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Abstract

Abstract

Graphene liquid cell transmission electron microscopy is a powerful technique to

visualize nanoscale dynamics and transformations at atomic resolution. However, the

solution in liquid cells is known to be affected by radiolysis, and the stochastic formation

of graphene liquid cells raises questions about the solution chemistry in individual

pockets. In this study, electron energy loss spectroscopy (EELS) was used to evaluate

a model encapsulated solution, aqueous CeCl3. First, the ratio between the O K-

edge and Ce M-edge was used to approximate the concentration of cerium salt in the

graphene liquid cell. It was determined that the ratio between oxygen and cerium

was orders of magnitude lower than what is expected for a dilute solution, indicating

that the encapsulated solution is highly concentrated. To probe how this affects the

chemistry within graphene liquid cells, the oxidation of Ce3+ was measured using time-

resolved parallel EELS. It was determined that Ce3+ oxidizes faster under high electron

fluxes, but reaches the same steady state Ce4+ concentration regardless of flux. The

time-resolved concentration profiles enabled direct comparison to radiolysis models,

which indicate rate constants and g-values of certain molecular species are substantially

different in the highly-concentrated environment. Finally, electron flux-dependent gold

nanocrystal etching trajectories showed that gold nanocrystals etch faster at higher

electron fluxes, correlating well with the Ce3+ oxidation kinetics. Understanding the

effects of the highly-concentrated solution in graphene liquid cells will provide new

insight on previous studies, and may open up opportunities to systematically study

systems in highly-concentrated solutions at high resolution.

Introduction

Liquid cell transmission electron microscopy (LCTEM) is a technique that allows users to

study systems at nanoscale resolution in solution. This technique has uncovered many dis-
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coveries such as new mechanisms of growth and etching of nanocrystals,1–5 nanocrystalline

structure in solution,6,7 and nanocrystal superlattice formation.8–11 This technique will con-

tinue to generate active interest because, thus far, it is the only method that enables the

direct structural observation of single particle trajectories of nanocrystal chemical trans-

formations. From the beginning, there have been concerns that the observation conditions

would not correspond to that of the native colloidal solution. The earliest studies showed

that the effective viscosity of the trapped liquids were orders of magnitude higher than typ-

ical liquids,2 in part because the most readily observed nanocrystals are trapped near the

surface.12 Early simulations suggested that there are significant perturbations of the liquid

by the electron beam,13 and that these perturbations significantly alter the reactivity. More

recent work has shown that these effects can be modulated using redox couples.14 This study

here suggests that there is an additional major difference with common nanocrystal growth

solution conditions, namely the possibility that the fluids in graphene liquid cells are highly

concentrated electrolytes.

There has been significant progress over the last decade to understand the solution chem-

istry in LCTEM. At this point it is well known that many of the observed chemical transfor-

mations are controlled by electron beam initiated reactions. The electron beam of the TEM

induces radiolysis of water molecules (or other solvents) to form highly reactive species, such

as •OH, H•, H2O2, among others,15–17 which can either interact directly with the sample,18–20

or with added solutes to induce changes in the sample,4,14,21–23 with increasing evidence that

these reactive species can be deliberately controlled to explore different kinetic regimes.

Yet, as the structures of the solvated species that may drive chemical transformations in

the liquid cell are indiscernible with electron microscopy, work to understand the solution

chemistry and it’s interactions with a sample of interest has relied on models,13 correlative

experiments,18,21,24 or through probing indirect chemical transformations.14,22,25

More recently, advanced TEM techniques such as electron energy loss spectroscopy

(EELS) have been used to determine changes in the sample upon irradiation. EELS is a
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technique in which electrons from the electron beam scatter inelastically within the sample,

losing characteristic amounts of energy that correspond to inner shell or valence transitions.26

