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Sample preparation

The in-situ heating holder (trademark name P300) was produced by the manufacturer Protochips, Inc.,
Raleigh, NC.

The most important part of the holder is the titanium tip. The holder tip contains a chamber for
the liquid and places for the inner and outer O-rings, which provide the vacuum seal. Through the
holder, two intake and one outtake tubes are passing through and they re-emerge at the bottom of
the liquid chamber. The inner diameters of intake and outtake tubes are 100 um and 150 um,
respectively. This is to prevent pressure build-up inside the liquid cell. The intake and outtake tubes
are made with polyether ether ketone (PEEK) tubing connected with specialized syringe pumps, which
provide the push flow of liquid through the entire system. The holder is designed for the maximum
liquid flow of 83 nL/s.

The liquid inside the holder is kept in between two silicon chips (usually called the large and small
chips) with a 40-nm-thick SisNs windows for observing the liquid inside the TEM (Ahmad et al. 2017).
The large chips (size 2 x 4.5 mm) contain electrodes and tungsten heating coils for heating the liquid
(Williamson et al. 2003). The small chips (size of 2.0 x 4.5 mm) contain rectangular-shaped gold spacers
(Nielsen et al. 2014). The spacers define the thickness of the liquid and the type of experiment (static
or dynamic experiments). There are 50 nm, 150 nm, 500 nm, 2000 nm, and 5000 nm thick spacers
available. Consequently, the spacers also define the volume of liquid inside the liquid cell. The volumes
for the mentioned spacers are: 0.2 nL, 0.6 nL, 2 nL, 8 nL and 20 nL, respectively. Reducing the liquid
thickness improved the TEM resolution; however, the radiolysis effects in the smaller volume of liquid
are higher.

The temperature of the liquid in the liquid cell was controlled indirectly by applying an electric
current through the tungsten coils located on the large chip. The electrical current was applied with a
Keithley controller via the Protochips Poseidon V2.0.4 software with a calibration curve that was also
provided by the manufacturer. With this system, a temperature range between 20 °C and 100 °C could
be achieved. The heating rate could be set from 0.1 °C/min to a maximum of 10 °C/s. The temperature
increase of the liquid as a result of the electron beam irradiation was not taken into consideration, as
it was shown in several studies that for the given experimental beam currents the temperature can
rise only by a few °C (Egerton, Li, and Malac 2004; J] M Grogan et al. 2014). After heating, electronic
cooling was not possible. The samples cooled naturally with heat dissipation. The cooling rates
dropped asymptotically, and the average cooling rate at the temperature of 60 °C was = 0.6 °C/s.
Experiments inside the in-situ heating holder can be performed in either the “static” or “dynamic”
mode. The static mode refers to pouring a liquid drop between the chips and sealing all the tubing with
specialized plastic plugs. For “static” mode experiments, special chips with spacers that encircle the
entire chip were required (Nielsen et al. 2014). Dynamic modes refer to the flow of liquid through the
holder tip. It is possible to flow one type of liquid through the first intake pipe and different types of
liquid through the second intake pipe, and consequently observe how the two liquids are mixed and
observed inside the liquid cell. One of the two intake pipes could also be vacuum-sealed, which allows
observation of the flow of only one single type of liquid through the holder. All the heating experiments
in this thesis were in static mode.

Here, the full experimental procedure for the LCTEM experiments is shown. One of the aims of our
experiments was to observe homogenous nucleation. For this process to occur, all possible nucleation
agents (e.g. dust, contaminants, etc.) must be removed. Therefore, the tools and the sample
preparation room were as clean and dust-free as it was possible. A special laboratory for LCTEM sample
preparation was established at the Department for Nanostructured Materials at the JSI. The outlined
procedure took around half to a full day to complete, not including the preparation of the sample. The
same chips could be used in several different experiments. But due to the above-mentioned risk of
contamination, this was strictly avoided. Steps 1-5 were similar in the case of both holders (in situ
heating and in situ electrochemistry). However, steps 6 and 8 were different for each holder.
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Step 1: Preparation of the chips

The procedure started with the preparation of the experimental solution used in the LCTEM
experiments. SiN chips were shipped protected with a protective photoresist, which was removed
before the use of the chips. We removed the photoresist by rinsing the chips in acetone and methanol
for 1 minute. After the rinsing, the chips were air-dried. Careful measures were taken, so that during
these procedures the electrodes or W coils were not scratched with tweezers. Initially, the chips are
hydrophobic. For that reason, they were plasma cleaned for achieving good wetting of the sample
liquid.

Step 2: Assembly of the holder

After the plasma cleaning of the chips, the delicate process of holder assembly took place. The first
part of the assembly was placing the small chip on top of both O-rings inside of the in-situ heating
holder. On the small chip sample, a drop of solution was pipetted with a precise pipet. The volume of
the pipetted solution was always several orders of magnitude larger than the available space between
the chips. Therefore, the solution was squeezed out during the assembly of the holder. The chips were
covered with the titanium lid, which in correlation with the O-rings and brass screws provided the
vacuum seal. The lid was screwed into place with three small brass screws. Even the slightest mistake
in the described holder assembly procedure resulted in the total failure of the experiment. Especially
delicate were the thin SiN windows. An optical microscope was used to check if the window was intact.

Step 3: Leak check

After the holder was assembled it was inserted for 10 min into the vacuum leak check to check for
possible leakage and to simulate the high-vacuum environment of a TEM. At the same time, it also
acted as a drying agent to evaporate any remaining liquid and moisture that escaped between the O-
rings. After that, the holder was removed from the leak check and inserted into the TEM.

Step 4: Insertion in the TEM

Once inside the TEM, the holder was connected to the tubing, syringe pumps, and (in case of in-situ
heating experiments) to the Keithley controller (in-situ heating holder) /Gamry potentiostat (in-situ
electrochemistry holder) and laptop computer. After that, the system was ready for in-situ liquid-cell
experiments.

Step 5: TEM alignment

An important, however, frequently neglected, step related to a TEM is the microscope alignment.
Usually, when performing conventional TEM analysis, the microscope is aligned and calibrated after
the sample is already inserted into the microscope. However, in the case of LCTEM experiments, there
were severe difficulties with this procedure due to the shifting liquid and radiolysis effects. Therefore,
most calibration steps were performed before the insertion of the in-situ holder.

