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ABSTRACT 

Studying liquid phase nanoscale dynamic processes of oxide nanoparticles is of considerable interest to a wide variety of fields. Recently 

developed liquid phase transmission electron microscopy (LP-TEM) is a promising technique, but destabilization of oxides by solid-liquid- 

electron interactions remains an important challenge. In this work we present a methodology to assess LP-TEM oxide stability in an aqueous 

phase, by subjecting several oxides of technological importance to a controlled electron dose in water. We show a correlation based on the 

Gibbs free energy of oxide hydration that can be used to assess the stability of oxides and demonstrate the existence of several remarkably 

stable oxides, with no observable structural changes after one hour of electron beam irradiation in LP-TEM. Rationalizing such destabilization 

phenomena combined with the identification of stable oxides allows for designing LP-TEM experiments free from adverse beam effects and 

thus investigations of numerous relevant nanoscale processes in water. 
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1 Introduction 

Since time immemorial, oxides have been incredibly important 
materials in a wide variety of applications, from ancient pottery to 
modern superconductors. Industrial applications include heterogeneous 
catalysts, where nanoparticle oxides are often used as support or 
catalyst [1–4], structural and refractory ceramics such as bricks or 
concrete [5], or semiconductors [6, 7], adsorbents [8], superconductors 
[9], and protective coatings [10]. 

Properties and performance of oxides in many of these applications 
are dictated by nanometer scale structural features. Influence of the 
catalyst nanoparticle size [11], morphology [12] and nanoparticle- 
support interactions [4, 13] on catalyst activity, selectivity and stability, 
the morphology and nature of nanoscale defects on corrosion [14, 15], 
or the presence of nanometer-sized defects in oxide boundary layers 
on semiconductor performance [16] are all important examples of how 
nanoscale features can influence overall oxide behavior.  

Transmission electron microscopy (TEM) has been an indispensable 
tool to this end, allowing visualization of nanoscale morphology 
and atomic structure of a variety of oxide materials [17–19]. However, 
due to the high vacuum conditions under which TEM is operated, 
studies were limited to dry samples, which excludes the option to 
investigate the material during its formation or subsequent application. 
In recent years, the development of technologies for in situ heating 
[20], gas [21–25] and in particular liquid [26–28] TEM measurements 
has expanded the possibilities for characterization of nanomaterials 
and nanoscale processes dramatically. 

Liquid phase TEM (LP-TEM) is particularly relevant to studying 
the formation of nanoscale oxide systems, such as nanoparticle 
nucleation and growth, as many of these processes take place in a 
liquid. Furthermore, LP-TEM also allows the study of the liquid-based  

processes involving oxide materials. For example, in catalyst synthesis 
[29], often small metal or metal oxide nanoparticles are deposited 
on a thermally stable and high surface area oxide, such as Al2O3 or 
SiO2, in a liquid phase. Knowledge of the nanoscale processes involved 
in such syntheses is incomplete, limiting thus our ability to control 
the catalyst structure [4]. Despite the massive body of work on catalyst 
synthesis and a large variety of preparation methods, this lack of 
fundamental knowledge results in catalyst preparation often being 
considered more of an art rather than a science [30]. Furthermore, 
stability of catalysts in liquid phase reactions, in particular for biomass 
conversion [31, 32], is highly important, but still poorly understood. 
Other processes of significant interest are metal corrosion [33] and 
battery assembly and operation [34]. These fields, among many others, 
could therefore greatly benefit from the application of LP-TEM. 

The most popular method to perform LP-TEM experiments is by 
utilizing the closed cell design [35], which encloses the sample and 
liquid between two silicon chips with silicon nitride windows in a 
dedicated holder, although enclosing liquids between two graphene 
layers [36, 37] or differential aperture pumping techniques have 
also been reported [38]. The closed cell technique has already  
been employed to study nanoscale dynamic processes such as 
biomineralization [39, 40], carbon nanotube degradation by macro-
phages [41], nanoparticle movement and interactions [42, 43], and 
electrochemical deposition and growth [44, 45]. 

The majority of the published articles still highlight an important 
challenge in LP-TEM though, which is distinguishing electron beam 
induced effects from the phenomena under investigation. Along with 
the beam damage mechanisms already known from conventional 
TEM imaging in a vacuum, LP-TEM additionally suffers effects 
originating from interactions of the electron beam with the liquid. 
The main result of these interactions is radiolysis of the liquid and 
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the subsequent formation of radicals and other reactive chemical 
species which can locally alter liquid chemistry [46]. This beam 
induced effect can be and has been used to initiate and drive 
nanoscale processes, such as nucleation and growth of nanoparticles 
[47, 48]. However, it is mostly considered detrimental to the process 
under investigation, as it was shown to significantly alter the structure 
or even lead to dissolution of the materials under investigation [49].  

Although this effect is well-known for biological and carbonaceous 
samples [50], most LP-TEM studies so far have focused on metal 
nanoparticles, while the understanding of oxide degradation behavior 
is still limited. Recent investigations on iron (hydr)oxide [51]  
and silicon dioxide [52–54] have shown that oxide materials can 
also suffer from electron beam induced destabilization in a liquid 
environment. In addition, Lu et al. [55] investigated dissolution behavior 
of several oxides in LP-TEM. They observed a significant increase 
in dissolution rate of the oxides in the presence of the electron beam, 
which was attributed to the electron beam induced formation of oxygen 
vacancies. However, they also observed significant variations in 
stability and dissolution rate between the oxides, which could not be 
fully explained by this mechanism. 

