control, 47 
graphene liquid cell may become a ubiquitous technique in nanomaterials and biology, and is 48 
already being used to study mechanisms governing growth, etching, and self-assembly processes 49 
of nanomaterials in liquid on the single particle level. 50 
 51 
INTRODUCTION:  52 
Controllably synthesizing nanocrystals1 and assembling nanoparticles into larger structures2,3 53 
requires an understanding of the fundamental mechanisms governing how atoms and 54 
nanoparticles interact and bind together. Ideally, studies of these nanoscale processes would be 55 
performed in their native liquid environment with the corresponding spatial resolution necessary 56 
to observe the phenomena of interest, but these requirements pose challenges due to the 57 
nanometer length scale on which these systems operate. Researchers have long desired to use 58 
the spatial resolution of electron microscopy to image these processes, but the high vacuum of 59 
the electron microscope column requires encapsulation of the liquid solution4. Some early liquid 60 
cell electron microscope experiments encapsulated liquid between two silicon nitride 61 
membranes5–8, and this method has now become a commercially available technique for 62 
studying dynamic nanoscale processes.  63 
 64 
Commercially available silicon nitride liquid cell TEM holders have provided the necessary 65 
resolution to see and understand a variety of interesting phenomena on the nanoscale9–16. Some 66 
commercial liquid cell TEM holders have additional capabilities such as heating, flow, and 67 
electrical connections that further expand the realm of nanoscale processes that can be 68 
investigated. However, with all of these capabilities, the commercial systems are not optimized 69 
around achieving the highest spatial resolution. For researchers that need improved spatial 70 
resolution, decreasing the window thickness and decreasing the liquid thickness are two 71 
potential routes to less electron beam scattering and better resolution17. Some groups who use 72 
silicon nitride liquid cells fabricate their own windows which yields greater control over the 73 
window and liquid thicknesses.18 The decreased scattering of these home-made liquid cells has 74 
enabled electron microscopy studies with greater spatial resolution including atomic resolution 75 
studies19–21.  76 
 77 
Since the thickness of the encapsulating material is one aspect that negatively affects the spatial 78 
resolution of the liquid cell experiments, atomically thin, low-Z materials such as graphene would 79 
be ideal encapsulating materials22,23. Graphene sheets are still strong enough to protect the liquid 80 
pockets from the pressure difference of the column. In addition, these graphene liquid cell 81 
pockets usually contain thinner layers of liquid, further enhancing the achievable spatial 82 
resolution. Many interesting nanoscale processes have been investigated with graphene liquid 83 
cells including studies following nanoparticle facet trajectories and nanoparticle dynamics with 84 
atomic resolution23–27. An unintended advantage of the graphene liquid cell technique is that this 85 
high spatial resolution can be achieved without requiring the purchase of a different TEM holder 86 
or specialized silicon fabrication. Experiments using silicon nitride cells that achieved high 87 
resolution also required large nanoparticles composed of heavy atoms, whereas the resolution 88 



   

gained by the graphene liquid cell can provide atomic resolution for sub-2 nm nanoparticles25. 89 
Additionally, the graphene liquid cell has opened opportunities for studying biological samples 90 
with electron microscopy due to the flexible nature of graphene for encapsulation28,29 and the 91 
ability of graphene to mitigate some of the damaging effects of the electron beam30. Due to these 92 
advantages, graphene liquid cell electron microscopy has the potential to become a standard 93 
technique in the nanoscience community once greater numbers of researchers understand 94 
better whether this technique can help their research and how to apply this technique. 95 
 96 
Researchers in chemical, nanomaterial, biological, and other fields desiring spatial resolution of 97 
in situ transformations can benefit from employing graphene liquid cell electron microscopy 98 
technique. This in situ method is especially valuable for non-equilibrium processes that require 99 
visualization during the transformation. One significant drawback of liquid cell TEM techniques 100 
is the generation of radiolysis species by the perturbative electron beam31, which can induce 101 
undesirable changes in delicate samples. Researchers have developed models to try to quantify 102 
the beam-driven chemistry31,32, and strategies are being developed to mitigate these effects30,32. 103 
Graphene liquid cell TEM has the additional challenge of being fragile and often difficult to make, 104 
especially for researchers new to the technique. The aim of this article is to share the details of 105 
how graphene liquid cell TEM experiments can be carried out (Figure 1), using an example 106 
experiment observing single particle etching of nanocrystals, and hopefully show that graphene 107 
liquid cell experiments are possible for almost any group with access to an electron microscope. 108 
The protocol will cover graphene coating of grids, liquid cell formation, TEM use for graphene 109 
liquid cell etching experiments, and image analysis techniques. Critical steps in making the liquid 110 
cells such as the size of the droplet encapsulated, careful consideration of liquid solution 111 
contents, and use of only direct transfer graphene will be covered with additional advice on how 112 
to avoid repeating the pitfalls of previous researchers. Graphene liquid cell TEM is an emerging 113 
technique for nanoscale research, and this article will enable new entrants to begin utilizing this 114 
technique. 115 
 116 
PROTOCOL:  117 
 118 
1. Making graphene-coated TEM grids 119 
 120 
1.1. Cut out a roughly 2 cm2 piece of premade graphene-on-copper (see Table of Materials) 121 
which fits around 6 to 8 TEM grids. 122 
 123 
NOTE: Using 3 – 5-layer graphene instead of single layer graphene encapsulates liquid pockets 124 
with higher success rates without losing resolution. Since graphene is an atomically thin, low-Z 125 
material, most resolution loss is from liquid thickness for graphene liquid cells. 126 
 127 
1.2. Clean the graphene using an acetone wash (Figure 2A). 128 
 129 
NOTE: This step is designed to remove any residual PMMA [poly(methyl methacrylate)] left on 130 
the graphene surface during the deposition process. If the user is confident that their graphene 131 
is clean, this step is unnecessary. 132 