Through analysis of the fine structure of the energy loss spectrum of core transitions, infor-

mation such as oxidation state and chemical environment can be inferred. EELS has been

used in conjunction with LCTEM previously to measure the thickness of the liquid,27,28 or

to check for water by confirming the presence of the O K-edge.28–30 If the liquid layer is

sufficiently thin, fine structure analysis of core-loss transitions can be performed through the

liquid.31 This has been done previously to explore how irradiation in LCTEM changes the

oxidation states of materials,32,33 and even to measure the water structure in liquid cells.34–36

In this study, we use core-loss EELS to elucidate the solution chemistry present in

graphene liquid cells. Graphene liquid cells are a particularly interesting liquid cell type, as

they are easy to prepare, do not require a specialized holder, and the thin, low-Z graphene

windows offer the highest resolution of the liquid cell configurations. With graphene liquid

cells, a solution of interest is placed between two graphene coated TEM grids, and the van

der Waals forces between the graphene sheets hermetically seal a small volume of the solu-

tion and protect it from the vacuum environment of the TEM.37 While graphene liquid cells

have been utilized to study systems at high resolution, the nature of these liquid cells raise

questions about the solution chemistry and how it may differ from bulk solutions. It has been

suggested that 2D materials such as graphene exert a van der Waals pressure on liquid or gas

molecules trapped between layers,38–40 and this phenomenon has been suggested to occur in

graphene liquid cells as well.41 Additionally, the individual pockets within a graphene liquid

cell form stochastically, sometimes around objects like nanocrystals,42 indicating that the

environment could differ from region to region. Finally, since these pockets form through

evaporative drying of the solution, the concentration of species within the liquid cell may be

different from the original encapsulating solution.

Here, we use EELS to probe the chemistry of a model redox couple, Ce3+/Ce4+, in

graphene liquid cells. The Ce3+/Ce4+ redox couple was chosen as Ce has a large EELS cross
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section, there are marked differences between the Ce3+ and Ce4+ EEL spectra, and previ-

ous work has shown that this redox couple has the potential to etch gold nanocrystals in

graphene liquid cells. Steady-state EELS results indicated that the solution within graphene

liquid cells was substantially more concentrated than the preparation solution across vari-

ous starting concentrations. As a highly concentrated solution likely alters the kinetics of

the system, we next studied the oxidation kinetics of Ce3+ with time-resolved EELS. The

rate of oxidation of Ce3+ increased with increasing electron flux, but all systems reached a

similar steady-state Ce4+ concentration regardless of electron flux. It was determined that

the kinetics of oxidation could not be explained with prior radiolysis models derived from

pulse radiolysis results of dilute solutions. The radiolysis models were revised to account for

the observed Ce3+ oxidation kinetics, largely through methods developed for highly concen-

trated solutions. These factors indicate that the graphene liquid cell technique results in a

substantial increase in the concentration of solutes, and for the studies conducted herein the

solution may be better described as a hydrated salt matrix rather than a dilute liquid solu-

tion. Lastly, we studied the electron flux dependent etching of gold nanocrystals, a model

system, and correlated the results to the kinetic EELS data.

Experimental Section

Nanocrystal Synthesis: Gold nanocrystals were synthesized following a modified proce-

dure published previously.43

Preparation of Au Seeds: Briefly, 5 mL of 100 mM cetyltrimethylammonium ammonia

chloride (CTAC) and 0.25 mL of 10 mM hydrochloroauric acid (HAuCl4) were added to a

clean, 20 mL vial. The vial was put into a water bath set to 30 °C and was stirred rapidly.

Gold seeds were formed by adding 0.45 mL of 20 mM NaBH4. The dispersion was allowed to

stir for 1 minute, then left undisturbed at 30 °C for 1.5 hr to decompose any excess NaBH4.

