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A nanoscale chemical oscillator: reversible
formation of palladium nanoparticles in ionic
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From the theory of chaos-to-order transitions to the origins of life on Earth, oscillating chemical reactions
play a fundamental role in nature. This study demonstrates how chemical oscillators can exist at the nano-
scale, bridging the gap between molecules and living cells. We identify three necessary conditions for
nanoscale chemical oscillations: (i) a continuous energy flux; (ii) alternating fluxes of two chemical
species with opposing effects—specifically, a reductant and an oxidant; and (iii) a redox-active metal.
Irradiating palladium ions dissolved in benzyl imidazolium bromide ([BnMIm]*Br~) with a 200 keV electron
beam meets these requirements, resulting in the oscillating, dendritic assembly of palladium nano-
particles. By encapsulating the solution inside carbon nanotubes, we can slow down the rate of chemical

Received 8th October 2024,
Accepted 7th March 2025

DOI: 10.1039/d4nr04150j

oscillations, allowing for real-time analysis at the individual nanoparticle level. Our results indicate that
nanoparticles in liquids are far from the thermodynamic equilibrium during transmission electron
microscopy (TEM) imaging, which is an important consideration for studying nanoparticles using in situ
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Introduction

Nanoparticles are intrinsically metastable materials. Their for-
mation is reversible, their structure is polydisperse, and their
chemical and physical properties highly depend on their size,
shape, and composition." Consequently, macroscopic,
ensemble averaging analysis cannot adequately describe nano-
particle dynamics, resulting in a significant impetus to under-
stand the mechanisms of nanoparticle nucleation, growth and
dissolution at the nanoscale.*" Among local-probe analysis
methods, transmission electron microscopy (TEM) offers the
best balance of spatiotemporal resolution for investigating
nanoparticles in action, achieving sub-A resolution in space
and microsecond time resolution in the same experiment.
Dynamic TEM measurements performed at the single-particle
level hold the key to understanding nanoparticle nucleation
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TEM methods or employing them for catalysis in the liquid phase.

and growth mechanisms, as well as structure-function
relationships.'>™"”

The primary drawback of local probe methods is that the
probe, such as the electron beam in the case of TEM, disturbs
the system under investigation. The electron beam transfers
energy to the sample during observation through various
mechanisms, which can be broadly categorised into processes
involving the electron beam interacting with valence electrons
or atomic nuclei. If TEM is to be utilised effectively to study
nanoparticle dynamics it is essential to recognise that the elec-
tron beam serves a dual role as an imaging probe and a source
of energy that triggers chemical reactions in the sample, a
concept termed ChemTEM.'® We have previously demon-
strated the use of atomically thin nano test tubes, based on
single-walled carbon nanotubes, as effective platforms for
studying  nucleation,'®  structure,’***  dynamics and
reactivity”>>* of a range of chemical species, including metal
nanoparticles. If the energy and flux of the electron beam are
selected correctly, the carbon nanotube can act as a passive
container, providing an ideal platform for studying the innate
properties of metal atoms and nanoclusters under TEM
imaging conditions. Time-resolved TEM imaging can then
reveal the evolution of nanoparticles along a thermo-
dynamically driven pathway during observation, mirroring the
thermally driven chemical processes that occur on a larger
scale, such as metal-metal bond formation or nucleation and
growth of crystals.
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Recognising that nanoparticles are often synthesised and
subsequently utilised in a liquid medium, using TEM to study
in situ chemistry in the liquid phase is becoming increasingly
popular.®° The critical challenges of the liquid cell are
related to the material of the windows and thickness of the
solvent layer preventing atomically resolved imaging of nano-
particles in solution. The use of ionic liquids (ILs) in a free-
standing form offers a solution to these challenges because
the low vapour pressure of ILs is compatible with the
conditions of TEM without windows, which is complemented
by their ability to dissolve metal compounds and stabilise
metal nanoparticles. Recent examples of dynamic TEM
measurements in a free-standing thin film of IL suspended on
a TEM grid are particularly impressive.*’*® This approach
negates the need for cell windows that decrease the resolution
and interfere with the metal nanoparticle dynamics. However,
it must be noted that ILs are molecular compounds them-
selves, and therefore are expected to react under the electron
beam following the patterns known for other molecules,
such as the scission of C-H bonds, free radical formation and
recombination.?” Indeed, several studies have commented on
the non-innocent role of IL in the electron beam.’® For
example, Au nanoparticle nucleation and growth are driven by
a combined effect of e-beam and heat, which appears difficult
to decouple.®® Similarly, the dissolution of pre-formed Pd
nanoparticles was linked to the formation of oxidative
species formed from an IL under the electron beam.*® It is
becoming increasingly evident that the electron beam
initiates intricate chemical reactions in liquids, making it
difficult to distinguish the inherent structures of nanoparticles
in liquids.