In view of growing interest in using LP-TEM to study oxide 
materials, it is of vital importance to improve our understanding of 
these degradation phenomena and to devise methodologies to suppress 
them. The goal of our study was to systematically investigate the 
factors contributing to oxide destabilization in LP-TEM, for which 
we selected six technologically important and widely used oxides, 
namely silica, alumina, magnesia, titania, niobia and zirconia. The 
stability of oxides imaged in an LP-TEM environment ranged from 
fully stable ones to those that dissolve within minutes of exposure 
to the electron beam. We discovered that the oxide stability directly 
correlates with the extent to which the formation of the respective 
hydroxide is thermodynamically favored. This correlation is an 
excellent requisite that will aid in predicting the behavior of oxides 
during LP-TEM experiments. Furthermore, it can be used to select 
suitable oxides, i.e. those not affected by electron beam and water, 
for LP-TEM studies of nanoscale processes in water. 

2 Results 

2.1 Materials characterization 

For this study we have selected SiO2, Al2O3, MgO, TiO2, ZrO2 and 
Nb2O5. Before introducing them to liquid phase transmission electron 
microscopy and studying their stability and behavior, we performed a 
study of their bulk physicochemical properties. Table 1 summarizes 
the main properties of the oxides used in this work.  

In nitrogen physisorption the MgO and calcined Nb2O5 (c-Nb2O5) 
samples exhibited a type II N2 sorption isotherm (Figs. S1(c) and 
S1(h) in the Electronic Supplementary Material (ESM)), indicating 
a macroporous (pores > 50 nm) morphology. For the other oxides, 
a type IV isotherm was observed, indicating the presence of 
mesoporosity (2–50 nm pores) (Fig. S1 in the ESM). For all mesoporous 
oxides, a H3 type of hysteresis was observed, usually associated with 
non-rigid aggregates of primary particles [56] and often indicative 
of non-spherical particles. Except for the case of the amorphous 
TiO2, the oxides did not display significant microporosity (pores  
< 2 nm). Specific surface areas varied significantly between the oxides, 
from 9 m2·g−1 for c-Nb2O5 to almost 300 m2·g−1 for the amorphous 
TiO2 sample. Pore volumes also varied, from < 0.1 mL·g−1 for the 
MgO and c-Nb2O5 to 0.44 mL·g−1 for the Al2O3. 

TEM supported these observations, as can be observed in Fig. 1, 
with all of the materials consisting of agglomerates of nanoparticles, 
albeit with different primary particle size. In the case of MgO and 
c-Nb2O5 (Figs. 1(c) and 1(h)), the primary particles were too large 
for any significant capillary condensation to take place in the  

Table 1 Summary of the characterization results for all oxides used in this research  

Oxide 

BET 
surface 

area 
(m2·g−1)

Total pore 
volumea 
(cm3·g−1)

TGA total 
mass loss  

(% of 
initial) 

MS species 
detected (—)

XRD crystal 
structures 

(—) 

Stöber SiO2 49 0.38 0.4 — Amorphous

Puralox 
Al2O3 145 0.44 5.0 H2O, CO2 

Fd3
＿

m  
(γ-Al2O3) 

MgO 22 0.01 3.1 CO2 
Fm3

＿

m 
(periclase)

ZrO2 97 0.25 2.7 H2O, CO2 
P21/c 

(Baddeleyite)

P25 TiO2 45 0.16 −1.3 — 

P42/mnm 
(rutile) 
I41/amd 
(anatase) 

Amorphous 
TiO2 292 0.28 16.0 H2O Amorphous

Niobic acid 155 0.18 12.5 H2O Amorphous

Calcined 
Nb2O5 9 0.04 −0.1 — 

P2/m 
(H-Nb2O5)

aFrom nitrogen physisorption at p/p0 = 0.9. 

 
interparticle space during N2 physisorption, explaining the lack of  
hysteresis in the isotherm and lack of mesoporosity observed. The 
other oxides had significantly smaller primary particle sizes, often 
non-spherical, leading to the presence of interparticle mesoporosity, 
and thus occurrence of capillary condensation. In the case of niobic 
acid, intraparticle mesopores of about 5 nm were present next to 
the interparticle mesoporosity, as highlighted in the magnified 
part of Fig. 1(g) and reported before [57]. In the case of amorphous 
TiO2 the primary particle size was only a few nm, giving rise to 
micropores in addition to the mesopores, as can be observed in the 
magnified part of Fig. 1(e). Furthermore, the oxides with the smaller 
primary particle size, as expected, displayed larger Brunauer– 
Emmett–Teller (BET) specific surface area. 

X-ray diffractograms of the oxides (summarized in Table 1 and 
Fig. S2 in the ESM) confirmed that the oxides are present in the 
expected crystal structures and that the amorphous TiO2, Stöber SiO2 
and niobic acid are indeed non-crystalline.  