Preparation of Nanocrystals: Two identical solutions of 4.5 mL of 100 mM CTAC, 0.25
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mL of 10 mM HAuCl4, and 90 µL of 40 mM ascorbic acid were each added to clean 20 mL

vials, in order. To the first vial, 1 mL of the seed solution was added during rapid stirring

until the solution turned pale pink (approximately 5 s). Then, 12.5 µL of this solution was

added into the other vial, briefly mixed, and left to sit on the bench for 15 mins to allow the

growth to complete. The solution was then washed and resuspended in water three times by

centrifugation at 8000 rpm for 10 minutes. After the final washing, the nanocrystals were

concentrated to an OD of 1, then stored in a vial in the dark.

Graphene Liquid Cell Preparation: Graphene liquid cells were prepared as described

previously37 with modifications as follows. The encapsulating solutions were prepared as

follows: a 100 mM solution of CeCl3 was prepared with 0.1 M HCl. The encapsulating

solution was prepared by adding 100 µL of the metal salt solution and 100 µL of water to

a small vial. Nanocrystals were introduced by adding 10 µL of the nanocrystal solution

to the encapsulating solution just before assembly of the graphene liquid cell for a final

CeCl3 concentration of 40 mM in the encapsulating solution. Approximately 0.5 µL of the

encapsulating solution was placed on the graphene side of a graphene coated grid held in self-

closing tweezers. A half-grid, prepared by cutting a grid with a razor, was then immediately

placed graphene side down on top of the droplet and left to dry for 10 minutes.

Electron Energy Loss Spectroscopy (EELS): All EELS experiments were performed

in parallel-beam mode on the TEAM I double-corrected S/TEM microscope at the National

Center for Electron Microscopy, Molecular Foundry, Lawrence Berkeley National Laboratory

(LBNL). The microscope was operated at 300 kV with a high brightness ‘X-FEG’ electron

source. A Gatan Continuum Imaging Filter with a 2.5 mm entrance aperture was used in

conjunction with a K3 IS direct electron detector operated in electron-counting mode to

collect the spectra. A source monochromator was used to obtain an energy resolution of

approximately 0.25 eV. All data was collected in Dual EELS mode to capture the low loss

and high loss regions simultaneously with the ZLP-lock function engaged to align spectra

before summing to remove jitter in the elastic energy. The collection angle for all experiments
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was 25 mrad, set by a 100 µm objective aperture. The electron fluxes were calibrated on

the camera. A custom script was used to control the microscope conditions (magnification,

C2 lens %, etc.) when each spectra was acquired. The size of the irradiated area was then

measured on the camera and determined to have a diameter of approximately 100 nm. All

EELS analysis was performed in Python using custom scripts. All background subtraction

was performed in Hyperspy using a power law model.

Time resolved EELS: The steps for collecting the time resolved EELS data are as

follows. First, a suitable liquid pocket containing a gold nanocrystal was identified using

low magnification and low electron flux (<1 e−Å−2s−1) imaging conditions. Using a custom

script, the microscope beam was blanked, then switched to a high magnification setting at

the desired electron flux (125-500 e−Å−2s−1) where only a region approximately 100 nm in

diameter was irradiated. If the nanocrystals etched, indicating that the region was wet,

then the beam was blanked, and the sample was moved to a location at least a few hundred

nanometers away, outside the initial irradiated region. The EELS time series data collection

feature in Digital Micrograph was initiated, then the beam was unblanked to ensure that

the first electrons hitting the sample were collected in the time series. The time series were

collected at 10 spectra per second for 2 minutes. A custom script was used to deconvolve

the Ce3+ and Ce4+ contributions in each spectrum of the time series. More information on

this script is provided in the SI.

In Situ TEM Imaging: All BF-TEM videos were collected on a FEI Tecnai T-20

S-Twin TEM operating at 200 kV with a LaB6 filament. In situ videos were collected with a

Gatan Rio 16 IS camera using the Digital Micrograph in situ data collection function. Videos

were binned by two for a 2048 × 2048 pixel area. The nominal magnification for all videos

was 145 kx for a pixel resolution of 0.92 Å/pixel. The frame rate for all videos was either 4

or 10 fps, yielding a temporal resolution of 0.25 and 0.1 s, respectively. To convert counts

to electrons, a conversion value of 124 counts/electron (provided by the manufacturer) was

used. The electron flux was calibrated using a custom script22 and checked several times
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throughout a session to maintain accuracy. When searching for nanocrystals, the electron

flux was kept low (<15 e−Å−2s−1) to prevent electron-beam induced reactions prior to video

collection.