Here, we show that the behaviour of metal nanoparticles in
a liquid is non-equilibrium when observed using TEM. We
captured the palladium nanoparticle nucleation, growth, and
dissolution in real-time and direct space as a cyclic process.
These nanoparticles displayed explicit oscillatory chemical
behaviour due to a flow of reducing and oxidising species gen-
erated by the electron beam from the cation and anion of the
IL, respectively. By confining a small volume of the reaction
mixture within a carbon nanotube, we slowed down the cyclic
process and examined each stage at the level of individual
nanoparticles. Using an electron beam as an imaging probe
and source of energy at the same time allows us to observe
chemical processes with atomic resolution, including chemical
oscillations at the nanoscale, which has important impli-
cations for metal catalysis in liquid reactions.

Results

Palladium acetate Pd(OAc), dissolved in benzyl methyl imida-
zolium bromide [BnMIm]'Br~ (Fig. 1a) forms a viscous solu-
tion that can be directly deposited onto a TEM grid coated
with a holey film of amorphous carbon. The surface tension of
the IL is sufficient for it to cover the holes in the carbon film,
creating pools of solution about 0.5-1 pm wide with bright-
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field TEM contrast different from that of the surrounding
carbon film (Fig. 1b and c). These pools appear to possess a
concave meniscus (Fig. S1t) and their thickness is limited by
the ca. 30 nm thickness of the carbon film. When imaged
using a 200 keV electron beam, the IL solution of palladium
acetate appears homogeneous and featureless. However, after
a few seconds under electron beam flux of ~10° e nm™2 s, a
faint dendritic pattern of higher contrast material emerges.
This pattern rapidly becomes more pronounced, spanning the
entire width of the pool (Fig. 1c and ESI Video 17). Palladium,
the element with the highest z-number in the solution, is the
only element that can form such features due to the agglom-
eration of atoms into nanoparticles, which then join into a
dendritic structure. A close examination of the behaviour of
these Pd nanoparticles shows their reversible formation and
dissolution (Fig. 1d and Fig. S2}). Under the 200 keV electron
beam, the initial generation of nanoparticles formed from the
IL solution dissolves, leaving low contrast areas (voids), fol-
lowed by the re-growth of nanoparticles in slightly different
places (the second generation). This process repeats several
times before coming to a halt (ESI Videos 2 and 3t). However,
due to the agglomeration of nanoparticles, obtaining atomic-
ally resolved images of the palladium nanoparticles in this
process is difficult, hindering the determination of their
shapes and atomic planes. Furthermore, the formation and
dissolution of the nanoparticles seem to occur sporadically
and are highly dependent on the size of the IL pool and its
proximity to the carbon film. As a result, determining the
mechanisms of this cyclic growth at the single-particle level is
challenging in the pool of IL.

A similar process can be observed through TEM imaging of
the same solution inside carbon nanotubes. When mixed with
carbon nanotubes of 50-70 nm internal diameter, a solution
of Pd(OAc), in IL can spontaneously diffuse into the nano test
tube cavity at room temperature and atmospheric pressure due
to capillary forces (Fig. 2). The nanotubes filled with the solu-
tion were drop-cast onto a TEM grid and examined by TEM
imaging. Similar to the carbon film, the contrast of the IL can
be clearly distinguished inside the nanotube, appearing
uniform and featureless. Under the 200 keV e-beam, nuclea-
tion and growth of Pd nanoparticles directly from the solution
can be observed within nanotubes, albeit at a much slower
rate than in IL pools. The slower rate can be explained by the
electron beam having to pass through IL with a lesser volume
(Fig. S37), meaning fewer e-beam initiated chemical processes
occur in the same timeframe. Additionally, the high thermal
conductivity of the nanotube allows for better heat transfer
than in free-standing pools of IL, slowing the reaction rate.
Similarly, carbon nanotubes allow for effective charge dissipa-
tion, preventing the charging of the IL during image acqui-
sition. Collectively, this allows us to follow the entire process
inside nano test tubes with a higher spatiotemporal resolution
and to study both dynamics and mechanisms at the single-par-
ticle level.