Step 6: LCTEM experiments

After that, the LCTEM holder containing the sample was inserted into the TEM, and the in-situ
experiments were performed (Figure ). In the case of the in situ heating experiments, the sample was
usually investigated, i.e., observed by using the electron beam during the whole length of the
experiment, utilizing video capturing. That allowed further analysis of the obtained videos, which
provided important data for the interpretation of the videos.
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Figure 1: Fully assembled LCTEM set up (a) is controlled by a laptop computer connected to the Keithly
controller (b).

Kinetic Radiolysis Model

This section presents an overview of the calculation for the kinetic radical-induced redox model. The
details of the chemical kinetics, the reaction-rate constants, the primary yields, and the evaluation of
various model parameters, which are experimentally difficult to assess, are included.

The temperature-/dose rate-dependent kinetic water-radiolysis model consists of reactions
between the Au and the radiolytic species, being valid in the temperature range 20-100 °C for acidic
and neutral initial solutions. For clarity, the calculated diagrams that are compared with the LCTEM are
shown in the same temperature range 20-60 °C, matching the experimental conditions. The model
includes the following species: eaq, H®, OH®, Hy, H202, HO,®, HO; H*, O3, 0,", and OH". The reaction-
rate coefficients were taken from the literature (Elliot, A.J. Bartels, D.M. 2009) and rewritten in the
form of the Arrhenius relation. The primary yields, i.e., the G-values for the water radiolysis for the
temperature range 20-100 °C were linearly interpolated from the tabulated G-values at 20 °C and
100 °C, (Elliot, A.). Bartels, D.M. 2009) respectively.

The kinetic model was further corrected to take into account the presence of the gaseous phase.
A common phenomenon observed during LCTEM is the formation of gas bubbles, (Shin et al. 2015; Zhu
et al. 2013; Joseph M Grogan et al. 2014; Woehl et al. 2013) implying that the solubility of the formed
gases in the liquid is exceeded during LCTEM. This is mainly due to the formation of molecular
hydrogen and oxygen during the radiolysis. Figure shows the pressure due to the dissolved H, and O,
in a temperature-/dose-rate-dependent diagram for the equilibrium state. The temperature-
dependent solubility values for H, and O, were obtained from the National Institute of Standards and
Technology (NIST) (Young 1981b; Battino 1981a) and the initial pH was 2.8, assuming that all the liquid
in the cell was evenly irradiated by the electron beam (Figure ). The acidic initial pH was desirable,
since it is the least prone to radiolysis effects (Schneider, Norton, Mendel, Grogan, Ross, et al. 2014).
The initial pH of 2.8 was chosen, because the radiolytic species do not have a significant influence on
the pH of the acidic solutions (Schneider, Norton, Mendel, Grogan, Ross, et al. 2014). The desired pH
value was achieved by preparing 1.5 mM HAuCl, solution. The inset shows a schematic of the LCTEM
system, including the gaseous phase, where the thin liquid film (~ 50 nm (Joseph M Grogan et al. 2014))
enables O, and H; transfer between the liquid and the gas in a period of ps.
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Figure 2: Pressure due to dissolved Hz and Oz in the equilibrium state for the water-radiolysis simulation. The
initial pH is set to 2.8, with no initially dissolved Oz or Ha. The inset shows a schematic representation of the
LCTEM system with the gaseous phase. The liquid layer is very thin (d.~ 50 nm), allowing Oz and Ha transfer
between the liquid and the gas in a period of pus.

As the partial pressure of water only changes from 0.023 bar at 20 °C to 0.199 bar at 60 °C, we can
assume that the influence of the water’s partial pressure on the overall pressure in the gas phase is
negligible. This suggests that the pressure increase in the closed-cell is predominately controlled by
the electron dose rate, which provokes the formation of H, and O, due to water radiolysis. It was
experimentally confirmed that a liquid cell with similar dimensions can withstand a pressure of 4 bar
(Xin et al. 2013). In practice, a large pressure increase is only expected at high dose rates, since only a
small portion of the solution is irradiated by the electron beam. The pressure can also be partially
compensated by the bowing of the SiN window(Ngo and Yang 2015).

Figure shows the equilibrium concentrations of the radiolysis products under typical LCTEM
conditions for the Au system: a dose rate of 10’ Gy/s and an initial pH of 2.8 in the temperature range
20-60 °C. The equilibrium concentrations of the radiolysis species were calculated at two limiting
pressures in the liquid cells, i.e., at 1 bar and 5 bar (Figure ). The pressure-dependent differences in the
equilibrium concentration of the radiolysis species are visible (Figure ). The concentrations of H®, €75,
and OH® decrease by 20-50%, when the pressure increases from 1 bar to 5 bar. Moreover, these graphs
also indicate that the temperature affects the equilibrium concentrations of the radiolysis species
(notice that the concentrations in Figure are on a logarithmic scale). Importantly, all of them exhibit
the same decreasing trend with the temperature increase.
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Figure 3: Equilibrium concentrations of radiolysis species in water at a dose rate of 10’ Gy/s, pHinit = 2.8 and the
temperature range 20—60 °C calculated at a) 1 bar and b) relative difference of equilibrium concentrations
between 1 and 5 bar.

To estimate the influence of the radiolysis products on the precipitation/dissolution of Au the standard
reduction potentials vs. SHE of the relevant half-cell reactions are listed in Erreur ! Source du renvoi
introuvable..
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Table 1 : Standard electrode and Nernst electrode potentials vs. SHE of the involved half-cell

reactions.

