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Room temperature electron irradiation in aqueous environment is appli€e@ nanoparticles using a

transmission electron microscope equipped with liquid environmental cetle @j¥ssolution kinetics become

accessible at unprecedented scale of spatial and time resolutioghthireadiation activation of water within a

sub-um size volume, allowing direct measurements of transformation maten@rphologies. Successful live-

observation of the formation of nano-needles provides essémside in how 1D-nanostructures can form.
Furthermore, formation of hydrogen bubbles is found and interpieteelation to the dose needed for ceria
dissolution. The results are of importance for many research dppikaf ceria in water, e.g. for catalysis,
environmental remediation, biomedical radiation protection, anti-corrosiatings, and ultimately via analogy to
UO, also for fission-power fuel engineering and waste disposal.

1. Introduction

Ceria Nanoparticles (CNPs) are one of the most remarkableeasatile multi-functional nanomaterials with wide-
ranging applications from catalysis over optical and biomedidalsfi® machinin&ll]. Typically, characterisation
studies on the nanoscale, such as TEM of dry powders, aim at the thefetars, distribution of oxygen vacancies,
and the ionic mobility in bulk and at the surface. However, the majofiapplications of CNPs use aqueous
environment, and therefore nano-characterisation would be plemrunless the CNP-water interaction, including
possible corrosion behaviour, is studied in-situ. Prominent uses of @N\Rger include e.g. abrasive materials for
the polishing of glasses and for chemical-mechanical planarizaftieiectronic integrated circuit materie@, [2] sun
screens to protect from ultraviolet r&[S], anti-corrosion coatings oris@lediesel fuel additives for a more
complete combustion to abate soot formeﬂm[S], environmental intpaand remediatidE[I6] and for various
concepts in cataly7]. More recently, the antioxi@nt[S], ando+pditection properties of CNPs in cellular
liquid environment have been explored, aiming e.g. at neuro protg@jtion[mproved cancer treatm@.
Additionally, ceria is a common non-radioactive analogue fop Bi@ ThQ, for which irradiation and dissolution
are major study subjects in nuclear fuel specification during operaiaelaas for spent fuel dispo@. For the
latter three applications (environmental remediation, biomedical protectidmulear ceria) a common feature is
the combined application of ceria in water under external tiadiaWhile ceria material is known to be
exceptionally stable with respect to both reactive chemiaiilrmmliativ environments, no studies seem to
specialise on combined irradiation chemical reaction and corro$ioa advent of liquid cell TE has
opened up the capability to study samples involving an electron transparefitnthaf liquid giving valuable
results in NP—grow@], NP—moveme, and occasionally nanoparticle shrink@ [20]

Ceria reactions with water molecules are typically studiecpas of catalytic reactors or fuel c
emphasising water splitting but ignoring reverse effects of therssati products on ceria surface and the integrity
of the fluorite structure. Acid dissolution of ceria on the othemdh&s an ongoing bulk-chemistry research
topic*. However, in any published data the dissolution rate of cerfains rather small even under
modified experimental conditions including uItraso[24], addition otdalyst particles, or using multiple
acid]. A detailed study of ex-situ irradiative ceria dissolufiorwater from a nuclear materials point of
view[25] finds evidence of radiation-induced acceleration of dissoluBolubility of cerium phases and dissolved
ionic species have been discussed as function , based on earlier wo

Here we use liquid cell TEM for a first comprehensive and desticstiidy of the multi-stage corrosion behaviour
of nanostructured CeQOn water under radiolytic conditions. In expansion of our recent @kmﬂ use the
electron beam induced activation of water as a deliberate falitaaccelerated testing tool for qualitative and
quantitative studies of ceria dissolution. Here we accompany dissoktudies with in-situ live observation of
secondary effects, including formation of secondary phases, and gamefajas bubble
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FIG. 1 (ac) Aqueous dissolution of ceria nanoparticle powder during electramadiation;
(d, e) Comparison of sample before and after irradiation-dissolution: beam(dhibnd magnification-reduction (e)
illustrating sharp circular borderline between the regions inside (no partintb)usside (original particles) the irradiation
zone.