Detailed image analysis revealed diffuse areas of high
contrast ranging between 3-16 nm in size forming in the

This journal is © The Royal Society of Chemistry 2025
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Fig. 1 (a) A structural diagram of benzyl methyl imidazolium bromide, [BnMIm]*Br,” IL and palladium acetate, Pd(OAc),. (b) A schematic diagram of
a pool of Pd(OAc), IL solution formed in holes of the carbon film on a TEM grid; the thickness of the IL pool is dictated by the thickness of the
carbon film. (c and d) Time series of TEM images showing the formation of a dendritic network of Pd nanoparticles in a pool of Pd(OAc), solution in
IL under the flux of ~10% e nm™2 s~* of the 200 keV electron beam. The total duration of the time series are 39 seconds and 7 seconds, for (c) and
(d), respectively. Scale bars are 100 nm (c) and 50 nm (d).
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Fig. 2 A schematic diagram illustrating the use of a carbon nano test tube as a vessel for the TEM imaging of oscillating reactions in an IL solution.
A solution of Pd(OAc); in IL is spontaneously encapsulated into a carbon nanotube due to capillary force. Nanotubes filled with the solution are
drop-cast onto a TEM grid and imaged by the 200 keV electron beam. The electron beam plays a dual role of an imaging probe and energy source,
triggering chemical reactions in the solution, and leading to palladium nanoparticles (Pd NP) formation. After further irradiation, Pd NP begin to dis-
solve, with palladium returning into the IL solution in the form of Pd(n) cations.
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(a) A time series of TEM images showing the palladium nanoparticle growth and dissolution in the IL solution within a carbon nanotube

(electron flux: 1.75 x 10° e” nm~2 s7%; total series duration: 1000 s). (b) A schematic diagram of indicating crystal facets of a Pd nanoparticle. (c)
HR-TEM image of Pd NP showing the d-spacing corresponding to the Pd (200) and (220) planes with Pd (001) plane orthogonal to the electron
beam. Capping of the (001) plane by Br™ anions of the IL leads to preferential growth in two dimensions to form disk-shaped NPs. Scale bars in (a)

and (c) are 50 and 5 nm, respectively.

first 100 s of irradiation with the 200 keV e-beam (electron
flux: 1.75 x 10°> e~ nm™> s'), which began to coalesce
into nanoparticles with higher contrast and sizes starting
from 1 nm onwards (Fig. 3a). Between 100 and 500 s, 15 less-
mobile particles remained, then decreased to 8 over the last
500 s. Analysis of lattice fringes in the disk-shaped nano-
particles formed in [BnMIm]'Br~ IL in the nano test
tube was consistent with the (200) and (220) planes of fcc
palladium metal (Fig. 3b and c). After 1000 s some nano-
particles undergo dissolution, (Fig. 3a and ESI Video 4f).
Analysis of the radius of the 15 particles formed by 500 s,
as a function of time, allowed for the growth and dissolution

10108 | Nanoscale, 2025, 17,10105-10116

rates of individual nanoparticles to be assessed. This
analysis reveals three types of behaviour of the first-gene-
ration nanoparticles: (i) complete or (ii) partial dissolution,
or (iii) growth, which establishes the driving force and
the mechanism behind this process (see Discussion for
details).

Discussion

In our experiments, the growth and dissolution of palladium
nanoparticles is clearly driven by the electron beam.

This journal is © The Royal Society of Chemistry 2025
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Therefore, it is essential to comprehend how the nanoparticles
form and break down, through understanding how the elec-
tron beam interacts with solvent molecules. Our solvent,
[BaMIm]'Br~, is a molecular compound. In general, when
molecules are examined under a TEM they absorb energy
through electron beam interactions with either valence elec-
trons or atomic nuclei (Fig. 4a). The amount of energy trans-
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ferred, Er, through electron beam interactions with the atomic

nucleus, is described as
0 0
in2(2) =& 2 (Y 1
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where 0 is the electron scattering angle, electron beam energy