   

 133 
1.2.1. Place the graphene-on-copper piece in a glass Petri dish and fill with acetone. 134 
 135 
NOTE: Acetone is used because PMMA dissolves in acetone. 136 
 137 
1.2.2. Gently heat the acetone solution (~50 °C) for 5 min, swirling the solution periodically. 138 
 139 
NOTE: Make sure to watch the acetone and temperature to avoid a fire. This should be done in 140 
a fume hood. 141 
 142 
1.2.3. Remove the graphene-on-copper piece from the acetone wash with tweezers and replace 143 
the acetone with new, clean acetone. 144 
 145 
NOTE: Be careful not to scrape or otherwise damage the graphene surface with the tweezers. 146 
 147 
1.2.4. Repeat the washing process a total of 3 times. 148 
 149 
1.2.5. Let the graphene-on-copper air-dry thoroughly before going on to the next step. 150 
 151 
1.3. Smooth out the graphene-on-copper piece to remove any macroscopic wrinkles (Figure 2B). 152 
 153 
NOTE: This smoothing process is performed to ensure that the perforated support foils-TEM grids 154 
(see the Table of Materials) are able to properly bond to the graphene surface. Bumps and 155 
creases in the graphene-on-copper make it difficult to maintain good contact. 156 
 157 
1.3.1. Take two clean glass slides and place a folded wipe (see Table of Materials) on the bottom 158 
glass slide. On top of the wipe, place the graphene-on-copper piece. Finally, place the second 159 
glass slide on top. 160 
 161 
NOTE: Place the graphene-on-copper piece with the graphene side up (touching glass slide) to 162 
prevent scratching from the tissue wipe. The folded tissue is used to gradually push out the 163 
wrinkles and prevent folding in new creases. 164 
 165 
1.3.2. Press down on the top slide, gradually smoothing out any wrinkles in the graphene-on-166 
copper piece. Reduce the number of folds in the tissue and repeat the pressing process. Continue 167 
the process until a final pressing between the two glass slides with no tissue wipe. 168 
 169 
1.4. Lay down TEM grids on the graphene-on-copper piece (Figure 2C). 170 
 171 
1.4.1. Place the holey amorphous carbon support foil-TEM grids (see Table of Materials) down 172 
on the graphene with the amorphous carbon in contact with the graphene. 173 
 174 
NOTE: Be careful not to bend or deform TEM grids when picking them up with the tweezers. Bent 175 
TEM grids do not bind properly to the graphene. Picking the grids up by the edge of the grid 176 



   

prevents deformation of the grids. Here, gold TEM grids are used to avoid etching the grids during 177 
the step that removes the copper from the graphene-on-copper. 178 
 179 
1.4.2. Place a couple droplets of isopropanol on the grids. 180 
 181 
NOTE: If any grids become overlapped, gently move them with the tip of a tweezers after putting 182 
isopropanol on the grids. Be careful not to damage the graphene surface.  183 
 184 
1.4.3. Let dry for 2+ h to make sure grids are properly bonded. This drying process brings the 185 
holey amorphous carbon into better contact with the graphene. 186 
 187 
NOTE: To check whether the grids have adhered to the graphene, gently pick up the piece of 188 
graphene-on-copper and turn it upside down. If gravity does not remove the grids, they should 189 
be properly bonded. 190 
 191 
1.5. Etch the copper using a sodium persulfate solution (Figure 2D). 192 
 193 
1.5.1. Make a solution with 1 g of sodium persulfate in 10 mL of deionized water. 194 
 195 
1.5.2. Using tweezers, carefully place the graphene-on-copper piece on the sodium persulfate 196 
solution with the copper side down. Let the piece float on the top of the sodium persulfate 197 
solution (Figure 2D). 198 
 199 
1.5.3. Keep the solution with graphene-coated grids sitting overnight. Note that the solution will 200 
become blue as the copper etches, and there will be no visible copper behind the graphene sheet 201 
when etching has finished (Figure 2E). 202 
 203 
1.6. Wash the grids to clean off the sodium persulfate. 204 
 205 
1.6.1. Remove the floating grids from the solution and place them on top of clean, deionized 206 
water (see Table of Materials for filter) in a second Petri dish.  207 
 208 
NOTE: The easiest method to transfer the grids involves using a glass slide to pick up the grids 209 
and then placing them down in the second Petri dish filled with water. Some grids will fall to the 210 
bottom of the Petri dish during the transfer process. This is usually a sign that the graphene on 211 
the grid is cracked or otherwise damaged. 212 
 213 
1.6.2. Repeat this process 3 times to remove all sodium persulfate residue from the graphene-214 
coated grids. 215 
 216 
1.6.3. Pick up the grids with tweezers, place the grids graphene-side up on a filter paper, and let 217 
them dry. 218 
 219 



   