2. Method

Ceria nanoparticulate powders are sampled from pre-mantgdchanoparticle dispersions for liquid cell TEM
observation, followed by specific in-situ electron irradiation proceduresicleartare either 10-40 nm size
commercial ceria nanoparticles (Ce@urity >99.9%), characterised ear32], or ceria nanorods faddices
described earli@.

Ceria nano-particles are suspended in DI water to be platedhe liquid cell (model Protochips Poseidon
P50]) comprising a microfluidic cell of two 8I; membranes. Samples are directly loaded as aqueous
suspensions onto the chip, while after insertion into the TEM wesiotealy injected further small quantities of
water via a syringe into the cell, whenever needed to mobilisielpa. For imaging and digital video recording we
mainly use a JEOL JEM 3010 TEM operated at 300 kV, while a JEOL JEM 201@atex at 200 kVis used
where mentioned.

The electron irradiation in both electron microscopes is applied widkdacondenser aperture (CA) and spot size
1. At normal imaging intensity at 300k{foughly below ~ 1 nA/um?), extended observations of movement of
nanoparticles can be achieved with little dissolution. However, above an intensity range of ~ 3 nA/um?, ceria is
found to chemically react with irradiated water (detailed valuesrtepn water thickness), and it is thl'€ i2gime
which is the topic of this paper. All experiments dealing with partideolution had the electron beam spread onto
an area of at leastuPh diameter. Further converging of the beam to belgwn?has been realised for Figure 5 to
increase the intensity range seven-fold, exclusively for the purpose ofitnigggas bubble formation.

3. Results

The multiple in-situ electron irradiation experiments reported hezaletailed in order of consecutive observation
of effects, starting with “Stage 1” comprising all particle corrosion or dissolution effects, followed by “Stage 2”
comprising obseru#on of new solid phases, and finally “Stage 3” including gas bubble formation.

3.1. Stage 1: Corrosion of nanoscale cerium oxide of particle and rod shape

The primary observation (stage 1) of electron irradiation of CNRster shows corrosion attack localised to the
irradiation volume, with eventual complete dissolution. Here we concergrastudying the influence of particle
type (nanorod, nanosphere), irradiation voltage, and irradiation intelsisjtu imaging is also used to track the
complex kinetic behaviour of the corrosion process. Rather than beirited to volume loss per time interval,



the process of corrosion comprises specific particle shapgeharanging from particle rounding to roughening
and changes of aspect ratio, but also changing particle attachmergtgesm

Due to the wide-spread interest in oxide-corrosion at room tetoperét is our aim not only to capture dissolution
behaviour on video sequences, but also to quantify and compare withuste reported, laboratory wet-chemistry
based, dissolution rates.

Extended low-intensity imaging of nanoparticle agglomerates is podsidiquid cell TEM, e.g. for selecting
regions of interest and for focusing, by keeping beam intensity balalreshold or critical intensity. If the
threshold is exceeded, dissolution is triggered immediately, Figuee The sequence demonstrates, that for
sufficient irradiation ultimately dissolution is completely achievedsipective of the starting shape and starting
size of nanoparticles and that at the end of stage 1, ionicaibhedrwater resulting from fully dissolved particles
temporarily persists. A potentially important aspect of the dissolutiperarents is the amount of convection
between irradiated and non-irradiated water: Figures 1d-e shsiw imaging of a completed local irradiation and
dissolution experiment. Here, in Fig 1d the sample has been swiftlydmaterally to allow comparison of
irradiated (bottom right, CNPs dissolved) and non-irradiated sampléftofull CNP density). In the other image,
Fig le, sudden magnification reduction achieves the same purposetidigsensharp borderline outlining the
original beam-contour confirms that the spatial concentration eroéitween highly reactive ionised water (inside)
and original DI water (outside) is retained, and convective blugamgtemporarily be kept small (the non-round
apparent beam-shape in 1e might be due to some convection. effect)