E, masses of the atom and the electron m, and m., respect-
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Fig. 4 (a) List of possible interactions between the electron beam of TEM with the atomic nuclei and valence electrons irradiated materials, with
atomic displacement, also known as a direct knock-on (DKO), and ionisation, also known as displacement of a valence electron (DVE), highlighted in
green and red, respectively. (b) and (c) schematics describing the processes of DKO and DVE, respectively. (d) The role of DKO and DVE processes in
the oscillatory reaction shown above in Fig. 3. DKO and DVE processes create fluxes of H and Br atoms from the cation and anion of the IL with the
rate constants determined by the cross sections multiplied by the electron beam flux, opko j and opve j, respectively. The former acts as a reducing
agent triggering the Pd(i) to Pd(0) transformation with the rate constant k3 and nanoparticle growth controlled by the diffusion of Pd(0) atoms in IL
with a coefficient, Dpy(g). Bromine atoms Br act as an oxidising agent, transforming Pd(0) back to Pd(i) with the constant k4, which is ligated with
bromide anions and diffuses back to the IL solution as [PdBr4]>~ (Fig. 6), leading to complete or partial dissolution of nanoparticles. The coupling of
the cyclic redox chemistry of palladium with the fluxes of oxidising and reducing species generated by the electron beam gives rise to the oscillation
of nanoparticle growth and dissolution observed by TEM.
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ively, and speed of light ¢. A bond between two atoms will
break if the transferred energy exceeds the threshold for atom
displacement, E4 (Fig. 4b). As Er is inversely proportional to
atomic mass, C-H bonds are particularly susceptible to dis-
sociation due to the low atomic mass of hydrogen.*' This
process, known as the direct knock-on (DKO) effect, triggers a
homolytic bond dissociation, forming H radicals.*" If the con-
centration of hydrogen radicals is high enough, they can
recombine into H,, forming gas bubbles in liquid TEM cells,
including ILs.*® The rate of this reaction, r;, is proportional to
the electron beam flux, j, controlled by the TEM operator, the
concentration of C-H bonds in the material, [C-H], and the
displacement cross-section of the hydrogen atom from the
molecule, 6pxo, which includes information about both E; and

Eq,""(eqn (2)):
't = O0pKo J[CH] (2)

Dissociation of other bonds (C-C or C-N) is less likely due
to a much lower cross-section for their DKO.

A parallel process is the electron beam - valence electron
interactions where energy is transferred to a valence electron
of the atom (eqn (3)):

e4

Er(b) = (41‘[80)2Eb2

(3)
where e is the charge of an electron, b is the distance between
the incident and valence electrons, ¢, is the permittivity of free
space, and E is the energy of the e-beam. The process results
in a wide range of phenomena (Fig. 4a, right), with the displa-
cement of a valence electron (DVE) being the most relevant for
samples thinner than the mean free path of 200 keV electrons
in liquids (approximately 144 nm in an IL).*> The rate of
valence electron displacement is determined by how easily the
valence electron can be removed and is inversely proportional
to the ionisation potential. For charge-neutral molecules, this
leads to cation formation, while from anions DVE forms rad-
icals. In the specific case of [BnMIm]'Br~, the DVE from the
Br~ anion is more likely than from the cation due to the
highest occupied molecular orbital being based on the anion
in the bromide ILs with the ionisation potential of 7.5-7.7
eV.”® Under the electron beam, this will form a Br" radical
(Fig. 4c). The rate of this reaction r, is defined by a cross-
section opyg multiplied by the electron beam flux and concen-
tration of bromide anions (eqn (4)):

2y = opvg j[Br . (4)

By understanding how the electron beam interacts with the
IL, we can predict the most probable changes in our material
when it is irradiated during TEM imaging. The material mainly
consists of the organic BnMIm' cation and bromide anion, with
molar concentrations of approximately 5.5 M or 3.5 molecule
per nm®. In comparison, palladium acetate is a minority com-
ponent at 1.8 x 107> M or 0.001 molecule per nm? (ESI, section
S671). During TEM imaging hydrogen atoms from the C-H bonds
of imidazole and benzene rings, and the CH; and CH,, groups of

10110 | Nanoscale, 2025, 17, 10105-10116
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the BnMIm" cation (Fig. 4b) receive the most significant amount
of kinetic energy from the electron beam. As a result, a constant
supply of H' is created with the rate of r; (eqn (2)), where the
concentration [CH] is 13 times of the concentration of IL, ie.
71.5 M or 45.5 C-H bonds nm™>. Pd(u) cations are able to bond
to radical species formed from BnMIm', such as an
N-heterocyclic carbene (NHC) complex, [Pd(BnMIm-y),Br,]
(BnMIm-y = 1-benzyl-3-methylimidazol-2-ylidene) (Fig. 5a).

This complex may form transiently during the above TEM
imaging experiments, manifested as the diffuse areas of high
contrast observed in the first 100 seconds of the image series in
Fig. 3a, as this compound contains three high z-number atoms
(Pd and two Br) within the same molecule. A control experiment
carried out ex situ with Pd(OAc), and [BnMIm]'Br~ confirmed
that this reaction occurs readily, upon gentle thermal activation,
allowing for isolation of [Pd(BnMIm-y),Br,]. Single crystal X-ray
diffraction (XRD) analysis of this material revealed a square
planar geometry of Pd centre with a trans-anti conformation of
the ligands, with Pd-Br and Pd-C bond lengths commensurate
with that of analogous Pd(NHC),Br, structures reported pre-
viously (Fig. 5a, see ESIf for further details).** The formation of
this molecule requires C-H bond dissociation, which can be
achieved both by heating or directly by the electron beam (DKO).
While the experimental conditions in TEM and the ex situ
experiment are different, they are likely to lead to the same
outcome, ie., the formation of a Pd-carbene complex. The mole-
cule will not remain stable in the 200 keV electron beam for a
long time due to the large concentration of C-H bonds, many of
which are near the metal centre. The cleavage of C-H bonds will
gradually increase the amount of H-radicals around Pd(u),
leading to a reduction to Pd(0) at rate 73 (eqn (5)):

d[pd°]