Finally, thermogravimetric analysis (TGA) coupled with mass 
spectrometry (MS) in an O2/Ar atmosphere (summarized in Table 1 
and Fig. S3 in the ESM) showed that several oxides still contained 
water, which was expected and poses no problem for the LP-TEM 
experiments which take place in H2O. The commercial MgO, Al2O3 
and ZrO2 powders released also significant amounts of CO2. In the 
case of MgO, this can be attributed to adsorption of carbon dioxide 
from air leading to formation of a surface carbonate, which is a 
well-known phenomenon for this oxide [58]. The most significant 
mass loss and CO2 MS signal was also observed at the expected 
decomposition temperature for MgCO3 at approximately 350 °C, 
indicating that the origin of the observed CO2 is likely from a MgCO3 
surface carbonate. For the ZrO2 and Al2O3, this CO2 probably 
originated from the preparation method that might have involved 
the use of metal alkoxides.  

2.2 Liquid phase transmission electron microscopy 

The stability and behavior of all aforementioned oxides in LP-TEM 
was investigated. While detailed explanation of preparation and 
imaging conditions can be found in the Methods section, it is 
important to note that oxides as received or synthesized were placed 
in an LP-TEM cell containing water and that imaging was performed 
in scanning TEM (STEM) mode whereby a focused beam of electrons 
is raster scanned across the field of view.  
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Imaging metal and metal oxide nanoparticles in liquid environment 
with the spread parallel (TEM) electron beam has been shown to lead 
to dissolution and degradation of the material under investigation, 
while imaging with scanning electron beam (STEM) also introduced 
shape changes associated with the scanning direction of the beam 
[52]. As a control experiment, a sample of each oxide was also 
subjected to continuous electron beam scanning in high vacuum, 
using a comparable or slightly higher cumulative electron dose 
and electron dose rate (1.9 × 107 e−·nm−2 and 5.2 × 103 e−·nm−2·s−1, 
respectively, for the vacuum experiments). Apart from carbon 
contamination depositing during scanning of some samples, in 
particular the SiO2 and P25 TiO2 samples, no changes in particle 
morphology were observed for any of the oxides during these 
experiments (Fig. S4 in the ESM). 

In LP-TEM however, shape and size changes were apparent and 
occurred to varying degrees, indicating that the overall stability was 
markedly different between the studied oxides, as illustrated in Fig. 2, 
Fig. S5 and the Movies ESM1–ESM4 in the ESM. As reported 
previously [52], spherical SiO2 nanoparticles significantly elongated 
along the scanning direction of the electron beam and lost material 
during this process; when changing the scanning direction, the 
particle elongation changed accordingly (Figs. 2(a) and 2(b), Movie 
ESM1, Fig. S5(a) in the ESM). 

Al2O3 and MgO on the other hand did not show this elongation 
behavior (Figs. 2(c)–2(f), Movies ESM1 and ESM2, Figs. S5(b) and 
S5(c) in the ESM), but did dissolve significantly faster than the silica. 
Although reduced in size, SiO2 particles were still present after 33 min 
of scanning, while for both Al2O3 and MgO no material could be 

 
Figure 1 Bright-field transmission electron microscopy images in vacuum of the oxides used in this research: (a) Stöber SiO2; (b) Puralox γ-Al2O3; (c) MgO; 

(d) ZrO2; (e) amorphous TiO2, with the primary particles visible in the inset; (f) P25 TiO2 with some dark regions due to diffraction contrast; (g) niobic acid, with ~ 5 nm

mesopores visible in the inset; (h) calcined Nb2O5. 

 
Figure 2 Overview of LP-TEM behavior of the studied oxides with low stability. (a) and (b) Stöber SiO2 before and after 33 min of imaging (dose rate: 5.2E+03 e−·nm−2·s−1);

(c) and (d) γ-Al2O3 before and after 33 min of imaging (dose rate: 1.3E+03 e−·nm−2·s−1); (e) and (f) MgO before and after 11 min of imaging, with some ZrO2 

contamination (two bright particles in the lower left corner of the agglomerate) (dose rate: 3.3E+02 e−·nm−2·s−1); (g) and (h) niobic acid before and after 60 min of 

imaging (dose rate: 1.0E+04 e−·nm−2·s−1). 
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detected already after 12 and 2 min respectively, for the highest 
dose rates used, even though the dose rate for the Al2O3 was 
comparable and significantly lower for the MgO (details on dose 
rates are available in the methods and Tables S1–S3 in the ESM for 
the SiO2, Al2O3 and MgO, respectively). In the case of Al2O3, two 
stages can be distinguished (see Movie ESM2 and Fig. S5(b) in the 
ESM). In the initial stage the contrast between particle and liquid 
decreased a lot, indicating thinning in the direction of the beam as 
contrast in these experiments is mainly governed by the atomic 
number of the elements and the aluminum oxide particle thickness. 
During the second stage, the particles decreased in size, but 
interestingly, the shape remained unchanged. For MgO, particles 
tended to move during imaging despite initially being fixed to the 
window of the LP-TEM cell, and they dissolved even more quickly 
than the alumina (Figs. 2(e) and 2(f), Fig. S5(c) and Movie ESM3 in 
the ESM). It was therefore challenging to evaluate contrast differences. 
Both shape changes and reduction in size were observed, but appeared 
not to be correlated with the electron beam scanning direction. 