Radiolysis Chemical Network Model: A literature kinetic model was adjusted based

on the EELS data collected herein on the kinetics of Ce3+ oxidation during graphene LCTEM

imaging. The model is based on the MATLAB code written by Schneider et al., which

implements a kinetic model by Elliot and McCracken.13,44 The model includes previously

reported reactions between species derived from water, chloride, and cerium.13,14,45 For more

information on the model, see the SI.

Results and Discussion

It has recently become clear that metal nanocrystal etching studies in LCTEM have been

controlled by redox processes of metal ions in solution. It is suggested that preloaded metal

ions are oxidized under electron beam irradiation by radiolytically produced hydroxyl rad-

icals.14,21 This oxidized species then has the electrochemical potential to oxidize the metal

nanocrystals in solution, a process which can be captured in real time in the TEM. This

redox cycling process can be inferred based on in situ TEM observations, yet direct evidence

is lacking.

By using parallel-beam EELS, direct chemical insight into these transformations can be

obtained, while irradiating the sample with the same conditions used in metal nanocrystal

etching studies. In this work, we used EELS to gain experimental insight into the chemistry

of the solution in graphene liquid cells (Figure 1a). Previous work has shown that the

Ce3+/Ce4+ redox couple is a suitable beam-initiated etchant for gold nanocrystals.14 This

system allows in situ observation of gold nanocrystal etching as preloaded CeCl3 is oxidized

to a Ce4+ species, forming a Ce3+/Ce4+ redox couple with an electrochemical potential

sufficiently positive to spontaneously etch gold nanocrystals (Figure 1b). Additionally, Ce3+
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and Ce4+ have sharp M4,5 edge white lines, which makes Ce readily identifiable with EELS.

Further, Ce3+ and Ce4+ have distinct differences in fine structure, which can be seen in

the spectra of the solid state standards for Ce3+ and Ce4+, CeF3 and CeO2, respectively

(Figure 1c). This enables chemical identification of the Ce oxidation state using EELS,

making the Ce redox couple a suitable model system for determining electron beam-initiated

transformations in graphene liquid cells. The M-edge of Ce3+ has two major peaks at 881.6

and 898.9 eV, as well as smaller features at 880.8, 895.9 and 897.5 eV. The M-edge of Ce4+

has two major peaks at slightly higher energies at 883.0 and 900.8 eV, as well as two satellite

peaks at 888.3 and 906.0 eV that originate from the LMCT between the Ce metal center

and the ligands.46,47 For these reasons, we use EELS to study the Ce3+/Ce4+ redox couple

etching gold nanocrystals as a model system to probe the solution chemistry in graphene

liquid cells.

The liquid pockets of a graphene liquid cell are typically formed through an evaporative

drying process to seal the top and bottom graphene sheets together,37,48 and it is possible

that this may increase the concentration of species in solution. This is in contrast to another

well-developed liquid cell geometry, the SiN liquid cell, where a hermetic seal is formed

between o-rings and the SiN chips, meaning that evaporation is not necessary for the seal

to form, and the solution in graphene liquid cells may be more concentrated than the SiN

liquid cells. To measure the concentration of the encapsulated solution in graphene liquid

cells, gold nanocrystals were added to the CeCl3 solution and irradiated to induce etching

before collecting an EEL spectrum. This is to confirm that the area under measurement

was consistent with typical behavior observed in previous liquid cell studies.14 Additionally,

the irradiated area in these measurements was intentionally limited to a relatively small

area (see Experimental) to attempt to fully capture liquid regions in these spectra. EELS

was used to approximate the concentration of graphene liquid cells by taking the ratio of

the oxygen K-edge and cerium M-edge signals and their respective cross sections for each

measurement. In this system, oxygen is only present in water, and any oxygen coming from
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Figure 1: a) Schematic of a graphene liquid cell irradiated with an electron beam. b)
Schematic of the proposed redox reactions occurring at the gold nanocrystal surface during
electron beam initiated etching. c) Electron energy loss spectra of the Ce M-edge for CeF3