§ = klH]"[PA") = ks (ovxo De [CH])"[Pd"]

= k3[pd")

I3 =

(5)

Where D, is the electron beam dose (defined as a product
of electron beam flux j and time the sample has been irra-
diated), n is the reaction order with respect to hydrogen atoms.
Under our TEM imaging conditions, with the electron beam
spread across a large area, each area of the IL pool receives the
same flux of electrons, j, such that Pd° atoms are produced at
the same rate, 3, throughout the IL. The concentration of pal-
ladium atoms [Pd’] remains uniform until a nanoparticle
nucleates and starts growth, leading to a gradient of concen-
tration between the bulk solution and surface of the nano-
particle, [Pd’]-[Pd’];. Because the reduction reaction takes
place in the bulk solution, the rate of nanoparticle growth
under these conditions is expected to be diffusion-controlled:

drwe  Dra(o)Vm([Pd°] — [Pd°],)
dt o I'np

(6)

where ryp is the radius of the nanoparticle, [Pd°] and [Pd°], are
concentrations of palladium atoms in bulk and near-surface of
the nanoparticle, respectively, Dpqo) is the diffusion constant
for Pd° atoms in the IL (Fig. 5b), and V,, is the molar volume.

This journal is © The Royal Society of Chemistry 2025
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Pd NP growth
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(a) Reaction scheme showing the formation of an intermediate carbene complex, [Pd(BnMIm-y),Br,] (left) and it’s structure (right), exhibiting

a trans-anti square planar geometry, as determined by single crystal X-ray diffraction (Pd — cyan, Br — brown, N — blue, C — grey, H — white/pink). (b)
Diffusion of Pd(0) atoms from the bulk solution to the growing nanoparticle depletes with palladium the area near the nanoparticle. (c) Diffusion of
Pd(i) from the dissolving nanoparticle back to the solution restores the concentration of palladium in the solution.

The overall result of the reactions (eqn (5) and (6)) is directly
observed in TEM images as Pd nanoparticles grow. The con-
stant and high H atom flux ensures that both the reduction
rate, r;, and nanoparticle growth dryp/d¢ are limited by the
concentration of Pd(u) cations available in the solution, which
becomes depleted over time. Therefore, both the reduction
reaction and nanoparticle growth slow down, with the latter
coming to a complete halt when [Pd°] ~ [Pd"] < [Pd],.

Simultaneously, the bromide anion, present at the same
high molar concentration as the cation of the IL, supplies
highly reactive oxidative Br" radicals (atomic bromine). These
radicals can react with Pd(0) to oxidise them back to Pd(u)
(Fig. 4d). Initially, the reaction rate is slow due to the low
amount of Pd(0) atoms in the system. However, as the concen-
tration of Pd(0) increases, the oxidation rate of palladium
metal with bromine, r,, accelerates (eqn (7)), leading to the
onset of the dissolution of the nanoparticles.

13 = Iy [Br']"[Pd°] = ky(opve De[Br™])"[Pd°] = k4[Pd’]  (7)

As the nanoparticle re-dissolves, Pd(u) cations diffuse back
into the solution (Fig. 5¢), restoring the concentration of [Pd"],
thus accelerating the reduction process r;, leading to the for-
mation of the second generation of nanoparticles (Fig. 4d).
This becomes particularly apparent after approximately 700
seconds of e-beam irradiation in a carbon nanotube. This
observation is consistent with a previous report that Br" rad-
icals can oxidise pre-formed palladium nanoparticles to Pd(u)