Half cell Eo[V] | Enernst Source Eo
vl

e +[AuClh] = Au®+2Cl | 1.15 | 097 | (Lingane 1962)
0.03

e +H0= e -2.79 | -2.28 + | (Buxton et al. 1988)
0.36

e+H"=H" -2.23 | -2.09 + | (Buxton et al. 1988)
0.15

O2+H"+e = HO.® -0.04 | -0.27 £ | (Schwarz 1981)
0.12

2H0+2e=H;+20H | -0.83 | -0.26 =+ | (Bratsch 1989)
0.42

2H"+2e =H; 0.00 | -0.09 =+ | (Bratsch 1989)
0.05

O2+e =0 -0.33 | 0.05 £ | (Schwarz 1981)
0.14

02+2H"+2 e = H:02 0.70 | 049 + | (Bratsch 1989)
0.12

Oy +H'+e = HOy” 1.02 | 0.65 £ | (Schwarz 1981)
0.16

0:+2H0+4e =40H | 040 0.78 + | (Bratsch 1989)
0.28

HO2* + e = HOZ2” 0.73 | 0.88 + | (Schwarz 1981)
0.24

02" +2H"+e = H02 1.73 | 0.92 £ | (Schwarz 1981)
0.28

02+2H*+4e=22H,0 | 1.27 | 098 + | (Bratsch 1989)
0.12

H202+2H*+e =2H0 | 1.76 | 1.05 + | (Bratsch 1989)
0.25

HO2® + H* + e = H20: 1.46 1.18 + | (Armstrong, D. A., Huie; R. E.; Lymar, S.;Koppenol, W.
0.13 H.;Merényi, G.; Neta, P.; Ruscic, B.; Stanbury, D. M.; Steenken

2015)

OH* +e = OH" 1.83 | 1.95 | (Schwarz 1981)

0.12
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The reductive potentials vs. SHE using the Nernst equation for various in situ equilibrium conditions
that are experimentally more relevant are additionally calculated. The average Enernsr Was calculated
for the following conditions: pHiitia 2.8, dose rates 10°-10'2Gy/s, temperature 20-60 °C. From the
reductive potentials of the half cells for Au and different radiolysis products, it is clear that the Au
species can be reduced in the presence of €75, H°, H,0,, HO,™, H,, HO,®, O,°~ and can be oxidized in the
presence of OH® radicals. The strongest reducing agents are e aq (Eo = -2.79 Vsue, Enernst = -2.28 £
0.36 Vsue) and H* (Eo=-2.23 Vsue, Enernst=-2.09 £ 0.15 Vse), which cause rapid metal precipitation (Ghosh
Mazumdar, A. S. and Hart 1968), while OH* (Ep-1.83 Vsue, Enernst=1.95 £ 0.12 Vsye), as a strong oxidative
agent, causes metal dissolution (Alloyeau et al. 2015). The reaction-rate coefficients between the
radiolysis products and the Au species indicate that the H*, OH" radicals, and e™.q have a much stronger
effect on the gold species compared to the other solutes (Table ).

Table 2: Reaction-rate constants of radiolysis products with gold species.

Au spec. | Radiolysis spec | k20 °C [Ms?] | Ea[kl/mol] | Acatculated

Au* € ag 8.0 x 10° 12.98 1.64 x 10%?
H* 8.0 x 10° 15.09 3.91 x 10
H20:2 0 0 0
HO2 1.89 25.8 7.46 x 10*
H2 7.4x 103 94.1 4.28 x 10*
HO,* 1.89 25.8 7.46 x 10*
02" 1.89 25.8 7.46 x 10*

Au® OH® 1.83 x 10° 13.0 3.80 x 10!

The primary aim of this study is to model and control the radical-induced redox chemistry in a LCTEM
that is based on the precipitation/dissolution of Au NPs, which we used as a model system. Accordingly,
we have simplified the model to a homogeneous system, which means the reduced Au species are
introduced in the form of concentration and are all available for oxidation reactions. Additionally, it is
assumed that all the Au ions are in the form of Au®, as we want to observe only the transition between
the Au® atoms and the Au* ions. The concentrations of the Au species are incorporated into the model
like any other component, where the reaction-rate constants between the radiolysis products and the
Au species were taken from Table 2. The corresponding rate of Au-species production is shown in the
following equation

deayt = deays = E k 0C;Cy,,0 E k +CiCyqy+
- - - i—Au®Citau® — i—-Auttitaut,
dt dt i i

where ¢4,+ and ¢4 0 represent the concentrations of gold ions and gold atoms, respectively. The
reaction-rate constants for the reactions between the i compound with the gold species are indicated
by k;_4y0 and k;_ 4, +. Using this equation, we estimated that the steady-state, i.e., the equilibrium
concentration of the gold species, is achieved after 103 s.

The resulting equilibrium ratio of [Au®l/[Au’] in our model can be taken as an indicator of the
reductive/oxidative ratio between the ionic, i.e., dissolved, and the solid, i.e., precipitated, gold. The
latter will form Au NPs in the liquid cell. These theoretically obtained values can be translated into the
LCTEM experiment by assuming that the Au precipitation or dissolution is directly related to the
equilibrium ratio [Au®]/[Au*], thus providing the same kind of information. For example, a [Au®]/[Au’]
gradient increase indicates the gold’s tendency for precipitation and growth, resulting in the formation
of Au NPs. In contrast, a [Au®]/[Au’] gradient decrease signifies either the inability of Au to precipitate
or the dissolution of the already-formed Au NPs (Figure 4). These are the phenomena that can be easily
observed during the LCTEM.

10
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Figure 4: Temperature/Dose-rate Redox ratio (TDR) diagrams (a-c). Note that the stability regions for the
equilibrium [Au®]/[Au*] concentrations in the LCTEM are, in addition to dose-rate and temperature, also
pressure dependent. Initial [Au*] = 1.5 mM, pHinitial = 2.8. Figures d) and e) show sections of the Au redox ratio
trends from diagram c).

Temperature/Dose-rate Redox ratio (TDR) diagrams, showing different redox [Au®]/[Au’] stability
regions, are shown in Figure . The TDR diagrams are calculated for the dose-rate range 10°-10*2 Gy/s,
temperature range 20-60 °C, and at the H,+O; pressures 1 bar, 3 bar, and 5 bar, with the molar ratio
in the gaseous phase H,/0; = 2. The resulting equilibrium redox concentration ratio of [Au®]/[Au’] was
obtained for an initial concentration of Au* species of 1.5 mM and a corresponding pH of 2.8. The
calculated TDR diagrams are characterized with distinctive regions, where the conditions in the LCTEM
tend towards a reducing environment that will promote the precipitation of Au NPs (blue). In contrast,
the oxidative environment (dark red) will either prevent the formation of Au NPs or promote the Au
NPs’ dissolution. The following “rainbow” color code indicates the intermediate conditions between
the oxidative and reductive extremes.