(Ce3+) and CeO2 (Ce4+). Note the distinct differences in the fine structure with the change
in oxidation state.
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the grid should be negligible (see Figure S 1). We first measured the oxygen to cerium ratio

for graphene liquid cells prepared with 40 mM CeCl3, which is the same order of magnitude

of oxidant used previously in etching studies.3,4,14,21,22,25 Figure 2a shows a representative

spectrum collected from these graphene liquid cells (bottom), while Figure 2b shows the

box plot of the measurements (right). The average oxygen to cerium ratio measured for the

40 mM solution is 3.46±2.72. In a 40 mM CeCl3 solution, the ratio of oxygen to cerium

atoms is approximately 1300 to 1. Additionally, the solubility limit of CeCl3 in water is

approximately 4 M, which corresponds to an oxygen to cerium ratio of 14 to 1. The ratios

measured are significantly lower than what is expected, and also lower than the maximum

solubility of a CeCl3 solution. While it is possible that parts of the irradiated region were dry

which could lower the measured ratio, the measured ratio is still three orders of magnitude

lower than what is expected for a dilute solution. The lateral dimensions of the graphene

liquid cell pockets are typically larger than the irradiated region used in these experiments,

on the order of several hundred nanometers or more, (see Figure S 2 and29,49) indicating

that it is likely that a significant portion of the irradiated region is hydrated. Further, time

resolved thickness measurements and time resolved oxygen to cerium ratio measurements

indicate that the solution is not evaporating upon exposure to the electron beam (see Figure

S 3 and Figure S 4). Ultimately, while it is possible that the measurements underestimate

the amount of water present, it is clear that the encapsulated solution is substantially more

concentrated than the original solution.

Although the solution of the graphene liquid cells measured herein indicate that the

encapsulated solution is highly concentrated, it may be possible to decrease the concentration

of the encapsulated solution by preparing the graphene liquid cells with increasingly dilute

initial solutions. We next prepared graphene liquid cells made with 4 mM and 0.4 mM CeCl3.

Gold nanocrystals were added to the initial solution, but we were unable to induce etching

of the gold nanocrystals in most cases of graphene liquid cells prepared with 4 mM CeCl3

and in all cases of the graphene liquid cells prepared with 0.4 mM CeCl3. Representative
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spectra collected from these graphene liquid cells are shown in Figure 2a and box plots of the

calculated oxygen to cerium ratios are shown in Figure 2b. The average oxygen to cerium

ratio measured for the graphene liquid cells prepared with 4 mM and 0.4 mM CeCl3 are 4.1

±1.9, and 20.9 ±10.7, respectively. This data indicates that it is possible to create a more

dilute solution in graphene liquid cells by preparing a more dilute initial solution, although

the encapsulated solutions are, for the most part, still quite concentrated. When we prepared

graphene liquid cells with 0.4 mM CeCl3, the most dilute region we found had an oxygen to

cerium ratio of 212 to 1, which corresponds to a concentration of approximately 260 mM.

Beginning with a dilute initial solution appears to increase the chances of encapsulating a

moderately dilute solution, yet there is still significant variability of the measured oxygen

to cerium ratios across the initial concentrations and individual grids measured (see Figure

S 5). Nevertheless, the purpose of this study is to understand the effects of the solution

on gold nanocrystal etching in graphene liquid cells. In this context, reproducible etching

trajectories of gold nanocrystal seem to occur in regions where the encapsulated solution

is highly concentrated. Further discussion of the concentration of the solution, including

Raman and EDS data, can be found in the SI and Figure S 6, Figure S 7, and Figure S 8.