This journal is © The Royal Society of Chemistry 2025

under scanning TEM (STEM) imaging conditions utilising the
200 keV electron beam.*® The result of the latter is the conver-
sion of palladium metal to soluble forms of PdBr, or
[PdBr,]>", which are rapidly dissolved into the IL, leading to
the observed etching and dissolution of nanoparticles after
700 seconds of irradiation in our conditions inside the nano
test tube (Fig. 6a). In a more open system, such as a solution
of Pd(OAc), in [BnMIm]'Br~ pool deposited directly onto the
TEM grid, the nanoparticle dissolution process is faster than
in carbon nanotube and proceeds to completion (Fig. 1d and
S1%1). The termination of the oscillatory process at the nano-
particle formation stage suggests that the flow of oxidising
bromine atoms ceases before the flow of reducing hydrogen
atoms. This can be attributed to the higher number density of
hydrogen compared to bromine in the IL, with the H : Br ratio
of 13:1. Due to the dendritic nature of palladium growth,
determination of the exact shape and structure of individual
nanoparticles in the pool of IL is challenging due to complex
aggregation and over-growth in subsequent generations of
nanoparticles. In parallel, radicals formed from IL cations are
likely to cross-link to form a polymer, which explains the soli-
dification of the IL seen as voids left by dissolving Pd particles
(Fig. 1D). Continued irradiation beyond the timescale of our
measurements is likely to convert IL into nitrogen-doped
carbon/graphene.*’

The formation and dissolution of nanoparticles inside the
nanotube is a cleaner process than in the IL pool. We can
follow transformations at the single-particle level with much

Nanoscale, 2025, 17, 10105-10116 | 10111


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4nr04150j

Open Access Article. Published on 26 Machi 2025. Downloaded on 20/12/2025 22:48:25.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

View Article Online

Paper Nanoscale
a) b)
2 Br- 2Br
—¢& —R
Il Il 2-
Pd"Br, [Pd"Br,]
* 4 H
-4 HBr
C) 8 : d) 0.015
1 2 * 100-500's
= 500- 1000 s
—NP1 0.01 -
—NP2
NP3 L o
e —NP4 | . o o .
= —NE5 0.005 . R J
@2 —NP6 @ °| = *
.-g — NP7 E [ -.-0-.- L] »
IS —NP8 S 0
P --NP9 B 3 4
S NP10 o
=
& - - NP11 ) |
& B 0.005
-~ 'NP13 .
- -'NP14 .
--'NP15 -0.01+ -
-0.015 : : : : : ‘ : : ‘
05 06 07 08 09 1 11 12 13 14 15
r/r
mean

Fig. 6 (a) Oxidation of Pd(0) to Pd(i) by bromine atoms leads to full or partial dissolution of nanoparticles. [PdBr4]>~ is a soluble form of Pd(i), which
can be recycled to grow the next generation of nanoparticles. Reduction of Pd(i) to Pd(0) by hydrogen radicals leads to nanoparticle growth with
bromide anions adsorbed on the crystal facets, thus controlling the nanoparticle shape. (b) TEM image highlighting the 15 nanoparticles in IL solu-
tion in nanotube present after 500 s of 200 keV electron beam irradiation, the numbers n—m indicate 'number of nanoparticle’ — ‘time at which the
particle was last observed’ (a value of m = 1000 indicates that the particle did not undergo dissolution within the 1000 s timeframe). (c) A graph of
particle radius plotted against time shows that the Pd NP generally grew at a similar rate for the first 500 s (driven by the reduction of Pd(i) to Pd(0)
through DKO) after which some particles dissolved very suddenly (dashed lines; driven by Pd(0) to Pd(i) oxidation by Br" radicals through DVE), and
others experienced decreased growth. (d) The rate of growth against the normalised particle size, rmyean. allows for the trends to be observed, indicat-
ing that the change in particle size was more likely to be due to monomeric addition or migration and coalescence (a minority of cases) over

Ostwald ripening. Scale bar is 50 nm.

higher spatiotemporal resolution in the former. Firstly, this
enables the examination of the shape and atomic planes of the
nanoparticles, revealing a disk-shaped morphology faceted
with (200) and (220) planes. This result correlates well with the
previously observed phenomenon of bromide ligand capping
the (001) Pd plane, leading to preferential crystal growth in the
(200) and (220) planes and, hence, anisotropic, disk-shaped
nanoparticles.**™*® The total number of Pd(0) atoms in NPs at
specific points in time was estimated and plotted in Fig. S4.1
Notably, the growth and dissolution processes are signifi-
cantly slowed down inside carbon nanotubes compared to
pools of free IL, enabling detailed analysis of the evolution of
the radii of the 15 particles over 500 s as a function of time.
This allows for individual nanoparticles’ growth and dis-
solution rates to be assessed (Fig. 6b). When the growth rate is