When the pressure in the cell is set to 1 bar, the temperature does not have any significant effect
on the Au redox ratio (Figure ). In that case, a change in the dose rate has a much larger impact on the
Au redox ratio, when compared with a temperature change. This implies that the precipitation of gold
is positively and monotonously correlated with an increase in the dose rate, as was previously reported
by Schneider et al. (Schneider, Norton, Mendel, Grogan, Ross, et al. 2014).

However, our results indicate that even at intermediate dose rates the saturation concentration
for the solubility of H, and O, in the aqueous solutions will be exceeded and the radiolysis model is
better defined by considering the elevated-pressure regimes inside the LCTEM system. The resulting
model at elevated pressure (5 bars) indicates that the effect of temperature on the Au redox ratio
starts to become significant, which is most pronounced at low and intermediate dose rates that are
typically used during LCTEM. The effect of the temperature on the redox conditions can be explained
by the scavenging effect of the H, and O; species, i.e., H; is a strong OH"® scavenger, while O3 is a strong
scavenger of H* and e™,4. Due to the presence of the gaseous phase, the concentrations of H, and O,
are mainly dependent on the finite pressure and solubility limits. Moreover, with a temperature
increase, the Oz solubility will decrease at higher rates when compared to the H; solubility. As a result,
a smaller amount of H® and e 54 scavengers at higher temperatures pushes the system towards more
reductive conditions, as is evident in Figure for pressures of 3-5 bars. The sensitivity analysis of the
temperature-dependent part of the H, and O; solubility supports this explanation and is elaborated.

11
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Model Verification by Low-Dose Experiments
Using v Radiation

Before the LCTEM, the model was validated with a quantitative comparison using literature reports
(Pastina and Laverne 2001; Hayon 1963; Hochanadel 1952) of radiolysis products obtained by
irradiating water with low-dose y-radiation. Electron radiation is a low-LET (linear energy transfer)
radiation and is similar to y-radiation. Hill (Hill and Smith 1994) calculated the primary yields for
different electron energies and observed constant yields above 10 keV. Temperature-dependent
primary yields were obtained for water at neutral pH from Elliot and Bartels (Elliot, A.). Bartels, D.M.
2009). The experiments were performed at different dose rates and solute concentrations. Figure
shows different sets of experimental H,0, concentration data obtained by irradiating water with low-
dose y-radiation under various experimental conditions as a function of time. It is worth mentioning
that every data set is obtained from a different literature source (Pastina and Laverne 2001; Hayon
1963; Hochanadel 1952). Only the experimental data for concentration variations of H,0,, H;, and O2
are reported here. Individual experimental data points are represented by color-coded dots, while the
corresponding color-coded solid lines are obtained from the kinetic radiolysis model developed in this
study using the given low-dose y-radiation experimental conditions. For example, Figure shows the
concentration variations of H,0, for different initial concentrations of H,, while Figure shows H,0,
variations for different initial values of H,0,. Figure indicates the concentration changes of H,O, when
varying the initial concentration of both H, and O,. Remarkably, although not at the same time, our
model accurately predicts the abrupt drop of the H,0, concentration for the case of initial H, and O,
concentrations of 7.31 x 10 and 7.50 x 10° M, respectively (shown in the yellow-coded color). By
comparing the result of our kinetic radiolysis model with the experimental data for low-dose y
radiation (Figure 5) (~1Gy/s), (Pastina and Laverne 2001; Hochanadel 1952; Hayon 1963) it is evident
that the proposed radiolysis model fits very well with the experimentally obtained data.

105 a) 103 D) 104 C)
x10 25 > 10 3 x10
Co[M]| H,0, Co[M]| H; O,
2 ® [1.2x10° 2.5 ® |4.9x10%(3.3x104]
. 7.6x10% 7.3x104 |7.5x10*
S ® |54x10* 2 ® 0 |1.3x10%]
= 1.5 ® |3.2x10%
N ® |1.4x10° 1.5
ON 1
T 1 ~
o.sg 0.5 /
0 0
0 2 4x10° 0 5 10x10° 0 5 10x10?
Time [s] Time [s] Time [s]

Figure 5: Determination of H202 concentrations during the irradiation of water with low-dose y radiation for
different initial a) Hz, b) H202, and c) H2 and Oz concentrations (marked by color-coded dots). The
corresponding color-coded solid lines represent the prediction of our radiolysis model.

The conditions used for our model verification were collected from several sources (Pastina and
Laverne 2001; Hayon 1963; Hochanadel 1952) for the bulk water radiolysis in solutions of H,0,, O,
and H, by using y rays as a source of radiation, which is similar to electron radiation low-LET (linear
energy transfer). The experiments were performed at different dose rates and solute concentrations
(Table).

12
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Table 3: Detailed conditions of the radiolysis model’s verification.

Dose T Cinit [M]
source Line rate [°c]
[Gy/s] pHinir | H202 0}] H;

Pastina, 1 0.250 25 7 488x10% |0 0
LaVerne

2 0.250 25 7 488x103% |0 8.00 x 10
2001
(Pastina and | 3 0.250 25 7 488x10% |0 8.00 x 10°®°
Laverne
2001) 4 0.250 25 7 488x10% |0 8.00 x 10*

1 0.205 25 7 1.20x 103 |0 0

2 0.205 25 7 7.57x10% |0 0
Hayon
1963(Hayon | 3 0.205 25 7 5.35x10% |0 0
1963)

4 0.205 25 7 3.20x10% |0 0

4 0.205 25 7 1.39x10% |0 0
(Hochanadel | 1 0.653 25 7 0 3.32x10% | 4.90x10*
1952)
Hochandel 2 0.653 25 7 0 7.50x10> | 7.31x10*
1952
(Hochanadel 3
1952) 3 0.653 25 7 0 1.25x 10 0

General Model Description of Water Radiolysis:

The O, O3, HO3®, O3° species were not included in the model due to the lack of any corresponding
kinetic data at higher temperatures. These species are predominantly formed in basic solutions. This
is due to the deprotonation of the hydroxyl radical (OH®) into O*" (pK, = 11 (Elliot, A.J. Bartels, D.M.
2009)) and H,0; into HOy (pK, = 11 (Elliot, A.J. Bartels, D.M. 2009)). The presence of the oxygen anion
and the hydroperoxyl anion is responsible for the formation of the ozone anion and subsequently other
ozonide species (Elliot, A.J. Bartels, D.M. 2009). To justify the model’s simplification, we calculated the
ratio between the sum of the equilibrium concentrations of O™, O3, HOs*, O3z and the equilibrium
concentrations of the OH® radical, using the correlations for equilibrium concentrations in a
homogenous solution (Schneider, Norton, Mendel, Grogan, Ross, et al. 2014) at an initial pH 7 and
20 °C. At 10°Gy/s (upper limit of the power-law model), the ratio is 0.012; therefore, there are
approximately 80-times more OH* radicals than other strong oxidizing species (Figure 5). Due to the
lower deprotonation rate at lower pH, the ratio of these concentrations is even lower, leaving the OH*
radical as the main strong oxidizing agent.
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Figure 5: Validity of the simplification of the reaction scheme: the dose-rate dependence of the
ratio of the equilibrium concentration between O, Os;, HOs, Os- and OH* radicals at an initial pH =
7 and 20 °C.

According to the Arrhenius plots in Elliot et al. (Elliot, A.J. Bartels, D.M. 2009), all the reaction-rate
constants linearly follow the relation In(k) « T~ below 100 °C. Therefore, the temperature
dependence is written in the form of activation energies and pre-exponential factors. The processes in
the irradiated matter can be described with a mass-balance equation with the reaction parts and the
radiolysis primary yields:

dc;
= = —Xjkijcici + X Kjie cicr + Ry
where ¢; represents the concentrations of the individual species, k;; represents the reaction-rate
constant and R; represent the radiolytic yield. The first part of the right-hand side of the equation
describes the consumption rate of the i compound, while the second part describes the formation of
the i compound. The radiolytic yield R; is the formation or consumption rate of the j compound by
radiolysis.
R = P¥Gi [ﬂ]
‘ F Ls

In the above equation, p represents the solvent density, F is the Faraday constant, 1 is the dose rate
of the radiation and G; is a G value, which represents the primary yield of the i compound in the first
1 us from the start of the radiation. This value is given as the number of molecules created or destroyed
per 100 eV of energy deposited. The G values depend on the type of radiation, the media exposed to
the radiation, and the temperature. They are given in Table 4. The temperature dependence of the G
values is calculated using linear interpolation.

The dose rate 1 is calculated from the following equation:

5$10°1, [Gy]
ma? s

where S [MeV cm?/g electron] is the density-normalized, stopping power in the medium, I}, is the beam
current and a is the beam radius.
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Table 4: Reaction-rate constants for the temperature range between 20 °C and 100 °C (Elliot, A.J.
Bartels, D.M. 2009).

Reagents Products A[*] Ea [k) mol K]
H* + OH" H>0, 1.88 x 103 | 12.62
H,O H* + OH" 1.70 x 10° | 62.37
H,0, H*+ HOy 412 x 10° | 43.77
H* + HOy H>0, 5.59 x 10%?2 | 11.73
H,0, + OH" HO; + H,0 3.66 x 10'% | 13.98
HO, + H,0 H,0, + OH" 454 x 10" | 31.74
€7aq + H,0 H* + OH" 5.58 x 10® | 31.73
H* + OH" e2q+ H0 8.52x 10 | 37.36
H° H* + eaq 2.84 x 10'? | 66.66
H* + e7aq H® 1.98 x 10'? | 11.17
HO,* 0, +H* 2.63 x10% | 14.58
0, +H* HO,* 5.59 x 10%?2 | 11.73
HO,* + OH" 0, + H,0 7.13x10° | 60.93
0, + H,0 HO,* + OH" 3.66 x 10?2 | 13.98
€aq+ OH® OH- 2.64 x 10%? | 10.65
€7aq + H,0, OH*® + OH" 7.75 x 10'? | 15.72
€aq+ H,0 + 0, HO, + OH" 4.43x10% | 12.98
€aq + HOZ® HO» 2.45x 10%% | 12.98
€ag+ 0> 0" 2.53 x10%% | 11.66
€ag+€aq+H0+H,0 | H;+OH +OH | 1.01x10%° | 20.74
€aq+ H +H,0 H, + OH 2.06 x 10! | 14.93
H* + H,0 H, + OH® 7.39 x 102 | 98.24
H*+H* H> 2.69 x 10?2 | 15.51
H* + OH® H,O 419 x 10 | 9.03
H® + H,0, OH* + H,0 1.76 x 10'* | 21.01
H* + 0O, HO,* 9.01 x 10** | 10.52
H®* + HO,* H>0, 5.05 x 10*? | 15.09
H* +0," HOy 5.05 x 10*? | 15.09
OH*® + OH° H>0, 9.78 x 10%° | 7.48
OH*® + HO,® 0, + H,0 1.31x 10" | 6.68
OH* + 0," OH + 0, 8.75x 10" | 10.84
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H, + OH® H® + H,0 6.55x 10%° | 18.45
OH* + H,0, HO,® + H,0 7.72x10° | 13.82
OH*® + HOy HO,® + OH" 1.00 x 10% | 11.92
HO,® + 0," HO, + O, 2.62x10° | 8.09

HO,® + HO,® Oz + H20, 2.77 x10° | 20.07

*for the reactions with one molecule the unit is [s}], for two molecules [M!s™], for three molecules
[M-2s1] and for four molecules [M3s]. We used 55.56 M as the molar concentration of water.

Table 5: Primary yields, G values, for the temperature range between 20 C and 100 C.

Species | Gi.2o °C [Ni/100eV] | Gi.100 °C [Ni/100eV] | Source

€agq 2.73 3.10 (Elliot, A.J. Bartels, D.M. 2009)
H* 3.19 3.61 a

OH" 0.46 0.51 a

H,0, 0.72 0.59 (Elliot, A.J. Bartels, D.M. 2009)
H* 0.60 0.71 (Elliot, A.J. Bartels, D.M. 2009)
OH"® 2.75 3.57 (Elliot, A.J. Bartels, D.M. 2009)
H, 0.43 0.47 (Elliot, A.J. Bartels, D.M. 2009)
H,O -4.65 -5.26 b

@ H' primary yield is calculated using the ratio between G(H’) and G(e 4,) obtained from experimental
measurements (Green et al. 1990; Anderson, Vojnovic, and Michael 1985) that are summed in the
work of Hill and Smith (Hill and Smith 1994). Using this ratio the charge-balance yield G(OH’) to 0.46 at
25 °C and 0.51 at 100 °C, which is a similar value to G(OH’) = 0.50 for low LET radiation. (Pastina and
Laverne 2001)

b Mass-balance calculation.