The high concentration of salt in the encapsulated solution in graphene liquid cells may

have important implications for the kinetics of the chemical transformations in the solution.

To probe this, we used time resolved EELS to study the oxidation of Ce3+ in a solution of

40 mM CeCl3 and gold nanocrystals. Select spectra of a representative EELS time series

collected at 375 e−Å−2s−1 is shown in Figure 3a. Qualitatively, the initial spectrum is very

similar to the Ce3+ standard spectrum, but the four features corresponding to the Ce4+

standard spectrum (dashed lines) as described above quickly develop. To ascertain how

much Ce4+ is produced at each time step, a custom spectral deconvolution code was used

to calculate the relative amount of Ce3+ and Ce4+ in each of these spectra (see SI for more

details). In the first spectra at 0.1 s, there is approximately 9 % Ce4+ present in the graphene

liquid cell (Figure 3c) and by 100.1 s there is 38 % Ce4+ present (Figure 3b). The percentage
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Figure 2: a) EELS core-loss and of graphene liquid cells prepared with a 0.4, 4, and 40 mM
CeCl3 solution. Note that the spectra are normalized to the Ce M-edge intensity to illustrate
the varying amounts of oxygen present. b) Box plots of the ratio of the oxygen to cerium
signals across the three different concentrations of encapsulating solutions used to prepare
graphene liquid cells. The shaded region is the interquartile range of the data, the line in
the box is the average, the end points of the whiskers are the range of the data, and outlined
scatter point are outliers.

of Ce4+ was calculated for each of the ∼1200 spectra in the time series. By assuming that

the average solution is CeCl3·7H2O, a known hydrated cerium salt with an oxygen to cerium

ratio within range of what was measured in Figure 2, these percentages can be converted

to a concentration. A plot of the Ce4+ concentration over time is shown in Figure 3d.

The initial increase in the Ce4+ concentration is very fast, followed by a slower increase

until reaching a steady state concentration. The Ce4+ formation can be modeled with an

empirical biexponential function with good fit (Figure 3d).

To gain further insight into the kinetics of formation of Ce4+ in the graphene liquid cell,

approximately 60 different time series were captured at four different electron fluxes across

several samples. The time-dependent Ce4+ concentration was calculated for each spectrum

in the time series. Plots of the Ce4+ concentration over time at each of the four electron

fluxes in shown in Figure 4 a-d. The dark line is the average Ce4+ concentration at each

electron flux, while the shaded region is the standard deviation of all the time series. While
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there is a large spread in Ce4+ concentration at a specific electron flux, the average steady

state concentration of Ce4+ at each electron flux is similar (Figure 4e). To extract more

information out of these curves, each individual time series was fit to the following empirical

biexponential function

[Ce4+] = A(1− e(−k1t)) +B(1− e(−k2t)) (1)

where A and B are the total amount of Ce4+ formed through the fast and slow process,

respectively, and k1 and k2 are the rate constants for the fast and slow process, respectively.

Analysis of the fitting terms reveals that as the electron flux is increased, k1 increases (Figure

4f). This indicates that at early times, the Ce4+ concentration increases faster at higher

electron fluxes. See Figure S 9 for the other fitting terms.