NOTE: This final transfer out of the water wash can be difficult, as the grids often stick to the 220 
tweezers due to the capillary forces from residual water. 221 
 222 
2. Making liquid cell pockets 223 
 224 
2.1. Take two graphene-coated TEM grids and place them graphene side up on a glass slide. Using 225 
a small surgical scalpel blade, cut off the edge of one of the graphene-coated TEM grids, 226 
approximately 1/4 to 1/8 of the area of the grid (Figure 3A). 227 
 228 
NOTE: Cutting one of the grids is hypothesized to bring the graphene on the two grids in closer 229 
contact to provide better graphene-graphene interaction to form pockets. 230 
 231 
2.2. Prepare the solution to be encapsulated. 232 
 233 
NOTE: The solution is specific to the nanocrystal etching experiment. 234 
 235 
2.2.1. Make Tris buffer HCl solution with deionized water at a concentration between 0.01-0.1 236 
mM. 237 
 238 
NOTE: We have found that for preparing aqueous metallic nanoparticle solutions, Tris buffer HCl 239 
leads to a higher success rate of stable pockets although more studies are needed to understand 240 
why Tris buffer HCl helps make stable pockets. Using Tris buffer base or no Tris buffer both seem 241 
to have much lower success rates of pocket formation in this case. Every solvent and sample 242 
likely will require optimization to find conditions which create stable pockets while not disrupting 243 
the chemistry being studied. A brief survey of the literature shows success with ortho-244 
dichlorobenzene/oleylamine (9:1 ratio),23 0.5x Tris-borate-EDTA (TBE) and 200 mM NaCl 245 
solution,33 and aqueous 0.15 M NaCl solution30 as well as the aqueous Tris buffer HCl system 246 
presented here.  247 
 248 
2.2.2. Make a 40 mM FeCl3 solution in a solution of deionized water with 1.8 µL of HCl per mL 249 
water. 250 
 251 
NOTE: The FeCl3 is the etchant for this etching experiment. Other experiments may add different 252 
solutions depending on the experiment being performed. 253 
 254 
2.2.3. Make gold nanorods and concentrate the nanorod sample after cleaning1,34.  255 
 256 
2.2.4. Mix 0.15 mL of 0.01-0.1 mM Tris Buffer HCl, 0.1 mL of 40 mM FeCl3 in HCl, and 10 µL of 257 
nanorods. 258 
 259 
2.3. Place ~0.5 µL droplet of solution to be encapsulated on the non-cut graphene-coated TEM 260 
grid. Use a tweezers to hold the edge of the TEM grid down while placing the droplet so that the 261 
capillary forces do not pick up the TEM grid (Figure 3B). 262 
 263 



   

NOTE: Be careful to make the droplet as small as possible and place it as close to the center of 264 
the grid as possible. 265 
 266 
2.4. Quickly and carefully place the graphene-coated TEM grid with the cut corner on top of the 267 
droplet; the goal is to have the second grid come to rest on top of the first grid with no liquid 268 
getting squeezed out (Figure 3C). 269 
 270 
NOTE: Having the second grid already placed in self-closing tweezers can make this process 271 
quicker and easier. This is arguably the trickiest step of the liquid cell formation process with 272 
many potential failures that can occur. Setting the top grid down while removing the tweezers is 273 
a challenge as the tweezers can get stuck in between the two grids. Generally, placing one edge 274 
of the top TEM grid down and then gradually letting go of the grid works best. Note that if liquid 275 
is seen on the glass slide, then the pockets probably did not seal properly. 276 
 277 
2.5. Wait 5 min to let graphene liquid cell pockets form.  278 
 279 
NOTE: Some evaporation of the liquid may occur as the pockets are forming, but once a hermetic 280 
seal is formed, no additional liquid loss is likely. The relative concentrations of each species in 281 
solution should remain constant. 282 
 283 
2.6. Bring the sample to the TEM for imaging. 284 
 285 
NOTE: The amount of time set aside for sealing varies from researcher to researcher. For etching 286 
experiments, less time before bringing the liquid cell to the TEM is desirable to avoid pre-etching. 287 
 288 
3. Loading and imaging graphene liquid cell 289 
 290 
NOTE: The operation of the Transmission Electron Microscope followed standard procedures 291 
found in the user manual. Every TEM will have different alignment procedures. 292 
 293 
3.1. Place the graphene liquid cell in a traditional TEM single tilt holder (Figure 4).  294 
 295 
NOTE: Other standard holders such as double tilt holders or heating holders can be used as well. 296 
Holders that use a screw-like mechanism to secure the TEM grid may impose a shear force that 297 
destroys the graphene liquid cell. 298 
 299 
3.2. Load the TEM holder into the TEM column. 300 
 301 
NOTE: Since the graphene liquid cell contains such a small volume of liquid with no reservoir and 302 
has separate pockets, there is no need to rigorously check for leaks like silicon nitride liquid cell 303 
experiments. Even if a graphene liquid cell pocket burst, only a very small amount of liquid is 304 
released and thus would not crash the TEM vacuum system. 305 
 306 



   