10112 | Nanoscale, 2025, 17, 10105-10116

plotted against a normalised particle radius, 7mean, determined
by the mean particle radius at ¢t = 100 s for the 100-500 s data
set and ¢ = 500 s for the 500-1000 s data set, trends in the
growth can be visualised (Fig. 6c).*® The four quadrants show
whether a particle was larger or smaller than the mean, and
whether or not it was increasing or decreasing in size over the
periods of 100-500 s and then 500-1000 s. Quadrant 1 -
smaller than average particles that were increasing in size;
Quadrant 2 - larger than average particles that were increasing
in size; Quadrant 3 - smaller than average that were decreasing
in size; and Quadrant 4 - larger than average particles that
were decreasing in size (Fig. 6d). For the 100-500 s data set, all
measured nanoparticles had a positive derivative, indicating
growth (average 0.0046 nm s~ '); however, for the 500-1000 s
data set, the seven particles that dissolved had negative deriva-
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tives and the remaining eight still had positive derivatives
(average 0.0039 nm s'). As the growth or dissolution of nano-
particles was independent of their size, with several larger-
than-average nanoparticles dissolving precipitously (dotted
lines Fig. 6¢) and with all four quadrants being populated
(Fig. 6d), the dynamics of the Pd nanoparticles under the 200
keV e-beam is not driven by Ostwald ripening (the expected
trend would result in the predominant population of quad-
rants 2 and 3 with smaller particles getting smaller and larger
particles getting larger)°>®! but is an interplay between oscil-
latory dissolution and growth, with occasional coalescence
events (e.g. nanoparticle number 12 between 300-350 s). This
picture aligns with the non-equilibrium reaction conditions
explained above, involving fluxes of both reducing and oxidis-
ing species cycling the oxidation state of palladium. We expect
that future developments in this area will focus on quantitat-
ively determining the rates of processes involved in the oscil-
latory growth of nanoparticles. This can be accomplished
through experimental or modelling methods, which will allow
for the prediction and design of new systems similar to those
discussed here.

Our time-resolved imaging using the electron beam of TEM
both as a stimulus of chemical reactions and an imaging
probe (ChemTEM approach)'® has been effectively applied pre-
viously to follow reactions of molecules in real-time and direct
space. Reactions of polycondensation, cyclisation, cyclo-
addition, as well as metal crystal nucleation in ChemTEM
always led to a thermodynamic products, as the reacting mole-
cules were in an inert and stable environment (e.g. carbon
nanotube or graphene support). In the current case, however,
IL solvent is not a passive spectator but an active participant in
the chemistry we observe. Our results show that when exposed
to 200 keV electron beam irradiation, the IL solvent produces
continuous fluxes of reducing H' and oxidising Br’ species
simultaneously, resulting in the cyclic growth and dissolution
of Pd nanoparticles. The reaction pathways switch between the
reduction and oxidation of palladium as a function of oscillat-
ing local concentrations of Pd(u) and Pd(0) species, controlling
the rates of these reactions, respectively (Fig. 6a). These con-
ditions can be compared to the Belousov-Zhabotinsky reac-
tion, occurring under non-equilibrium thermodynamics,
where the oxidation state of cerium ions oscillates between +3
and +4, forming evolving patterns of colour in the solution.
The fractal-like patterns we observed in the IL pool during the
oscillatory nanoparticle growth may also result from the non-
equilibrium condition created by the electron beam in our
nanoscale system (Fig. 1c).

In general, during a TEM investigation of metal nano-
particles in a liquid (e.g. in water, any organic solvents, includ-
ing ILs), it is important to consider the impact of the electron
beam on the molecules of the solvent. For example, a prior
study reported oscillations of the Ostwald ripening in pairs of
bismuth nanoparticles in dichlorobenzene with overlapping
diffusion layers at 180 °C, which was attributed to the precur-
sor-dependant chemical potential as a driving force.® However,
our earlier works showed that both C-H and C-CI bonds on

This journal is © The Royal Society of Chemistry 2025
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aromatic rings can be readily broken by the electron beam, so
dichlorobenzene may play an active chemical role in TEM
experiments.*>> In our current study, it is clear that reactive
species created by the electron beam from the halogen- and
hydrogen-containing solvent, such as [BnMIm]'Br~, can
reduce metal cations to nanoparticles and oxidise nano-
particles to metal cations, resulting in the growth and dis-
solution of the nanoparticles during the same TEM experi-
ment. We expect that this phenomenon may also be relevant
to other solvents, such as halogenated organics or even water,
which can generate both strongly reducing and oxidising
species when subjected to electron beam irradiation. However,
this would be less applicable to hydrocarbon solvents that do
not form oxidising species under the electron beam.
Therefore, it is essential to consider these factors when inter-
preting the dynamics of the nanoparticles observed in TEM
images.