To better understand how Ce4+ is formed in the graphene liquid cell, we used a radiolysis

model derived from pulse radiolysis studies. This model included the generation of chemical

species from electron-water interactions and homogeneous reactions between water-derived

species and Ce or Cl species.13,14 More information on this model is included in the SI, Figure

S 10, and Figure S 11. The initial concentration of Ce was set to 10.57 M, the molarity of

cerium in CeCl3·7H2O, which corresponds to the chemical species most closely matching the

oxygen to cerium ratio observed with EELS and EDS. The model included dose partitioning

between the solute and the solvent, which is required for models of highly concentrated

solutions.45 The results from this model insufficiently captured the observed Ce3+ oxidation

kinetics, as indicated by the underestimation of the amount of Ce4+ generated (See Figure

S 12). A sensitivity analysis of the reaction rate constants was performed to understand

which reactions result in the discrepancy between experiment and theory (See Figure S 13

and Figure S 14). The sensitivity analysis indicated that the reaction rate constant between

Ce3+ and hydroxyl radicals had to be over an order of magnitude faster to account for the

experimental results (see Eq. 2), while all other rate constants remained the same. It is
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expected that the increase in reactivity between hydroxyl radicals and Ce3+ is due to most

of the water being ligated with Ce3+ in the graphene liquid cell, and thus the hydroxyl

radicals generated through radiolysis are in close proximity to the Ce3+ cation and react

more readily. While this could be one potential explanation for this effect, more work is

needed to understand the mechanism of Ce3+ oxidation.

Ce3+ + •OH Ce4+ + OH–; k = 2.27× 109 (2)

The radiolysis model was also used to elucidate the variability in steady-state Ce4+ concen-

tration observed between samples. Previous work indicates that the g-value of H2 changes as

a solution becomes significantly concentrated.50–52 Our simulations indicate that the steady-

state concentration of Ce4+ is strongly dependent on the g-value of H2. Simultaneous fitting

of the radiolysis model including the changes described above to the experimental data re-

sulted in an average H2 g-value of 0.019 molecules/eV. G-values for H2 in the range of 0.011

to 0.028 molecules/eV could explain the spread in steady-state Ce4+ concentration observed

between samples (grey lines, Figure 4a-d). The updated model approximates the observed

kinetics much more closely than the model for dilute solutions.

It is apparent that there are observable changes to the kinetics of Ce4+ formation in the

graphene liquid cell under different electron fluxes. We correlated these effects with a model

reaction that can be readily observed with LCTEM, the etching of gold nanocrystals by

Ce4+ cations. A graphene liquid cell was prepared with a solution containing pre-synthesized

spherical gold nanocrystals and 40 mM CeCl3. Dozens of gold nanocrystal etching trajecto-

ries were collected at the four different electron fluxes. Representative etching trajectories

are shown in Figure 5a-d. The outline of the nanocrystal was calculated from each frame of

the gold nanocrystal etching trajectory. Then, the radius of the nanocrystal at each frame of

the video was determined and plotted versus time (Figure 5e). When plotting radius versus

time, the plot is linear through the majority of the etching trajectory, as the radius is propor-
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Figure 4: Average (dark line) and standard deviation (shaded region) of the measured Ce4+

concentration versus time at a) 125 b) 250 c) 375 and d) 500 e−Å−2s−1. Overlaid lines are
radiolytic model fits with a G-value for H2 of 0.011 (light grey), 0.019 (grey), and 0.028 (dark
grey). e) Box plots of the steady state concentration of Ce4+ at each of the electron fluxes.
f) Box plots of the fast rate constant term at the four tested electron fluxes extracted from
the biexponential fits for each time series.
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tional to the surface etching rate (details of this analysis have been published previously).14

The etch rate can then be calculated as the slope of the linear portion of the curve. The etch

rate for each etching trajectory across the four electron fluxes was calculated and plotted

in Figure 5f. This plot illustrates that the etch rate of gold nanocrystals increases with

electron flux. Since there is substantial overlap between the time period prior to reaching

steady-state Ce4+ concentration and time period of nanocrystal etching, it is expected that

the generation rate of Ce4+ has an impact on the observed etching trajectories.
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Figure 5: Etching trajectories of gold nanocrystals in a graphene liquid cell prepared with
40 mM CeCl3 captured at a) 125, b) 250, c) 375, and d) 500 e−Å−2s−1. e) Gold nanocrystal
radius vs. time curves at each of the four electron fluxes. f) Box plots of the etch rates of
gold nanocrystals at the four different electron fluxes.