3.3. Use the nanoparticles and amorphous carbon in the sample to properly align the TEM beam 307 
(gun tilt, condenser aperture alignment, and condenser stigmation), perform image (Z-height 308 
adjustment, objective stigmation, rotation center alignment, and aberration corrector tuning if 309 
applicable). Then remove the holder from the beam path and calibrate electron beam dose rate. 310 
 311 
3.3.1. Turn the TEM filament on at least 20 min prior to calibration to allow it to stabilize for 312 
reproducible dose rates; this waiting time may be different depending on the TEM system and 313 
electron gun type.  314 
 315 
NOTE: Election microscopists often use dose rate to refer to the number of electrons delivered 316 
per unit area per unit time (e-/Å2s). In the radiation chemistry community, this is known as the 317 
flux density, and dose rate is defined as the amount of energy absorbed per unit area per unit 318 
time. Since calculating the amount of energy absorbed by a sample is difficult for complex 319 
geometries found in liquid cells, and to maintain consistency with the TEM community, we 320 
choose to use dose rate to refer to electrons per unit area per unit time.  321 
 322 
3.3.2. Condense the beam to the most condensed amount, highest dose rate, needed for the 323 
experiment using the viewing screen (Figure 5A). Read out and save lens current for the 324 
condensed beam. 325 
 326 
NOTE: For steps 3.3.2 to 3.3.5, a custom digital micrograph script was written which takes control 327 
of the condenser system of the TEM to calibrate the second condenser (C2) lens current with the 328 
delivered electron dose rate. This allows the researcher to reproducibly set the electron dose 329 
rate to arbitrary values during the experiment. 330 
 331 
3.3.3. Spread the beam to the most spread amount, lowest dose rate, needed for the experiment 332 
using the viewing screen (Figure 5B). Read out and save the lens current for the spread beam. 333 
 334 
3.3.4. Divide the range of condenser lens currents into 10 equally spaced values and collect 335 
images for each condenser lens value with the CCD camera. 336 
 337 
3.3.5. Convert CCD counts to dose rate using CCD sensitivity and magnification calibration for 338 
each lens current. 339 
 340 
3.3.6. Use data of electron flux at different lens currents to make a calibration curve. Use this 341 
calibration curve for the rest of the experiment to control the electron beam to the desired flux. 342 
 343 
3.3.7. Re-insert the sample to the beam path.  344 
 345 
3.4. Begin searching for nanoparticles in liquid pockets while keeping the dose rate low (usually 346 
around 20 e-/Å2s). 347 
 348 
NOTE: Keeping the dose rate low prevents the nanoparticles from etching while searching for 349 
nanoparticles. 350 



   

 351 
3.5. When a nanoparticle is found in a liquid pocket, fine tune the focus on the nanoparticle while 352 
maintaining a low dose rate. 353 
 354 
NOTE: Determining whether a nanoparticle is in a liquid pocket can be tricky, but the presence 355 
of bubbles or movement of particles is often a good sign of a stable liquid pocket. Sometimes, 356 
instead of liquid, the pockets resemble a very dense gel with bubbles moving extremely slowly. 357 
These situations are caused by evaporation of the liquid potentially due to unsealed pockets or 358 
cracks in the graphene. It is fairly easy to distinguish between gels with no movement and liquid 359 
environments with bubbles rapidly moving and changing shape. There may be some evaporation 360 
during the formation of good liquid cell pockets, but relative concentrations between reactants 361 
stays constant. 362 
 363 
3.6. Use the calibration curve (see step 3.3 for this) to set the condenser lens current for the 364 
desired dose rate (Figure 5D). 365 
 366 
NOTE: An in-house script is used to set condenser lens current and image acquisition parameters  367 
 368 
3.7. Begin collecting a time series of TEM images with metadata of dose rate and time stamps 369 
embedded in the image file. 370 
 371 
3.8. After the particle has finished etching, spread the beam and begin looking for other 372 
nanoparticles in the liquid pockets. 373 
 374 
3.9. When a sufficient amount of nanoparticle etching videos have been collected, remove the 375 
TEM holder from the TEM following standard TEM procedures. Take the graphene liquid cell out 376 
of TEM holder. 377 
 378 
NOTE: A typical imaging session lasts around 2-3 h with approximately 30 videos taken. The 379 
number of videos with usable data depends on the quality of the pockets and type of etching 380 
experiment.  381 
 382 
4. Image analysis of TEM videos using computational software 383 
 384 
NOTE: Since TEM videos are 2-dimensional projections of 3-dimensional shapes, careful image 385 
analysis needs to be done to extract etching rates or shape changes. 386 
 387 
4.1. Convert the native DM3 video files to an avi format using ImageJ and import the avi videos 388 
into computational software (see Table of Materials). 389 
 390 
4.2. Analyze each nanorod in each frame of the video. 391 
 392 
4.2.1. Determine the outline of the nanorod by thresholding the image (Figure 7A). 393 
 394 



   