From the volume-losdV per image intervalit, normalised to the particle surface-area A at the statt,@ind the
material density, corrosion rates R are calculated by equation (1):

R =pAV | AAat (equation 1)

The dissolution rates are approximate by assuming symmetry of revolidnmes are estimated from
projections), and also vary from patrticle to particle, depending oknités of water-layer, local electron intensity,
and contact of particle to the silicon nitride membranes of the ligaidas well as to other particles. Time
intervalls printed onto Figs 1-3 do not indicate the start of thdiatian, but the start of measurement, chosen after
some pre-irradiation, once particles are clear enough to be trackethiion.

In extension of the preliminary measurements in [31], corrosion of somepherical CNPs are now degaiin
Figure 2. This figure also serves to highlight some challenge to quaatitif, as during overall shrinkage of
particles lateral movement, rotation in 3D, and shape changes &ggure 2 a-d is an oval shaped object. We
observe that sharp corners and annexed rough features aresdigagpfirst by rounding, however the rounding is
not progressing monotonously. Tracking of aspect ratio reveals that ratioectease from 1.6 2.1 (Figure 2 a-
d). The shape change is therefore now found more complex thate siimimisation of surface energy resulting in
spheres found earli.
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FIG. 2 Sequence of ceria dissolution: (a-d) ceria nanoparticle ingoparticle aspect ratio increase before com
dissolution; (JEM 3010 at 300kV).




FIG 3:Dissolution of ceria nanorods-d) involving rough surface (JEM 2010-F at 200kV; boxes indicate med@#ems
for table 1).(e-h) dissolution of straight, smooth and homogeneous ceria narorgdwith one round nanoparticle (JEM-
2010-F at 200kV; arrows indicate measured items for table 1).

Due to the complex dissolution found for CNPs of various rounditeissof interest to compare nanoparticles with ceria
nanorods (CNRs) as dissolution targets, see Figure 3. CNRs are suggestrdt from needle-shape hydroxide nucleation
events during ex-situ synthesis before transforming to ceria during hydrathagﬂ'n. With the cylindrical
symmetry pre-existing, volume losses can be quantified easilydreuitably chosen cylindrical segment. We observe two
sets of nanorods, one sample (Figure 3a-d) contains nanorods with wigderfections in straightness, flatness of surface,
and being internally inhomogenous. The other sample (Figurg Sedws smooth and flat nanorods. At the same time a
spurious CNP is found next to the smooth rods as a minority phase, prbigties important calibration.

Dissolution data for ceria nano-objects (particles and rods) arectll in Table 1, with items 1-4 referring to
objects of Figure 3a-d and Figure 3e-h. For each object dissolutionaratdeund to vary over time and the
indicated range refers to a lower and upper limit for early (skwg late (faster) dissolution. Each data is the
average of multiple diameter measurements, reported as stegwar (SE), units ofm2day’ are preferred to
facilitate comparison with literature.

Comparing the dissolution rates for the two types of nanorods, we fihdh#haverage data of the two rough
nanorods (Rod I and Il) is about 7 times faster than the data fentbeth CNR (Rod Ill), see table 1. This is
expected as roughness in any corrosion process, provides an extreeemranof active surface, not entered into
the surface-estimates for the dissolution formula. On the other hasdnteresting to compare nanorods with
nanoparticles, and here the data for the rough nanorods are found tbibeheitrange of our various findings for
nanoparticles. However, the smooth CNR (table 1, item 3) shows arobrdagnitude slower shrinkage than most
nanoparticles. It appears that the higher surface curvaturetafigmrelative to rods accelerates dissolution in the
same way as roughening of the rods. Finally, the influence ofgeltaexamined: while the nanoparticle samples
(Figure 1 and Figure 2) are examined at 300keV, this latter CNF @taiitem 4) on the nanorod sample, examined
at 200keV, gives important evidence of the influence of beamggren dissolution rate, which is found to be
limited to only within one order of magnde, comparing item 4 with item 0 (row 1) of table 1.