A semi-quantification of the oxide volume at different time during 
the experiment has also been performed based on the respective 
TEM images. The volume of the material in the field of view was 
estimated by measuring particle length and width of all particles 
present in the image and assuming perfectly spheroidal particles in 
the case of SiO2 and MgO.  

In the case of Al2O3, volume was determined by assuming a linear 
relationship between pixel intensity and alumina thickness and 
subsequently integrating over the entire image. Volume loss for the 
individual experiments has been summarized in Tables S1–S3 in 
the ESM.  

For each of these three oxides, the volume as a function of time 
of a representative experiment has also been plotted in Fig. 3. This 
clearly illustrates the large differences in stability between these 
oxides, with MgO losing far more volume than Al2O3 or SiO2, even 
though the electron beam current was the same in all experiments. 

For niobic acid, the behavior in LP-TEM was very different from 
the previous three oxides (Figs. 2(g) and 2(h), Fig. S5(d) and Movie 
ESM4 in the ESM). Instead of reducing in size, the particles seemed 
to grow or swell and became more rounded, while the mesopores 
of ~ 5 nm disappeared over time. The contrast also decreased, 
indicating thinning in the direction of the electron beam. This could 
originate from the oxide particles slowly collapsing and spreading 
on the surface of the SixNy window. All of the observed effects 
occurred much slower than in the previous three oxides, with 
imaging time reaching 60 min without niobic acid dissolving and 
disappearing, using a dose rate of 5.2 × 103 e−·nm−2·s−1. 

Surprisingly, the c-Nb2O5, ZrO2, amorphous TiO2 and P25 TiO2 
oxides appeared to be highly stable under these LP-TEM imaging  

 
Figure 3 A representative experiment of each oxide of low stability, except niobic 

acid, following their volume in nm3 over time, all with an electron beam current 

of 0.21 nA (1.3E+9 e−·s−1). 

conditions, as illustrated in Fig. 4, Fig. S6 and Movies ESM5–ESM8 
in the ESM. Apart from some movement during imaging, no 
significant changes in shape, size or contrast were observed for any 
of these oxides, even after 60 min of imaging with a dose rate of 5.2 × 
103 e−·nm−2·s−1. However, the P25 TiO2, ZrO2 and c-Nb2O5 showed an 
interesting “flashing” phenomenon involving the occasional formation, 
growth and disappearance of very bright spots at the surface of the 
oxide, as can be observed in the Movies ESM5, ESM6 and ESM8 
and a still-frame depicting one such bright spot in Fig. 4(g). Such a 
phenomenon was not observed in the case of the amorphous TiO2 or 
any of the less stable oxides from Fig. 2. Although not fully understood 
yet, this “flashing” is tentatively ascribed to a local charging of  
the sample, which can result in changes in the deflection angle of 
electrons passing through the sample [17, 59]. 

3 Discussion 

As demonstrated with LP-TEM, oxides which are generally stable 
in aqueous environments at neutral or mildly acidic pH [60] can 
exhibit large differences in stability when irradiated with electrons 
in an aqueous environment. Some oxides degraded rapidly, while 
others remained stable during one hour of continuous imaging. 
Furthermore, all oxides were proven to be stable when either the 
electron beam or the water is absent, highlighting the detrimental 
effect of combining electron beam and water.  

To understand the origin of these differences in stability in 
LP-TEM, we first consider some of the major physicochemical 
properties that are known to influence oxide stability in water 
(Tables 1 and 2). First such is solubility at neutral or mildly acidic pH, 
as calculations indicate that electron beam induced water radiolysis 
produces, among other species, a significant number of hydronium 
ions (H3O+

(aq)) and solvated electrons (e−
(aq)). This results in a local 

decrease in pH to approximately 4–5, depending on the intensity of 
the ionizing radiation [61]. The solubility under these conditions 
varies between the oxides studied here and ranges from 2.5 × 10−12 
mol·L−1 for zirconia to 1.6 × 10−3 mol·L−1 for silica, as summarized in 
Table 2. Although the oxides that appeared stable in LP-TEM also 
have a very low solubility, the oxide with the highest solubility of all 
is SiO2, which proved to be much more stable than either Al2O3 or 
MgO, both of which exhibit lower solubility than SiO2. Furthermore, 
it has been argued that in aqueous environments subjected to 
intense ionizing radiation, local supersaturation could be present [55], 
suggesting that solubility is not the major cause for the observed 
differences in stability.  

Second, morphological differences, including surface area, porosity 
and particle morphology vary widely between the studied oxides 
(Table 1). Specific surface area in particular could be considered as 
a potential cause of difference in the stability, since it relates to the 
contact area between liquid and oxide, allowing for more interaction. 
However, no clear correlation was found between any of the textural 
properties and oxide stability either. Comparing for example SiO2, 
Al2O3 and MgO, with MgO having the lowest specific surface area 
of these oxides and Al2O3 the highest, both were less stable than 
SiO2, demonstrating that surface area does not seem to dominate 
stability. 