NOTE: The high contrast of the metallic nanoparticles makes image analysis easy. For studying 395 
systems with lower contrast, additional filters may be needed before thresholding. 396 
 397 
4.2.2. From the outline of the nanorod, determine the major and minor axis of the closest fit 398 
ellipse (Figure 7B). 399 
 400 
NOTE: The built-in image analysis software to determine the major and minor axis assumes the 401 
shape is an ellipse. For a nanorod, which is not an ellipse, these values should not be used when 402 
sizing nanoparticles. 403 
 404 
4.2.3. Use the major axis to cut the nanorod outline into two halves (Figure 7C). 405 
 406 
4.2.4. With each of these halves, determine the volume and surface area of the shape 407 
encompassed by rotating that outline around the major axis.  408 
 409 
NOTE: This calculus method is sometimes referred to as the method of rings. This method of 410 
analysis only works if the nanorod is symmetric around the major axis. Having two halves to 411 
compare volumes and surface areas provides some reassurance that the nanorod is truly 412 
rotational symmetric. 413 
 414 
4.3. After extracting the volume and surface area of the nanorod for each frame of the video, 415 
compile and interpret the data. 416 
 417 
NOTE: This outlining method also allows for analysis of the facets of nanocrystals with defined 418 
shapes. 419 
 420 
REPRESENTATIVE RESULTS:  421 
Frames from a representative video of a nanorod etching under an electron beam dose rate of 422 
800 e-/Å2s are shown in Figure 6. The solution requires about 20 s of beam illumination before 423 
the nanorod begins undergoing oxidative etching. After the nanorod begins etching, the rate of 424 
removal of atoms stays steady while the nanorod also maintains a constant aspect ratio. The 425 
nanorods typically do not have significant movement during the videos which is consistent with 426 
previous liquid cell TEM work using nanoparticles of this size24. Since the nanoparticles do not 427 
move much, bubble generation and bubble movement are usually the best ways to determine 428 
whether a nanoparticle is in a liquid pocket. As the nanorod becomes small, the nanorod begins 429 
rotating and moving in and out of the focal plane, confirming that the nanorod is in a liquid 430 
environment.  431 
 432 
The most common failure of graphene liquid cells is the inability to encapsulate stable pockets of 433 
liquid. Sometimes this can lead to completely dry pockets characterized by no bubbles and no 434 
nanoparticle movement or size change. Additionally, a pocket can begin with liquid and bubbles 435 
but later dry out before the nanoparticle completely etches. Usually for a good liquid cell, each 436 
pocket is stable for around 2-3 min at the etching dose rate, and pocket drying only becomes a 437 
problem for large nanoparticles or slow etching processes. Sometimes, liquid can evaporate out 438 



   

of a pocket and leave behind a gel-like solution with a very high salt concentration. These gels 439 
are usually readily apparent when imaging due to the high contrast of the solution and extremely 440 
slow movement of bubbles and particles. Data collected in these gel-like solutions cannot be 441 
trusted. 442 
 443 
After collecting the liquid cell TEM data, the videos with nanoparticle etching are analyzed. The 444 
volumes, surface areas, and facets (if applicable) can be extracted and evaluated further (Figure 445 
7). One indication of a drying pocket is substantial slowing down of the rate of etching over time, 446 
so plotting the volume against time can be an effective method for checking the stability of the 447 
pocket and reliability of the data. Other suboptimal results include non-symmetric etching 448 
indicative of inhomogeneous pocket contents and undesirable precipitation of iron hydroxide 449 
species from the iron chloride etchant. Overall, the most important key for successful graphene 450 
liquid cells is a stable liquid environment that leads to reproducible nanocrystal dynamics over 451 
multiple nanoparticles and liquid pockets. 452 
 453 
FIGURE AND TABLE LEGENDS:  454 
 455 
Figure 1: Schematic of graphene liquid cell TEM technique. (A) To assemble a graphene liquid 456 
cell, a droplet of solution is placed on a graphene-coated holey carbon TEM grid. A second 457 
graphene-coated grid is placed on top of the droplet to form a pocket. Note that this image is not 458 
to scale and the liquid droplet is about 33% too large. (B) Zoomed-in schematic of a liquid pocket 459 
during TEM imaging of gold nanorods. This cartoon is also not to scale. 460 
 461 
Figure 2: Process for making graphene coated TEM grids (A) Washing the graphene-on-copper 462 
piece in warm acetone (B) Removing macroscopic wrinkles by flattening graphene-on-copper 463 
between two glass slides. A tissue is placed beneath the graphene-on-copper piece so as to not 464 
fold in new wrinkles. (C) Placing amorphous holey carbon TEM grids on graphene-on-copper with 465 
amorphous carbon side of TEM grids touching the graphene. (D) Floating copper/graphene/TEM 466 
grids on sodium persulfate etchant. This removes the copper from the grids. (E) Graphene coated 467 
TEM grids after etching off copper. The solution is blue and there is no copper left on the 468 
graphene-coated grids. For size reference, the diameter of the glass Petri dish is approximately 6 469 
cm and the glass slide is 7.5 cm by 2.5 cm. 470 
 471 
Figure 3: Process for making graphene liquid cells (A) Two graphene-coated TEM grids prepared 472 
on a glass slide with an edge cut off one of them. The surgical scalpel used to cut the grid is on 473 
the top right of the image. (B) Droplet of encapsulating solution on a graphene coated grid. The 474 
droplet on the top grid is the right size and has made a nice bead on the graphene. The droplet 475 
on the bottom grid has bled through the graphene, possibly due to a crack in the graphene. (C) 476 
Second graphene-coated grid placed on top of first grid with droplet of solution. This graphene 477 
liquid cell is now ready to load into a TEM. For size reference, the glass slide is 7.5 cm by 2.5 cm. 478 
 479 
Figure 4: Loading graphene liquid cell into standard single tilt TEM holder. The graphene liquid 480 
cell fits in a standard single-tilt TEM holder in the same way a normal TEM grid fits in the holder. 481 
For size reference, the TEM grid has a diameter of 3 mm. 482 



   