In summary, the dissolution rates for nanorods, elongated nanopartidiesuand nanoparticles were of similar
order of magnitude of data, confirming a robustness of the measureoess various experiments, with
unavoidable variation in water-thickness, which influences irradiatffects.



Tablel Quantified ceriadissolution ratesof nanoparticles and nanorodsin comparison with earlier work.

S.No Object Rmin Rmax
(oy/m?day)  (g/m%day)
(SE) (SE)

[I31]] CNPs,300kV:Sphere 7 700

Oval & Octahedral

1 Rod | 200kV 25 (£0.8) 99 (£0.3)

2 Rod Il 200kV 30 (1) 83 (+2)

3 Rod 11l 200kV 06 (£2) 13 (£6)

4 Sphere NP 200kV 35 (£3) 192 (x19)

3.2. Stage 2: Formation of New Phases

The dissolution of nanoparticles leads to the water film becosrinighed in cerium ions and compound molecules
(C€"™, Ce(OH)). These are meta-stable in solution and the ion enriched water \e8tablish a more stable state
once irradiation levels, local concentrations or pH change signifjcdhttan be expected that some new solid
phases form. Live electron diffraction recording confirms that allainftuorite ceria Bragg reflections disappear
in-situ and electron scattering from residual material along with vaattamorphous §i, membranes contributes
to the halo-features seen in the final-state diffraction. Hewesmall volumes of new crystalline minority phases,
not visibly contributing to a wide area diffraction pattern, are nevedbedxpected to persist.

The main distinction in newly formed phases is the mass-thickness agd &rattering contrasts:

- On the one hand, several distinct lightly scattering phases (lowgavatamic number) one of which is
illustrated in Fig 4a-d. These phases exceed the original paitidese and sometimes surround the latter
or link them into chains, or replace them over time.

- On the other hand, we find new dark (high atomic number), stronglyesag phases, which can be
further subdivided into 1D structures of predominantly needle shapgeré 4g-h) and predominantly
roundish particles (Figure 5) which exceed the size of the raa manoparticles, and which do not show
any octahedral morphology.

- The main difference of above dark and bright phases is the oceunéBragg scattering features: These
are either displaced white spots (shadow images of dark particleshimucs inside dark particles, both
requiring lattice planes. Therefore all dark particles in Fig 4eeldentified as crystalline. In contrast, the
bright phase of Fig 4a-d never shows such Bragg features, and alsonbasfacetted morphological
appearance, both indicating an amorphous phase.

While the dark phases suffer eventual dissolution similar to thénarigarticles, the amorphous phases appear
stable against beam-induced dissolution. The needles appearatdrénsient phase, forming at rather late stage
during raw particle dissolution, before beifigally subjected to dissolution themselvésor both Figs 4 and 5, the
time calibration is relative to a choosen start, the image labelled ,,0 sec” would already had experienced some time

of irradiation.

FIG. 4 Parallel formation and dissolutige-d) Growth of amorphous phase around and replacin 5
raw nanopatrticles. (e-h) Transformation of 3D irregular shaped paititbeseedle shaped particles
The arrow helps tracking one corner of a particle rotating while tranisfgrm



FIG 5: Roundish dark contrast particles of >50nm size, dissolving eventuaér imadiation (scale bar of 200 nm).

3.3 Stage 3: Gas Bubble Formation

Using the highest achievable intensity irradiation (see methods), the amihigelationship of CNP dissolution and
gas bubble generation is explored. In Figure 6 four stages of radibghi&viour are compared, all at identical
intensity (seven-fold higher than in dissolution experiments abbv&jgure 6a the initial presence of the last few
ceria NPs can still be seen (arrows), while in Figure 6b all fEstltave vanished due to progressive dissolution.
Continued irradiation for Figure 6c then kick-starts the formatiomario-bubbles in water, indicated as bright
spherical features. The size and number of bubbles continues to éntoeaser 150nm diameter (Figure 6d).
Following earlier observations in the Iiterat[ they are most likely due to the formation of molecular hydrogen
within the irradiated water volume in the liquid cell. The phenomenoforofation of bubbles when water is
irradiated by electron beams of >100kV is well kn[36]. Here we aiputdhe effect into context relative to
ceria dissolution, finding that the irradiation dose necessary to gerenalbles is significantly higher than for ceria
NP dissolution.