Third, crystallinity and residual water content does not seem to 
affect the stability of TiO2, but interestingly, it did relate to an effect 
on the stability of niobia, with the amorphous and hydrated niobic 
acid not being completely stable, as opposed to the crystalline Nb2O5. 
The main difference between niobic acid and calcined niobia is that 
water forms significantly stronger bonds in the former than in the 
latter [68], to the extent that niobic acid is a highly acidic oxide. In 
the completely stable amorphous TiO2 on the other hand, even 
though it is also a precipitated form of a relatively ill-defined and 
non-calcined oxide, the water does not form similar strong bonds. 
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Table 2 Solubility and standard Gibbs free energy for reaction 1 per mole of 

metal (M) for various oxides 

Oxide 
 

Solubility in H2O 
(molmetal·L−1) 

ΔG0
Hydration 

(kJ·molmetal
−1) 

References 

Amorphous SiO2 1.6E−03 −8.0 [60, 62, 63] 

γ-Al2O3 1.6E−08 −18 [62–64] 

MgO 1.8E−04 −27 [62–64] 

Nb2O5 2.5E−08 52 [60, 65] 

TiO2 1.0E−09 46 [62, 66] 

Ti2O3 — 16 [62–64] 

TiO — 34 [62–64] 

ZrO2 2.5E−12 30 [62–64] 

CeO2 — 110 [60] 

Ce2O3 1.6E−06 −59 [60, 64, 67] 

CuO 2.0E−10 13 [62–64] 

Cu2O — −63 [60, 62–64] 

Fe2O3 4.0E−12 12 [62–64] 

FeO 3.2E−10 −6.6 [62–64] 

 
This indicates that chemical bond formation of water with the 

oxide is of significant importance to the stability of the oxides. To 
confirm this hypothesis, we compared the thermodynamic driving 
force for the formation of the hydroxide from the oxide in water 
(Reaction (1)), that is, the Gibbs free energy for the hydration 
reaction (ΔG0

H) of the investigated oxides.  

1/x MxOy (s) + y/x H2O (l)  M(OH)2y/x (s)     (1) 

Figure 5 clearly illustrates the correlation between oxide stability 
and the ΔG0

H (values listed in Table 2), with all stable oxides having 
a positive ΔG0

H, favoring the oxide over the hydroxide. On the 
other hand, the ΔG0

H is negative for the unstable oxides, favoring 
the hydroxide. As a semi-quantitative measure of (in)stability of the 
SiO2, Al2O3 and MgO, the number of electrons required to remove a 
single atom from the oxide was calculated by determining the number 
of removed atoms based on the volume that has been removed from  

 
Figure 5 Comparison of the stability of the oxides used in this research under 

the prevailing conditions of LP-TEM experiments as a function of the Gibbs free 

energy of formation of the solid hydroxide from the respective oxide (hydration 

energy), with stability defined as the number of electrons required to remove a 

single atom (both the oxygen and metal atoms) from the material. 

the oxide, approximating particle geometry and assuming bulk 
densities, and the number of electrons the area has been exposed to. 
The dose rate, volume reduction and values for the electrons required 
to remove a single atom for each of the individual experiments are 
listed in Tables S1–S3 in the ESM for SiO2, Al2O3 and MgO, respectively. 
Due to the difficulty of assessing the instability of the niobic acid 
and the lack of thermodynamic data, quantification was not possible 
for this sample. The semi-quantification shows that the severity of 
electron beam induced oxide degradation correlates with the 
favorability of hydroxide formation. For oxides with a more negative 
value of ΔG0

H (e.g. MgO vs. SiO2), far fewer electrons are required to 
remove an atom from the oxide.  

Although dose rate (e−·nm−2·s−1) has been shown to sometimes 
influence the observed phenomena in liquid cell [69], variation thereof 
in these experiments did not show any significant differences in the 
amount of electrons required to remove an atom. This is also observed 
when comparing the resulting values for electrons required per 
removed atom for the Al2O3 and MgO experiments performed at 
different magnifications, as listed in Tables S2 and S3 in the ESM. 
Therefore, the required lower magnifications and hence lower dose 

 
Figure 4 Overview of LP-TEM behavior for the stable oxides. (a) and (b) Calcined Nb2O5 before and after 60 min of imaging. (c) and (d) ZrO2 before and after 

60 min of imaging. (e) and (f) Amorphous TiO2 before and after 60 min of imaging. (g) and (h) P25 TiO2 before and after 60 min of imaging. The dose rate in each 

experiment was 5.2E+03 e−·nm−2·s−1, except for the P25 TiO2, in which the dose rate was 1.0E+04 e−·nm−2·s−1. 
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rates in the case of Al2O3 and MgO, necessary to image long enough 
to observe the degradation in sufficient detail, did not influence the 
comparison to any significant extent.  