 483 
Figure 5: TEM beam control. (A) Condensed electron beam for dose rate calibration viewed using 484 
the fluorescent screen. (B) Expanded electron beam for dose rate calibration viewed using 485 
fluorescent screen. Intensity decreases as the electrons per area per time decrease which is why 486 
the electron beam is very faint. (C) Calibration curve relating the electron beam dose rate to the 487 
condenser lens current. This calibration curve is used for controlling the beam dose rate during 488 
imaging. (D) Parameters used when collecting TEM videos of nanoparticles in graphene liquid 489 
cells. Specific values used for each parameter may change depending on the material being 490 
imaged and the resolution needed. 491 
 492 
Figure 6: Gold nanorod etching in a graphene liquid cell pocket. Frames of a representative TEM 493 
video of a gold nanorod etching under dose rate of 800 e-/Å2s. After an initial period of no etching, 494 
the nanorod etches at a constant rate. 495 
 496 
Figure 7: Method for analyzing frames of video (A) Outlining the nanorod using thresholding in 497 
image analysis software. (see Table of Materials) This separates the nanoparticle from the 498 
background and provides a shape for quantitative analysis. (B) Determining the major and minor 499 
axes of the nanorod. (C) Extracting each half of the 2-D outline cut along the major axis. Using 500 
these outlines, reconstruct the 3-D shape by rotating the outline around the x-axis. 501 
 502 
DISCUSSION:  503 
Graphene liquid cell electron microscopy can provide mechanistic information about nanocrystal 504 
growth and etching with high spatial resolution, but since making graphene liquid cells can be 505 
difficult and delicate, the technique requires attention to detail to extract usable data. Even after 506 
extensive practice making graphene liquid cells, only about a half to a quarter of made liquid cells 507 
successfully encapsulate the liquid solution. The critical step in forming liquid cells is placing the 508 
second grid on top of the droplet of liquid. Common errors include getting the tweezers stuck 509 
between the two grids, dropping the second grid too far off-center, and starting with a droplet 510 
that is too large. Since the assembly of graphene liquid cells is delicate and requires fine motor 511 
skills, it usually takes practice to successfully make the liquid pockets. Due to the expense of 512 
graphene-coated TEM grids, it is highly recommended that new graphene liquid cell users first 513 
practice the liquid cell making process on traditional copper, amorphous carbon TEM grids to 514 
save money. 515 
 516 
Determining the causes of failure for liquid cells can be challenging because a researcher may not 517 
know if each step has been successful until imaging the sample at the end, and mistakes, like 518 
scratching the graphene, can go unnoticed. The easiest error to identify is an improper assembly 519 
because the researcher will immediately see liquid leaking out of the graphene liquid cell. 520 
Problems with making the graphene on copper grids, like cracking of the graphene, can be 521 
tougher to pinpoint. The quality of the graphene can be checked both before and after coating 522 
the TEM grids using Raman spectroscopy, but the graphene usually is unusable after this testing. 523 
Additionally, it is important to use direct transfer graphene because the two faces of graphene 524 
being put together need to be clean to properly form a seal through Van der Waals forces. Making 525 
graphene-coated grids through polymer transfer methods may leave polymer residue on the side 526 



   

of the graphene that is expected to bond together. If the correct procedure is followed using the 527 
correct TEM grids, lack of success with the graphene liquid cell is usually due to mishandling of 528 
the graphene and grids during assembly and fabrication. 529 
 530 
Graphene liquid cell TEM advances existing liquid cell TEM techniques by using a much thinner 531 
encapsulation material that can used in any traditional TEM holder, making high resolution and 532 
facet trajectory tracking experiments much easier. With the resolution of commercial silicon 533 
nitride membrane liquid cells, much of the facet and kinetic information that can be attained by 534 
etching nanocrystals in the graphene liquid cell would be lost. Graphene liquid cell TEM 535 
experiments can also be performed on existing single tilt TEM holders negating the need for 536 
expensive new specialized holders. Further, the graphene liquid cell can be put in any holder that 537 
accepts standard TEM grid samples allowing for liquid cell experiments to be performed in 538 
advanced holders (heating, double tilt, cooling, cryo, cathodoluminescence) where silicon nitride 539 
liquid cells have not been designed. In addition, graphene liquid cells do not pose the risk of 540 
crashing the vacuum of the TEM column if the pockets rupture like other liquid cell TEM 541 
techniques. Although the graphene liquid cell is not a ubiquitous technique in nanocrystal fields 542 
yet, its ease of use and spatial resolution will make it much more widely used in the future. 543 
 544 
Even with its many advantages, graphene liquid cell TEM does have limitations on the types of 545 
experiments that can be performed. Some liquid does evaporate as pockets form, so it is difficult 546 
to exactly determine the concentration of species in solution, even without considering electron 547 
beam effects. Graphene liquid cells also have random sizes, heights, and distributions of small 548 
pockets, so silicon nitride flow cells have the advantage of more quantifiable pre-beam 549 
concentrations and large, uniform liquid layers. As described in this work, only preloaded samples 550 
can be viewed using graphene liquid cell in the TEM, so it is not possible to flow in other solutions 551 
to trigger chemical reactions. The radiolysis species generated by the interaction of the electron 552 
beam with the liquid solution are the only trigger that can be used to start a reaction. Although 553 
not demonstrated yet, thermally initiated processes could be triggered in graphene liquid cells 554 
using standard heating holders. Electron beam-induced radiolysis effects are still not fully 555 
understood and can be difficult to control. Researchers have developed kinetic models to 556 
determine the contents of liquid cell pockets after beam interaction31,32, but their accuracy is 557 
limited by the number of reactions included in the model and any unknown concentration 558 
changes due to drying. Complex initial pocket contents with many reacting species like FeCl3, Tris 559 
Buffer, and even graphene30, can be difficult to fully understand using a kinetic model. Another 560 
disadvantage of liquid cell electron microscopy is that it is difficult to characterize the 561 
composition of the crystals formed during dynamic processes. For example, in growth 562 
experiments of multicomponent systems, it may be impossible to distinguish what phases or 563 
species are growing if the new nanocrystals are amorphous or not on zone axis. This is another 564 
reason why etching pre-formed nanocrystals of a known composition sitting on a known zone 565 
axis is desirable. Finally, there are still some arguments that beam-induced reactions in a 566 
graphene liquid cell do not represent the conditions of ex situ reactions in a flask. 567 
 568 
Future graphene liquid cell experiments will help alleviate some of these concerns while also 569 
using new TEM advances to further probe the underlying mysteries of nanocrystals. Correlative 570 