FIG. 6 Nano bubble formation and their growth at very high intensity ofreledeam irradiatior
with (a) yellow arrows showing residual nanoparticles, (b) complete dissobftioNPs, (c) bubble
formation and (d) growth of bubbles.

4. Discussion

The three stages of response of our water-particle-system to tioadare discussed with respect to the
modifications to water imposed by the electron beam. Dissolution stoflimaterials by liquid cell TEM are rare
and mostly reported as side effect of particle growth st,?such as calcium carbonate and Au [
39, etching of Pd N, and ZnO NP. The radiolysis of water caused by the electron beam is known to
change pH, and artificial acidity down to pH=3 has been mod[@@]f'&mlly for liquid cell TEM conditions
starting with pure de-ionised water. Nano-ceria stability in whts been tuned by pH variation via induced
surface charges as function of ageing time and tempere[4l§:eAtrex-situ study of solution chemi26]
proposes CE released from CeQparticles in water below pH=4. Such reductive dissolution is musterfzhan
CcéV release at higher 6], matching therefore our case of dissokx@meding any previously reported rates.
Macroscopically, ceria and related actinide-oxides in contatt wdter are known to either very slowly dissolve
(environmental release stud42]) or adopt a reaction Igassifation layer, considered amorphous Me-
hydroxide) on its surface (nuclear materials leaching sts[43])arEBU oxygen reactivity of wet ceria in
comparison to dry ceria nanoparticles has been modelled by ccmsimtéation. In agreement, ex-situ

6



laboratory-scale dissolution was found in thoria where the pH of solutéenlvb-3 in 0.1 M Na@S]. Particle
morphology influence is moderate, although sharp corners of irregaitcles are primary dissolution locations
complemented by locations with higher surface roughness or any featureweatds of dangling bonds.
Dissolution (stage 1) and particle formation (stage 2) should be seewedsapping stages in time, with the
sequence of post-dissolution events to be explained via the PourbaixdE&grdms for ceria fro@: The water
radiolysis experiment with its pH and redox changes therefore ddimejectory in the Pourbaix diagram due to
the formation of a variety of reactive species by water spl@equaﬂon 2:

H,O 2> €, H®, OH®, HO.®, OH | H,, HsO", H,0, (equation 2)

Here, e5, denotes the hydrated electron and species matkeudg radicals. The first two have a strong potential to
chemically reduce ions in solution or on particle surfaces, wddlae others counteract as oxidi@.[ Some
products capable of oxide dissolution,g¢eH® ) are short lived and will be, during the time-scales of our bisno
experiment, complemented by longer lived products includingnlaétivo molecular species of equati() .

In agreement Wi, we point to the possibility of (metastable) hydroxide compléga®ming possibly still in
dispersion. There are two ways out of the metastable regionrtbtafo of Pourbaix diagram), either by upward-
shift through oxidative precipitati leading to quaternary hydroxides, or through pH-revI[48], leading
to ternary hydroxides. Growth of solid or gel-type precipitates OB, = CeQ - 2H,O appears possible in our
case as follow-on aftétreductive dissolution”. Equivalently, experiments on Thdissolution in the context of
nuclear fission fuel rod dissoluti@l%have found solid amorphous thoriuM-hydroxide secondary products.
However, unlike for Ce, Th has no ternary hydroxide option. Irradiationcedlenhancement of the fraction of
Ce* species in our Cefparticles is another mechanism, complementary to and di§ton standard reductive
dissolution, where the Ce-reduction originates by water. Other eomttrwork have proposed alternatively either
solid Ce(OH) [48] species as end product or solidQgspecies [53] as temporary intermediate. Our reported high
dissolution rates [31] are however compatible with early stage perssth CeQ, and reproduced in [53].