Another difference between the stable and unstable oxides in 
this study is that the stable oxides are all reducible, relatively easily 
releasing oxygen atoms, which could also be used to explain these 
observations. However, a recent study showed that Fe2O3, CeO2 and 
CuO, which are also reducible oxides, were unstable under electron 
beam irradiation in the presence of water [55]. Seeing that these 
three oxides also have a positive ΔG0

H, according to our hypothesis 
they should be stable. However, because they are easily reducible, it 
is important to also consider their sub-oxides such as Cu2O, FeO 
and Ce2O3. As can be seen in Table 2, these sub-oxides actually have 
a negative ΔG0

H. This is also in agreement with the observations of 
Lu et al. [55], in which they report that electron beam induced 
dissolution of cerium oxide becomes extremely fast only after the 
Ce2O3 phase is observed. The sub-oxides of TiO2 (Ti2O3 and TiO) 
on the other hand have a positive ΔG0

H, indicating TiO2 should be 
stable according to this correlation, which is indeed the case. This 
clearly demonstrates that while reducibility should be taken into 
account for the possible suboxide formation, the main driving force 
for oxide destabilization is its affinity to form hydroxides. 

It is worth mentioning that two modes of performing LP-TEM can 
be used, namely TEM and STEM mode. In TEM mode, the electron 
beam is spread and illuminates the region of interest uniformly, 
which results in a uniform distribution of electrons and a constant 
concentration of radiolysis products. In our work, STEM mode was 
used, in which a sub-nanometer probe is scanned across the region 
of interest. The dwell time (time the probe spends at a single point 
in the raster) is usually in the same order of magnitude as the lifetime 
of the radiolysis products. This means that not all regions of the 
scanned particle are exposed to the radiolysis products at the same 
time. Considering that the scanning is always in 1 direction, this could 
lead to directionality in electron beam induced effects. In fact, the 
previously mentioned selective etching that was observed for silica 
is a result of this effect [52, 54]. The higher electron dose rates of 
the STEM probe, could also allow effects that only occur above a 
certain threshold of electron dose rate to take place easier in STEM 
than in TEM, such as nucleation [69]. However, as liquid radiolysis 
plays a pivotal role in the oxide dissolution and occurs in both TEM 
and STEM, apart from potential directionality of the dissolution 
process the end result should be similar. 

The exact mechanism through which the electron beam causes the 
oxides to degrade in the presence of H2O, is likely very complex and 
oxide-dependent. Based on first-principle calculations, it has been 
suggested that the formation of oxygen vacancies by the electron 
beam, followed by rapid dissolution of neighboring metal atoms is the 
main mechanism [55]. This would however suggest that reducible 
oxides, in which oxygen vacancies form more easily, should be less 
stable, while the opposite is observed in our experiments. As stated 
above and demonstrated in this study, reducibility should be considered 
to account for the formation of suboxides, but the stability is clearly 
correlated to hydroxide formation from respective (sub)oxides. 

For amorphous silica, it has recently been found that the mechanism 
likely involves the acceleration of silica hydroxylation and subsequent 
dissolution through the electron beam induced formation of reducing 
radicals capable of breaking the Si–O–Si bonds [54]. Suppressing 
the formation of these radicals by using a 1:1 acetic acid/sodium 
acetate buffer as radical scavenger, resulted in a more stable silica. 
In the same study, a test with a 1:1 H3PO4/NaH2PO4 buffer did not 
change the silica stability compared to pure water, indicating that 
pH change or buffering did not influence the stability of silica 
significantly. However, when employing the same strategy of adding  
a 0.2 mol·L−1 acetic acid/sodium acetate buffer to suppress radical 
formation and stabilize Al2O3, no significant improvement in stability 

was observed (Fig. S7 in the ESM), which suggests a different 
mechanism, but again likely not influenced by pH changes or 
buffering.  

Based on previous work [54, 55] and this study, we can conclude 
that while the proposed formation of oxygen vacancies can still take 
place, especially at high electron beam dose rates [55], it is likely 
not a universal mechanism of oxide dissolution, nor the driving 
force. Oxide (and suboxide) hydration seems to be a key factor in 
determining their stability, but the exact mechanism of oxide 
dissolution in LP-TEM is clearly a very complex process and likely 
unique for each oxide. Therefore, further experimental work as well 
as theoretical modeling that will take the Gibbs free energy of 
hydration into account, is needed to unravel the mechanism of 
these processes. 

4 Conclusions 

In view of the growing popularity of LP-TEM in academic and 
industrial research, in particular for studying metal (oxide) systems 
in an aqueous environment, this study represents a critical step towards 
deepening our understanding of the diverse behaviors of metal oxides 
in LP-TEM. The origin of the varying stability of the oxide materials 
in LP-TEM environment is shown to correlate strongly with the 
oxide’s Gibbs free energy of hydration. Other physio-chemical 
properties such as porosity, surface area or crystallinity of the oxide 
material are shown to be of limited importance in LP-TEM experiments. 
Furthermore, these results point to the need of redesigning the 
LP-TEM experiments such that hydration is suppressed when oxides 
with thermodynamic affinity towards forming hydroxides are studied.  

Most importantly, the correlation found in this study can aid in 
predicting the stability of oxides without performing elaborate and 
time-consuming LP-TEM experiments. Several oxides which were 
identified in our study as very stable are also excellent candidates 
for studying important dynamic nanoscale processes for which high 
electron doses would be required. For instance, LP-TEM provides an 
excellent platform for studying the diffusion behavior and movement 
of nanometer size particles. Next to this, using LP-TEM to study 
catalyst evolution during synthesis and its structural changes during 
catalysis, has a tremendous potential to unravel phenomena that 
have never been observed or only indirectly investigated until now. 
Considering that heterogeneous catalysts typically consist of metal 
nanoparticles supported on an oxide, and that high electron doses 
are required for their visualization, using oxides that are stable in 
LP-TEM is a prerequisite for further studies in this field. 