   

ex situ nanocrystal synthesis and etching experiments will be critical in corroborating the 571 
mechanisms seen in liquid cell TEM experiments. Also, researchers have begun working on 572 
adding flow capabilities to graphene liquid cell TEM35 and making more controlled pockets36 573 
including arrays of graphene liquid cells using lithographically prepared holes37. Advances in 574 
electron microscopy resolution and camera speed will make graphene liquid cell further able to 575 
study atomic dynamics during nanocrystal transformations. Wrapping small pockets of liquid in 576 
an atomically thin material like graphene for use in electron microscopy has a multitude of 577 
potential applications and will undoubtedly become a staple of nanoscience research in the 578 
future. 579 
 580 
ACKNOWLEDGMENTS:  581 
The work was supported by the U.S. Department of Energy, Office of Science, Office of Basic 582 
Energy Sciences, Materials Sciences and Engineering Division, under Contract No. DE-AC02-05-583 
CH11231 within the Physical Chemistry of Inorganic Nanostructures Program (KC3103).  584 
 585 
DISCLOSURES:  586 
The authors have nothing to disclose.  587 
 588 
REFERENCES:  589 
(1)  O’Brien, M. N., Jones, M. R., Brown, K. A., Mirkin, C. A. Universal Noble Metal Nanoparticle 590 
Seeds Realized Through Iterative Reductive Growth and Oxidative Dissolution Reactions. Journal 591 
of American Chemical Society. 136 (21), 7603–7606 (2014). 592 
(2)  Alivisatos, A. P. et al. Organization of “Nanocrystal Molecules” Using DNA. Nature. 609–593 
611 (1996). 594 
(3)  Mirkin, C. A., Letsinger, R. L., Mucic, R. C., Storhoff, J. J. A DNA-Based Method for 595 
Rationally Assembling Nanoparticles into Macroscopic Materials. Nature. 607–609 (1996). 596 
(4)  Abrams, I. M., McBain, J. W. A Closed Cell for Electron Microscopy. Journal of Applied 597 
Physics. 15 (8), 607–609 (1944). 598 
(5)  Williamson, M. J., Tromp, R. M., Vereecken, P. M., Hull, R., Ross, F. M. Dynamic 599 
Microscopy of Nanoscale Cluster Growth at the Solid-Liquid Interface. Nature Materials. 2 (8), 600 
532–536 (2003).  601 
(6)  Radisic, A., Ross, F. M., Searson, P. C. In situ Study of the Growth Kinetics of Individual 602 
Island Electrodeposition of Copper. Journal of Physical Chemistry B. 110 (15), 7862–7868 (2006). 603 
(7)  Niu, W. et al. Selective Synthesis of Single-Crystalline Rhombic Dodecahedral, Octahedral, 604 
and Cubic Gold Nanocrystals. Journal of American Chemical Society. 131 (2), 697–703 (2009). 605 
(8)  de Jonge, N., Ross, F. M. Electron Microscopy of Specimens in Liquid. Nature 606 
Nanotechnology. 6 (11), 695–704 (2011). 607 
(9)  Liao, H.-G., Cui, L., Whitelam, S., Zheng, H. Real-Time Imaging of Pt3Fe Nanorod Growth 608 
in Solution. Science 336 (2012), 1011–1014 (2012). 609 
(10)  Grogan, J. M., Schneider, N. M., Ross, F. M., Bau, H. H. Bubble and Pattern Formation in 610 
Liquid Induced by an Electron Beam. Nano Letters. 14, 359–364 (2013). 611 
(11)  Tan, S. F. et al. Real-Time Imaging of the Formation of Au-Ag Core-Shell Nanoparticles. 612 
Journal of American Chemical Society. 138, 5190 (2016). 613 



   