The Interaction Between the Radiolysis Products and the
Gold Species in the LCTEM System:

Influence of chloride ions: chloride is an OH* scavenger. The main reaction product due to the presence
of chloride is CIOH®, (Atinault et al. 2008), which is also a very strong oxidizer (Eo(CIOH"/(CI+OH’)) =
1.91 Vsue (Armstrong, D. A., Huie; R. E.; Lymar, S.; Koppenol, W. H.; Merényi, G.; Neta, P.; Ruscic, B.;
Stanbury, D. M.; Steenken 2015)) and can also oxidize Au particles. Due to the large difference in the
standard electrochemical potentials between CIOH* and Au®, it is assumed that the rate of Au
oxidation with OH® and CIOH"" is similar, which is approximated to a negligible influence on the trends
of the Au oxidation state. However, for an accurate assessment of the chloride influence, all the
significant reactions with the chloride species should be added.
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Figure 6 a) Equilibrium pH of the solution containing Au species. b) Equilibrium difference between pH and
pOH. Initial pH = 2.8, maximum pressure 1 bar.

Calculation of pH and pOH (Table ): The Au ions can form hydroxide species and other aureate species
at higher values of pH (>7) and at high redox potentials (R Winston Revie; Herbert Henry Uhlig 2011).
To evaluate the most stable gold species for the set experimental conditions, the values of the pH and
pH-pOH were calculated. The graph indicates that the pH is stable at the initial pH value of 2.8 for the
broad range of dose rates from 10° up to 10°Gy/s. Above the indicated dose rate the pH value
decreases from 2.7 to 2.55, when the dose rate is increased from 10° to 102 Gy/s, respectively.
Relative to the dose rate, it was concluded that the pH variations are not significantly influenced by a
change of the temperature in the LCTEM. However, to determine the chemical state of the gold species
the OH" concentration is also important. The difference pH-pOH is equal to logio([OH]/[H']) and ranges
between -4 and -1, mainly influenced by the changes in the dose rates. Due to the relatively low pH
value (2.7-2.6) and the pH-pOH value between -4 and -1 (more acidic solution) at all dose rates and
temperatures, this study confirms that the dissolved Au species are in the form [AuCl;].

Table 6: Reaction-rate constants of the radiolysis products with gold species.

Au Radiolysis k20-c Reference Ea[kl/mol] | Reference A calculated
spec. spec.
(M 1s7]
Au* €aq 8.0 x 10° (Ghosh 12.98° 1.64 x
Mazumdar, 10%?
A.S.and Hart
1968)
H* 8.0 x 10°°2 (Ghosh 15.09¢ 3.91x
Mazumdar, 10%?
A.S.and Hart
1968)
H20: 0! (Pactawski, / (Pactawski, K. |0
K. and and Fitzner
Fitzner 2006) 2006)
HOZ 1.89¢ (Pactawski, 25.89¢ (Pactawski, K. | 7.46 x
K. and and Fitzner | 10*
Fitzner 2006) 2006)
H. 7.4x103%f | (Ershov et al. | 94.1%8 (Wang et al. |4.28 x
2016) 2011) 104
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HO.* 1.89¢h 25.84h 7.46  x
10*

0z" 1.89¢h 25.84h 7.46  x
10*

Au® OH* 1.83x10°%! 13.0° 380 x
1011

@ Assumed the same kyo °C, as for the reaction between e,q and Au*, because the reaction rate
constants of Au*3+H*/ e ,q 2 Au*?+H*/H,0 are similar ((5.7 +/- 1.5) x 10° M"’s! (Ghosh Mazumdar, A. S.
and Hart 1968)).

b £, assumed the same as for the reaction eaq+0," (+ H,0)>HO,+OH", because both reactions are
diffusion-controlled and O, as the [AuCl;] ~ negatively charged.

¢ E4 assumed the same as for the reaction H* + O, HOy, because both reactions are diffusion-
controlled and O;" is as the [AuCl;]" negatively charged.

dRate for the presence of a gold catalyst, as given in the literature.

¢ E, from the overall observed constant is used (apparent activation energy). (Pactawski, K. and
Fitzner 2006)

f Rate expression k[Au®][H,], at pH = 7 (Ershov et al. 2016).

& E, assumed for the H; dissociation on Au (211) (Wang et al. 2011), since it is the dissociation step.

h Assumed the same rate and activation energy as for the reaction HOy +Au*=>HO,"+Au®. HO," and
0O," are thermodynamically much stronger reducing agents (Enernst = -0.27 and 0.05 respectively) than
HO; (Enernst = 0.65 However, in the density functional theory (DFT) study on Au (111) (Yang et al. 2017)
they show, that the reaction H,0,*2>HO,*+H* has a lower activation energy (Ea = 113 kJ/mol, AE = 106
kJ/mol) than the reaction HO,*> O,*+H* (E, = 141 kl/mol, AE = 85 klJ/mol). Also, it is found that at
higher pH (10-13) the reduction of HAuCl, with H,0; is more significant and much faster than at neutral
pH (7-8)(Pactawski, K. and Fitzner 2006). This can be due to a larger amount of HO; and O;". The
electron-transfer reactions are generally fast, and it is expected that O;" will reduce the Au species
with a rate similar to H® or e'aq. However, in the case of low pH, O, is protonated to HO,*, which needs
to be broken on the Au surface to form O, and H*, and this is a much slower process, as seen from DFT
calculations(Yang et al. 2017). Because of the lack of experimental data on the kinetics of HO,® and O,
with Au*, we assume the same rate as for the case of the reaction of HO, with Au*. However, for the
experiments at high pH, where the amounts of HO;  and O;" are significant, corrected reaction rates
should be used.