5 Methods 

5.1 Oxides  

The oxides used in this investigation were commercially available 
oxides, except for the amorphous Stöber silica spheres and the 
amorphous titania, which were prepared according to the procedures 
outlined below. The other oxides were P25 TiO2 (Evonik Degussa), 
Puralox γ-Al2O3 SCCa-5/170 (Sasol), ZrO2 XZ catalyst support (Saint- 
Gobain), niobic acid (CBMM) and MgO nanopowder (Sigma-Aldrich). 
All oxides were used as received without additional treatment. 
Additionally, part of the niobic acid was calcined at 600 °C for 4 h 
with a heating and cooling rate of 5 °C·min−1 to obtain a water-free 
crystalline Nb2O5 nanopowder. 

Spherical silica nanoparticles were prepared adopting the procedure 
from Stöber et al. [70]. In a typical experiment, a mixture of 11.25 mL 
of NH3 solution (30 wt.%, Merck) and 230 mL ethanol was heated to 
35 °C in an oil bath. 17.3 mL of tetraethyl orthosilicate (TEOS, 98%, 
Sigma-Aldrich) was subsequently added to this mixture and then left 
to stir (250 rpm) at 35 °C for 16 h. The solution was then neutralized 
with nitric acid (65%, Sigma-Aldrich) and the liquid removed by 
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rotary evaporation. The remaining solid was dried overnight at 120 °C, 
followed by calcination in air at 200 °C for 2 h, 400 °C for 1 h and 
subsequently 3 h at 800 °C, all with a heating and cooling rate of  
1.7 °C·min−1. The resulting silica particles were spherical with a 
bimodal size distribution in the range of 20–30 and 60–120 nm. 

Amorphous titania was prepared according to the procedure of 
Wang et al. [71] from a sol-gel hydrolysis precipitation of titanium 
isopropoxide Ti(OC3H7)4, (Sigma-Aldrich, ≥ 97%). 2.0 g of titanium 
isopropoxide was dissolved in 4.2 mL of anhydrous ethanol in a 
glovebox. Then the solution was taken out of the glovebox and added 
dropwise with rigorous stirring at 500 rpm to 4.5 mL of a 16.5 wt.% 
water in ethanol solution for a final water:alkoxide molar ratio of 
5:1. White precipitates of hydrous oxide formed immediately. After 
the solutions were completely mixed, the mixture was left stirring for 
2 h and subsequently transferred to an autoclave to gelate at 80 °C for 
one day. Then the precipitate was separated from the mother liquor 
by centrifugation at 5,000 rpm and washed with demineralized water 
3 times. The sample was subsequently dried at room temperature for 
one week. 

5.2 Characterization  

All oxides were characterized by powder X-ray diffraction (XRD) 
using a Brücker D2 Phaser with a Co Kα1 source for phase identification. 
Samples were evaluated for 2θ between 25° and 90°, except for the 
amorphous TiO2 which was evaluated up to 75°.  

To determine morphology, the oxides were examined with TEM 
using a Talos F200X (Thermo Fischer Scientific), operated at 200 kV 
acceleration voltage in both TEM and HAADF-STEM mode. The 
samples were dispersed in isopropanol (Honeywell, ChromasolvTM 
99.9%) and deposited on a 200 mesh copper-formvar grid. Vacuum 
control experiments were performed by continuous STEM scanning 
for 1 h using a beam current of 0.21 nA, as determined by the fluscreen 
current measured without a holder present. For the control experiments 
in vacuum, imaging was performed at 225,000× magnification, 
corresponding to a 500 nm × 500 nm image size, resulting in an 
average dose rate of 5.2 × 103 e−·nm−2·s−1. Images were collected with a 
pixel dwell time of 9.5 μs, with 1,024 × 1,024 pixel images, for a total 
of 10 s/frame. 

TGA was performed using a PerkinElmer Pyris1 TGA instrument. 
Samples were heated from room temperature to 50 °C and held there 
for 10 min to stabilize the sample. Then the sample was heated to 
600 °C at a rate of 2 °C·min−1 in a gas mixture of 20% O2 in Ar. 
Exhaust gases were analyzed by mass spectrometry (MS) using an 
Omnistar MS instrument from Pfeiffer Vacuum. 

N2 physisorption measurements were performed at –196 °C (77K) 
using a Micromeritics Tristar 3000 instrument. Before the isotherm 
measurements, samples were dried between 150 and 250 °C under 
vacuum. The appropriate drying temperature was selected based on 
TGA results and kept as low as possible to prevent sample trans-
formation. Specific surface areas were calculated using the multipoint 
BET method (0.05 < p/p0 < 0.25). Pore volume was determined at 
p/p0 = 0.9 from the adsorption branches of the isotherms using the 
Barett–Joyner–Halenda (BJH) method. Microporosity was evaluated 
using the t-plot method. 