Alternative concepts for new phases found in liquid-cell TEM expearispediscussed in the literature include:
(i) carbon contaminati , mainly on the vacuum-side of the window; (ii) Formation of corropitting layess
have been found for calcium carbo[ They are sharply bordered and of lower average atomic nuraber
associate more with core-shell appearances during dissolution, rathevith formation of new phases.

No report in any literature points to our unique needle phase as of Fig 4extréme anisotropy and dark contrast
with sharp external facets, points to options of crystalline structuleumijue axis: (i) Formation of hexagonal
solid Ce(OH), often evidenced via ex-situ wet-chemical experi@, but unstable in air, is possible
here as the liquid cell prevents air exposure. However, diret t8eCe(OH) conversion is not favoured by
Pourbaix analys. (i) Relaxation of acidic pH back to near neutral could favour angelted ceria crystal
structure which achieves its 1D shape by oriented attacﬂjh@latter option conforms with evidence of
needles having same mass-thickness appearance as raw gi&laspdnfortunately, no traces of this particular
needle-phase could be found on any dry chips disassembled aftejuttecéll experiment, supporting instability
in air. Alternatively, growth of ternary Ce-hydroxide particles growimmgnfra Ce-nitrate solution via pH-shift into
highly alkaline regions have been explore@[ however, achieving round particles, more like Fig 5 here, instead
of needles.

We discuss stage 3, the gas bubble formation, as part of our comadielysis experiment, as it is of central
interest to associate the inferred hydrogen generation relatogritonanopatrticle reactions, as there would be two
pathways. (i) H formation by catalysis on ceria surfaces, or (ii) H form&tyoradiolysis of water alone (without
CNPs involved). Figure 5 supports assumption (ii) necessitating a cdbsal rate for enough hydrogen to be
released simultaneously to react into stable moleculaand start visible bubble formation. The absence of ceria
NPs during later stages of bubble formation provedgstHhot primarily resulting from a catalytic water-splitting
effect known for water adsorbed to surfaces of ceria and zi31'he latter might still happen in our case
at minor rates, but its visibility is obscured by the dominant direct efebieam induced water splitti.

5. Conclusions

Liquid cell TEM is successfully employed to observe in real-time atgrariety of phenomena in the radiolytical
dissolution and re-growth of cerium oxide and related nanostructuremicrafiuid film of water. Apart from the



innovative ability to video-record water-oxide reactions on nm-geaelution with near TV rate time-resolution,
some novel very specific findings are:

Nanorod formation is tracked in-situ, transforming an isotropic nanomltetp a 1D structure. Such
behaviour has been previously predicted via modelling or identified exasitu attributed to oriented
attachme

The radiolytic dissolution of ceria is now established as a qiexhtibte R, within a range around R = 100
gday'm?which is exceptionally high compared to any earlier reportse idar extended results compared to
our earlier short report [31], confirm the validity for a variety ofsts and sized of particles (including
nanorods), but also for two acceleration voltages (200 and 300kV).

Hydrogen bubble formation is observed for the first time in a singberanent relative to ceria corrosion.
The observed need for significantly higher dose rate for bubbileilityscompared to the ceria-dissolution
reactions, points to a dominance of direct radiolysis ratherrdative-surface induced,hproduction. This

is of relevance to research fields involving the triple-combinatforadiation, reactive oxides or alloys, and

water, whether in catalysis chemidey] 50|, or in nuclear engineeri

The significance of the overall findings are due to their relevépnc a variety of industrial and biomedical
applications, e.g. catalytic, environmental, polishing, corrosion, regyclinclear fuels and waste disposal, but also
cellular radiation protection in radiotherapy. All those fields aitjcdepend on understanding the water-ceria
reaction front.
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