" Assumed the same rate coefficient as for the reaction of Au*+OH">Au*? +OH". The rates of
dissolution of Au® with a strong oxidizing or complexing agent without stirring are usually diffusion
controlled (Habahchi 1967). Because of zero stirring, the reaction is diffusion controlled. For the case
of the dissolution of Au in a cyanide solution, the activation energies are 12-21 kl/mol (Habahchi
1967). The temperature dependence of the diffusivity constant for water self-diffusion, which is similar
to the OH® diffusion constant, is used to calculate the activation energy (Elliot, A.J. Bartels, D.M. 2009).

I The value is 0, because the mechanism of Au-ion reduction proceeds through HO, (Pactawski, K.
and Fitzner 2006). In the kinetic model, we have already included the reversible reaction between H,0,
and HOy', and therefore the contribution to the reduction of the H,0, is 0.

Explanation of Redox Trends Due to Temperature
Change:

The influence of the temperature on [Au®]/[Au*] increases with increasing pressure which points to
the influence of the H, and O, solubility in the liquid phase. The temperature dependence of the O,
solubility is significantly higher when compared with the solubility of H, in water (Table ).

Table 7: Solubility of the H2 and Oz gases in water.

1
Ky

mol
L bar

1
Ky

mol
L bar

H
02 2
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20°C

1.40x10°

8.08 x10*

60 °C

0.88x1073

(decreased by 37% relative to 20 °C)

7.28 x10*

(decreased by 9.9% relative to 20 °C)

To prove the impact of the solubility’s temperature dependence, we performed a sensitivity analysis
for the temperature-dependent part of the solubility relation (of both gases at the same time). We
calculated the Au redox ratios for the different factor values: 0.5, 1, and 2:

B
Hi(TUO) = exp (—A+ o o 15 k) 7 29315 K
mol
+C logo((factor(T — 293.15 K) + 293.15 K)/100)) ——L (4.5)

Table 8: Parameters of the temperature-dependent Henry constant (Young 1981a; Battino 1981b).

Coef. H2 (07)
A 48.1611 66.7354
B 5528.45 8747.55
c 16.8893 24.4526

From Figure , we can see that the temperature dependence of the solubility influences the Au redox
ratio. When we increase the temperature dependence of the gases’ solubility (factor = 2) the redox
ratio increases faster with temperature, and when we decrease the temperature dependence of the
gases solubility (factor = 0.5), the redox ratio increases more slowly. The concentration of O; in the
liquid phase decreases much faster than the concentration of H,. Because H; is a strong OH® radical
scavenger (kz °C-3.4x10” Ms) and O, is a strong scavenger of H* and eaq (k20 °C =

H*]+[eg,
1.2x10%,2.1x10%° M1s?, respectively), the ratio %Ik]aq] (consequently Au redox ratio), depends on
the concentrations of O, and H,.

0.175
0.17
0.165 |
=—|— 0.16

<
=0.155 |

[Au

0.15 ¢

0.145 |

0.14
20 30 40 50 60

Temperature [°C]
Figure 7: Temperature dependence of the Au redox ratio at different sensitivity factors of the H2 and O2

solubilities. Dose rate 10° Gy/s, total concentration of gold species is 1.5 mM with an initial pH 2.8, and
pressure 5 bar.
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LCTEM Synthesis of Gold Nanoparticles

Figure shows a time sequence of the precipitation and dissolution dynamics of Au NPs at a constant
dose rate of 10° Gy/s and a temperature of 20 °C. A region, where representative Au NPs exhibit
precipitation, growth, and dissolution on a time scale of 5 s, which is marked by an arrow or a dashed-
line circle. At time O s, the Au NPs are not yet formed, it appears at 1.8 s., and remains stable for a
period of approximately 3 s, followed by complete dissolution at 5.1 s.

Figure 8: TEM micrographs indicating the precipitation and dissolution of Au NPs at a constant dose rate of
10° Gy/s and a temperature of 20 °C. The encircled areas and arrows indicate the sequence of precipitation and
dissolution for a single Au NP under equilibrium conditions.

Knowing the equilibrium conditions from the previous experiment, we started to verify the proposed
radiolysis model of radical-induced redox chemistry in the LCTEM by varying the electron dose rate at
ambient temperature. The results of the experiment are shown in Figure . The experimental dose rate
was set to 10® Gy/s, just below the expected dose rate of the Au NPs’ precipitation, as determined in
the previous experiment. Accordingly, at the dose rate of 10% Gy/s, no NPs were formed. After 12 s,
the dose rate was increased from 10% Gy/s to 102 Gy/s for a period of 15 s, which initiated the
precipitation of Au NPs, reaching their average size of 60 nm. After this period, the dose rate was
rapidly reduced back to the initial 10% Gy/s. At that point, the Au NPs start to shrink, and in less than
10 s the NPs were completely dissolved. The experiment was repeated at the same observation area
100 s later to verify, whether the phenomenon was reproducible. In this new experiment, the area was
exposed with a dose rate of 102 Gy/s for 5 s, instead of 15 s, as in the previous experiment. A shorter
exposure time resulted in the formation of NPs with an average size of 20 nm. When the dose rate was
decreased for the second time to 10® Gy/s, NPs were again dissolved in approximately 10 s. A
guantitative evaluation of the whole experiment is presented in Figure . It shows the variations of the
Au NPs’ size as a function of the electron dose rate at room temperature. The black line in the image
represents the selected dose rate, while the circles symbolize the measured average size of the NPs.
These results confirmed that the electron dose-dependent LCTEM experiments are highly reversible
and correlate with the predictions obtained from the TDR diagrams, where the Au NPs’ precipitation
or dissolution at ambient temperature is positively correlated with the variations of the Au redox
concentration ratio, i.e., [Au(0)]/[Au*] as a function of the electron dose rate. Similar
precipitation/dissolution trends were also observed in previous studies by Schneider et al. (Schneider,
Norton, Mendel, Grogan, Ross, et al. 2014) and Ahn et al. (Ahn et al. 2015).
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Figure 9: Time-sequenced TEM micrographs acquired from the same specimen area at 25 °C and different
electron dose rates (a) 102 Gy/s, (b) 10'? Gy/s, (c) 10® Gy/s, (d) 10*2 Gy/s (e). Corresponding graphical
representation of the Au NPs precipitation and dissolution. The average NPs diameters at every indicated time
slot were determined from 10 NPs.