The work presented herein suggests that graphene liquid cell solutions are significantly

more concentrated compared to the original encapsulating solution. Considering this, it

is possible that previously published studies using graphene liquid cells were highly con-
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centrated salt solutions as well. Qualitatively, it is known that dried salt hydrates behave

similarly to graphene liquid cells under the electron beam.53 Searching the literature, it is

clear that the majority of graphene liquid cell studies have used a salt solution as the encap-

sulating solution (see Table S 3). Studies that use organic solvents have typically used a low

vapor pressure component (e.g. oleylamine), and it is possible that it remains while a high

vapor pressure solvent evaporates (See Table S 4). Further, there are a few studies that claim

to have encapsulated pure (e.g. deionized) water (see Table S 5), but images of liquid cells in

many of these reports show high-Z or other impurities, indicating potential contamination.

Empirically, it has been mentioned that trapping deionized water in graphene liquid cells

is difficult,54 and may require cleaner procedures than what is typically used for graphene

liquid cell preparation for repeated success.

Moving forward, the insight obtained from this study will aid in the design and under-

standing of future graphene liquid cell experiments. This study highlights the importance

of defining the solution in graphene liquid cells, as it can be significantly different from the

prepared encapsulating solution. As shown in this work, the concentration of species can be

highly concentrated, which can affect studies of chemical transformations in graphene liquid

cells. Additionally, this result may impact studies of physical processes, such as dynamics

and movement in graphene liquid cells. The dynamic viscosity of salt solutions increases

as salinity increases,55 which will affect the diffusion constant of nanocrystals through the

Stokes-Einstein equation. Finally, care must be taken when using radiolysis models as they

are designed for dilute solutions and may be inaccurate for the solutions in graphene liquid

cells without further modifications specific to the graphene liquid cell environment.

Although we have shown that the nature of the encapsulated solution in graphene liquid

cells have crucial differences compared to bulk solutions, these findings may be advantageous

for future studies. Previous high-resolution imaging of nanocrystals in graphene liquid cells

indicate that nanoscale tumbling of the particles is largely absent or significantly slowed

down, which further supports that the nanocrystals are in a highly viscous medium. The
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suppressed tumbling in this highly viscous medium is likely key to 3D atomic resolution

tomography in liquids6,7 and enables the observation of facet dependent reactivity under

different kinetic regimes.4 While these findings may prompt reexamination of some previous

work, we expect that the improved understanding of the liquid environment we have shown

here will open up new directions of graphene liquid cell research.

Conclusion

Understanding the solution chemistry in graphene liquid cells is vital to interpret the results

of liquid cell experiments. In this study, EELS was used to quantify specific solution pa-

rameters. By measuring the ratio between the O K-edge and Ce M-edge in graphene liquid

cells prepared with 40, 4, and 0.4 mM CeCl3, it was determined that the liquid cell solu-

tion is significantly more concentrated than the initial encapsulating solution. This likely

occurs during the formation process as the seal is formed through evaporation of the solvent,

indicating that this effect may extend to previous graphene liquid cell studies as well. Addi-

tionally, oxidation of the Ce3+ metal centers were tracked using time-resolved EELS. These

experiments revealed that the rate of oxidation of the Ce3+ metal centers is dependent on the

electron flux, while the steady state concentration of Ce4+ is independent of electron flux.

Further analysis with kinetic radiolysis models revealed that the rate of oxidation and spread

in data can be rationalized by a highly concentrated solvent, with varying hydration levels

in individual pockets. Finally, the flux-dependent rate of oxidation of the Ce3+ metal centers

correlates well with the flux-dependent etching of gold nanocrystals. This study sheds new

light on the nature of graphene liquid cell solutions and opens up new opportunities to study

systems in dense electrolytes. The findings of this work will have implications for future

graphene liquid cell experiments in a variety of fields, including chemistry, materials science,

physics, and biology.
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