5.3 LP-TEM experiments 

A small amount of the oxide was dispersed in 2 mL of high-purity 
isopropanol (Honeywell, ChromasolvTM 99.9%) and sonicated for 
at least 15 min to disperse agglomerates. A 0.5 μL droplet of this 
suspension was placed and left for 5 min to evaporate on the silicon 
nitride (SixNy) layer of the large silicon liquid cell chip with a 
nominally 50 nm thick SixNy window with dimensions of 20 μm × 
550 μm (Protochips Inc., USA). In this manner the oxide particles 
are attached to the window, allowing them to be imaged and studied 
for a sufficient amount of time under electron beam irradiation in 

an aqueous environment. 
A small silicon chip also containing a 20 μm × 550 μm SixNy window 

and 150 nm gold spacers to separate the two chips, was then placed 
in the dedicated liquid cell TEM holder (Protochips Inc., USA), a 1 μL 
drop of water (sterile-filtered, Bioreagent, ≤1 Eu·mL−1, ≤ 5 ppm metal 
impurities, Sigma-Aldrich) was added on top of it and the cell was 
subsequently assembled by placing the large silicon chip containing 
the oxide sample on top. In this configuration, the sample is dispersed 
on the top chip when the holder is inserted in the microscope for 
optimal spatial resolution in STEM mode [26]. Both the large and 
small chip were plasma cleaned in an 80%Ar/20%O2 plasma for two 
minutes before the sample was dispersed to render the chip surface 
hydrophilic.  

Imaging was performed using a Talos F200X (Thermo Fischer 
Scientific), operated in scanning transmission mode (STEM) mode at 
200 kV acceleration voltage and using an HAADF detector for imaging. 
The imaging was performed with a beam current of 0.21 nA, as 
determined by the screen current without a holder present in the 
electron microscope and with a camera length of 125 mm. Images 
were collected with a pixel dwell time of 9.5 μs, with 1,024 × 1,024 
pixel images, for a total of 10 s/frame. Experiments were performed 
at multiple magnifications between 57,000× and 320,000×, resulting 
in an image size of 2,000 nm × 2,000 nm and 360 nm × 360 nm, 
respectively, which also corresponds to the area exposed to the 
scanning electron beam and allows control of the dose rate and total 
dose the sample receives. The applied current in combination with 
these window sizes correspond to dose rates between 3.3 × 102 and 
1.0 × 104 e−·nm−2·s−1.  

Each liquid cell experiment was performed in flow mode using 
a flow of 2 μL·min−1 to prevent the buildup of gases and bubble 
formation due to electron beam induced water decomposition. Before 
the start of each experiment, the presence of water was verified by 
checking for contrast differences between the corners of the liquid 
cell and the middle at low magnification, which is evidence for 
significant differences in thickness of the water layer as a result of 
bowing of the SixNy membrane. An example of such contrast gradient 
is presented in Fig. S8 in the ESM. For the oxides that degraded 
appreciably (MgO, Al2O3 and SiO2), at most 200 images were acquired, 
corresponding to approximately 33 min of continuous electron beam 
scanning. In the case the sample already completely disappeared 
beforehand, at least 10 additional images were acquired . For the other, 
more stable oxides, a total of 360 images were acquired, corresponding 
to exactly 1 h of continuous electron beam scanning. For all stable 
oxides and for SiO2, the magnification used was the same as in the 
vacuum experiments, namely 225,000×, corresponding to a dose rate 
of 5.2 × 103 e−·nm−2·s−1. For Al2O3 and MgO, different experiments 
with different magnifications were performed, with the image sizes 
and corresponding electron dose rates listed in Tables S2 and S3 in 
the ESM. 

Due to the very local nature of the electron beam induced 
degradation and dissolution, the overall amount of material dissolving 
is too low to be detectable in the liquid coming from the outlet of 
the liquid cell system (a concentration of less than 1 ng metal per 
litre in the MgO experiments and even lower for the Al2O3 and SiO2 
experiments), analysis of the liquid was not performed. To obtain a 
semi-quantitative assessment of the stability of the SiO2, Al2O3 and 
MgO, the number of electrons required to remove a single atom was 
calculated. First the total number of electrons received by the sample 
during the experiment was calculated from the current, the total 
irradiation time and surface area of the STEM image. The number 
of atoms lost was determined from the lost volume by using bulk 
density and molecular weight for each oxide. Volumes lost, electron 
dose rates, duration of scanning and the resulting number of electrons 
required per removed atom are listed in Tables S1–S3 in the ESM 
for each experiment of SiO2, Al2O3 and MgO, respectively. 
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The volume of the material that has disappeared, was calculated 
by, in the case of SiO2 and MgO, measuring length and width of all 
individual particles and calculating the total volume present before 
and after the experiment, assuming particles to be perfect ellipsoids 
with the third axis being equal to the shortest axis of the projected 
ellipse.  

In the case of Al2O3, image analysis was performed using ImageJ. 
First, background was subtracted from the image and subsequently 
noise was reduced by using the despeckle function, which replaces 
each pixel with the median value of the 3 × 3 grid around it. Then, 
assuming a linear relationship between intensity and thickness, an 
intensity of 0 was assumed to correspond to no Al2O3 being present 
and the maximum intensity observed was assumed to correspond 
to the width of the associated particle. Then the total Al2O3 volume 
was determined by integrating over the entire image.  
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