(12)  Woehl, T. J., Evans, J. E., Arslan, I., Ristenpart, W. D., Browning, N. D. Direct in situ 614 
Determination of the Mechanisms Controlling Nanoparticle Nucleation and Growth. ACS Nano.  615 
6 (10), 8599–8610 (2012). 616 
(13)  Sutter, E. et al. In situ Liquid-Cell Electron Microscopy of Silver–palladium Galvanic 617 
Replacement Reactions on Silver Nanoparticles. Nature Communications. 5, 4946 (2014). 618 
(14)  Mehdi, B. L. et al. Observation and Quantification of Nanoscale Processes in Lithium 619 
Batteries by Operando Electrochemical (S)TEM. Nano Letters. 15 (3), 2168–2173 (2015). 620 
(15)  Nielsen, M. H., Aloni, S., De Yoreo, J. J. In situ TEM Imaging of CaCO3 Nucleation Reveals 621 
Coexistence of Direct and Indirect Pathways. Science. 345 (6201), 1158–1162 (2014). 622 
(16)  Ahmad, N., Wang, G., Nelayah, J., Ricolleau, C., Alloyeau, D. Exploring the Formation of 623 
Symmetric Gold Nanostars by Liquid-Cell Transmission Electron Microscopy. Nano Letters. 624 
acs.nanolett.7b01013 (2017). 625 
(17)  Ross, F. M. Opportunities and Challenges in Liquid Cell Electron Microscopy. Science. 350 626 
(6267), aaa9886-aaa9886 (2015). 627 
(18)  Niu, K.-Y., Liao, H.-G., Zheng, H. Revealing Dynamic Processes of Materials in Liquids Using 628 
Liquid Cell Transmission Electron Microscopy. Journal of Visualized Experiments. No. 70, 5–9 629 
(2012). 630 
(19)  Liao, H.-G. et al. Facet Development during Platinum Nanocube Growth. Science. 345 631 
(6199), 916–919 (2014). 632 
(20)  Jungjohann, K. L., Evans, J. E., Aguiar, J. A., Arslan, I., Browning, N. D. Atomic-Scale Imaging 633 
and Spectroscopy for In situ Liquid Scanning Transmission Electron Microscopy. Microscopy and 634 
Microanalysis. 18 (3), 621–627 (2012). 635 
(21)  Li, D. et al. Direction-Specific Interactions Control Crystal Growth by Oriented Attachment. 636 
Science. 336 (6084), 1014–1018 (2012). 637 
(22)  Yuk, J. M. et al. Graphene Veils and Sandwiches. Nano Letters. 11 (8), 3290–3294 (2011). 638 
(23)  Yuk, J. M. et al. High-Resolution EM of Colloidal Nanocrystal Growth Using Graphene 639 
Liquid Cells. Science. 336 (6077), 61–64 (2012). 640 
(24)  Ye, X. et al. Single-Particle Mapping of Nonequilibrium Nanocrystal Transformations. 641 
Science. 354 (6314), 874–877 (2016). 642 
(25)  Park, J. et al. 3D Structure of Individual Nanocrystals in Solution by Electron Microscopy. 643 
Science. 349 (6245), 290–295 (2015). 644 
(26)  Shin, D. et al. Growth Dynamics and Gas Transport Mechanism of Nanobubbles in 645 
Graphene Liquid Cells. Nature Communications. 6, 1–6 (2015). 646 
(27)  Jeong, M., Yuk, J. M., Lee, J. Y. Observation of Surface Atoms during Platinum Nanocrystal 647 
Growth by Monomer Attachment. Chemistry of Materials. 3200–3202 (2015). 648 
(28)  Wojcik, M., Hauser, M., Li, W., Moon, S., Xu, K. Graphene-Enabled Electron Microscopy 649 
and Correlated Super-Resolution Microscopy of Wet Cells. Nature Communications. 6 (1), 7384 650 
(2015). 651 
(29)  Dahmke, I. N. et al. Graphene Liquid Enclosure for Single-Molecule Analysis of Membrane 652 
Proteins in Whole Cells Using Electron Microscopy. ACS Nano. 11 (11), 11108–11117 (2017). 653 
(30)  Cho, H. et al. The Use of Graphene and Its Derivatives for Liquid Phase Transmission 654 
Electron Microscopy of Radiation-Sensitive Specimens. Nano Letters. 17 (1), 414–420 (2016). 655 
(31)  Schneider, N. M. et al. Electron–Water Interactions and Implications for Liquid Cell 656 
Electron Microscopy. Journal of Physical Chemistry C. 118 (38), 22373–22382 (2014). 657 



   

(32)  Park, J. H. et al. Control of Electron Beam-Induced Au Nanocrystal Growth Kinetics 658 
through Solution Chemistry. Nano Letters. 15 (8), 5314–5320 (2015). 659 
(33)  Chen, Q. et al. 3D Motion of DNA-Au Nanoconjugates in Graphene Liquid Cell Electron 660 
Microscopy. Nano Letters. 13 (9), 4556–4561 (2013). 661 
(34)  Nikoobakht, B., El-Sayed, M. A. Preparation and Growth Mechanism of Gold Nanorods 662 
(NRs) Using Seed-Mediated Growth Method. Chemistry of Materials. 15 (10), 1957–1962 (2003). 663 
(35)  Rasool, H., Dunn, G., Fathalizadeh, A., Zettl, A. Graphene-Sealed Si/SiN Cavities for High-664 
Resolution in situ Electron Microscopy of Nano-Confined Solutions. Phys. status solidi. 253 (12), 665 
2351–2354 (2016). 666 
(36)  Wadell, C. et al. Nanocuvette: A Functional Ultrathin Liquid Container for Transmission 667 
Electron Microscopy. ACS Nano. 11 (2), 1264–1272 (2017). 668 
(37)  Kelly, D. J. et al. Nanometer Resolution Elemental Mapping in Graphene-Based TEM Liquid 669 
Cells. Nano Letters. (2018). 670 