In the next set of the experiments, the electron dose rate was fixed at 6*10% Gy/s, at an initial
temperature of 20 °C, just below the experimentally determined boundary conditions for the Au NPs’
precipitation. The temperature-dependent experiment started at 25 °C, where the same specimen
area was observed for 300 s (Figure ), which is a several orders of magnitude longer time than needed
to reach the equilibrium concentration of the radiolysis species (Schneider, Norton, Mendel, Grogan,
Frances, et al. 2014). This experiment demonstrates that the Au-based aqueous solution is stable at
electron dose rates of around 10® Gy/s and 20 °C. After a relatively long exposure to the observed
specimen area, the temperature was initially increased to 30 °C for a period of 81 s. These conditions
did not yield any Au NPs precipitation, which is in accordance with the relatively broad [Au®]/[Au*]
gradient field in the temperature domain, as indicated in the TDR diagrams at elevated pressures.
When the temperature was increased to 40 °C (t=556s) the Au NPs started to form with an average
diameter of around 20 nm (Figure b). When the temperature was decreased back to 25 °C, these
precipitated Au NPs were completely dissolved (t=734 s) (Figure c). The reversibility of the
phenomenon was again checked by the repeated temperature variations. First, the temperature was
raised again to 40°C (t=923s), which resulted in the precipitation of Au NPs with an average diameter
of around 20 nm (Figure d). After that, the temperature was lowered back to 25 °C (t=1146s) and the
previously precipitated Au NPs were again completely dissolved (Figure e), thus confirming the
temperature-dependent reversibility of the Au precipitation-dissolution mechanism.
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Figure 10: TEM micrographs of the precipitation/dissolution trends of Au NPs as a function of temperature
variations between 25 °C and 40 °C on a progressive time scale. Time-sequenced TEM micrographs acquired
from the same specimen area at a fixed electron dose rate of 6*10% Gy/s and different temperatures of (a)
25°C, t=0, (b) 40°C, t=556s, (c) 25°C, t=734s, (d) 40°C, t=923s and (e) 25°C, t=1146s (f). The temperature-time
profile is indicated by the blue line. The average NPs diameters at every indicated time slot were determined
from 10 NPs.

These observations contradict the basic understanding of precipitation/dissolution trends that would
typically be observed in comparable ex-situ tabletop experiments, if we neglect the radiolysis-induced
redox chemistry. Namely, it is well accepted that the precipitation of Au NPs from an Au aqueous
solution at low pH values is typically provoked by the elevated temperature (Schneider, Norton,
Mendel, Grogan, Ross, et al. 2014).

However, this process is not reversible and cannot lead to Au NPs’ dissolution during a temperature
drop in the system. Consequently, this phenomenon can only be explained by the fact that
temperature changes provoke significant variations in the equilibrium concentration of the radiolysis
species, yielding substantial changes to the Au redox concentration ratios, finally resulting in the
reversible precipitation/dissolution of Au NPs. These experimental results are therefore consistent
with the [Au(0)]/[Au*] trends indicated in the TDR diagrams for elevated pressure values.

The ex-situ SAED and EDS analyses confirmed that the observed NPs belong to face-centered cubic
gold (Figure ).
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Figure 11: TEM analysis of Au NPs of air-dried samples. a) SAED analysis shows they are FCC Au (ICSD = 52249),

b) which was additionally confirmed with an EDS analysis.

Conclusions

As shown, radiolysis effects are an undesirable consequence of the LCTEM technique. The proposed
solutions to mitigate the effects of electron radiolysis are:

1)

2)
3)

4)
5)

6)
7)
8)
9)

10)
11)

12)

13)
14)

15)

16)

23

The use of radiolysis models as demonstrated, making it possible to show the threshold, at
which the observed processes are radiolytically induced and those which are not.

Observing the liquid with a “single exposure technique” - only during the imaging.

The use of STEM can greatly reduce dose rates, because at any one single time only one small
area is electron irradiated (Khelfa et al. 2019).

Use of liquids that are less prone to radiolysis (Bell, Rodgers, and Burrows 1977).

Use of liquids that are not highly volatile or corrosive since they can evaporate before the liquid
cell is sealed.

Use of highly diluted solutions/solutions with a low concentration of dissolved ions (e.g., in the
mM range), since dissolved ions in a diluted solution, react less with the radiolysis species.
Whenever possible, direct flow experiments with high flow rates are suggested, to flush the
radiolysis species out of the observation area of the liquid cell.

Preparations of liquid samples just before the insertion into the liquid cell to prevent the
formation artifacts formed from aging of the solution.

Observation of samples at reduced dose rates (decreasing spot size, use of small condenser
apertures).

Observing samples for an as short time as still feasible.

Careful planning of the LCTEM experiments: with the “lowest necessary exposure to ionizing
radiation” principle. This means that the sample should be observed only at such a low electron
dose and for a such short time, that the image/video/data with only the predetermined
required resolution is obtained and not higher than is needed.

TEM alignment needs to be performed before the insertion of the LCTEM holder or use of auto-
alignment procedures (Koster and de Ruijter 1992), since during the TEM alignment high
electron doses are expected.

Use of ultra-thin graphene liquid cells (instead of SiN) that allows smaller electron dose rates
for the same brightness/contrast of the image.

Use of liquid cells, where the ratio between the windows and the entire volume of the liquid
cells is very large, so that diffusion of the radiolysis species is prolonged.

Thorough cleaning after each use of all the components of the liquid cell (chips, holder, lids,
necessary tools, internal and external tubing) with alcohol, deionized water, and plasma so
that contaminants from previous experiments are completely removed, preventing those
remaining particles from acting as nuclei for a heterogeneous nucleation process. Frequent
replacements of expendable parts (e.g., internal tubing) are suggested.

Avoiding the reuse of chips that have already been used in previous experiments.
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17) Use of a dust-free clean-room environment for preparing samples and the assembly of the
liquid cell to prevent contaminants entering to the solution. Also, the sample preparation room
should have temperature/humidity control.

This report is based on a PhD thesis of Bojan Ambrozi¢ entitled “In situ synthesis and growth of
nanoparticles using a liquid cell transmission electron microscopy technique”.

Some sections are partially based on an article by AmbroZic et al., (AmbroZi¢ et al. 2019) and presents
an overview of the calculation for the kinetic radical-induced redox model.
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