Conclusions

We demonstrate that a nanoparticle in liquid under TEM con-
ditions is an open chemical system far from equilibrium. It
behaves as a nanoscale chemical oscillator driven by the fluxes
of oxidative and reductive species generated by the electron
beam from the solvent. This factor creates a fundamental
hurdle if TEM imaging aims to understand the structure and
composition of static nanoparticles. We alter the structure of
nanoparticles in a liquid by the act of observation in TEM due
to the dual role of the electron beam - an imaging probe and a
stimulus of chemical reactions. However, this observer effect
gives a unique opportunity to study nanoparticles in action.
Specifically, in this work, we have shown that ionic liquid (IL)
solvent within carbon nano test tubes provides an excellent
experimental platform for investigating nucleation, growth,
and dissolution dynamics of metal nanoparticles in the liquid
phase that can be tracked at the single-particle level. The elec-
tron beam activates both the cation (C-H bond cleavage) and
anion (valence electron displacement from Br~) parts of the IL,
which trigger Pd(u) to Pd(0) reduction and Pd(0) to Pd(u) oxi-
dation, respectively. This gives rise to a nanoscale chemical
oscillator realised in palladium nanoparticles cycling between
the growth and dissolution regimes, driven by the electron
beam creating parallel fluxes of reducing (H") and oxidising
(Br") species. The dynamics of palladium nanoparticles in
liquids, imaged at the atomic scale, are significant for the
mechanistic understanding of crystal nucleation and growth,
and the role of the interactions and bonding with anions/
cations, being crucial for catalysis,”>® including the emer-
gence of unusual conditions where the boundary between
heterogeneous and homogeneous catalysis becomes blurred.>
Moreover, our research has identified the atomic mechanisms
and the kinetic framework that describe how the electron
beam can be used as a precise tool to create nanostructures in
liquids reversibly. This knowledge complements recent
advances in creating nanostructures with atomic precision and
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in specific locations using the electron beam.’*® Studying
chemical oscillations at the nanoscale, as observed in TEM
experiments, has enabled us to identify the conditions under
which nanoparticles exhibit cyclic behaviour that resembles
living organisms—e.g. birth, growth, and decay, followed by
the next generation of nanoparticles repeating the cycle.
Future research into these fascinating dynamic systems may
help bridge the gap between molecules and living cells.

Experimental
General

Carbon nanotubes (PR19) were purchased from Applied
Science, USA and were thermally annealed at 400 °C for 1 h in
air before use. No further opening procedures were required,
as these nanotubes do not possess end caps, allowing for
filling of their internal cavity with IL. The average length of
these CNTs was previously recorded as 15.34 + 12.10 pm.** All
other chemicals were purchased from Sigma Aldrich and used
without any further purification. Holey carbon film on copper
mesh TEM grids were purchased from Agar Scientific Ltd, UK.
TEM analysis was performed on a JEOL 2100F FEG-TEM with
an accelerating voltage 200 kV (field emission electron gun
source, information limit 0.19 nm). Images were acquired
using the ‘acquire series’ function in Gatan Digital Micrograph
suite v2 with acquisitions at 10 s intervals during which
sample drift was manually corrected and the electron beam
flux was maintained at 3.68 x 10° e” nm~> s™". The resulting
stack was aligned using the “Stack Alignment Gatan” script
(version: 20150524, v2.0) in Gatan Digital Micrograph v3
(D. R. G. Mitchell 2015). EDX spectroscopy was performed
using an Oxford Instruments XMax 80 T silicon drift detector
with INCA Energy 250 Microanalysis system. NMR spectra were
collected in DMSO-d¢ using a Bruker AV400 spectrometer at
room temperature. Attenuated total reflectance Infrared spec-
troscopy was carried out using a Bruker FT-IR spectrometer
over the range of 600-4000 cm™". ESI-MS performed on Bruker
microTOFII in positive reflection mode. CHN microanalysis
performed on a Exeter Analytical CE-440 Elemental Analyzer.

Synthesis of benzyl methyl imidazolium bromide

The [BnMIm]'Br~ was synthesised by the following procedure:
to 1-methylimidazole (10.0 mL, 125 mmol, 0.93 eq.) was added
benzylbromide (16.0 mL, 135 mmol, 1.00 eq.) and acetonitrile
(50.0 mL) and the mixture heated to reflux with stirring for
24 h. The solvent was then removed under reduced pressure to
give crude [BnMIm|'Br~ as an orange liquid. To crude
[BnMIm]'Br~ was added water (50 mL) and the mixture was
washed with ethyl acetate (4 x 50 mL). The aqueous layer was
then dried using anhydrous magnesium sulphate and evapor-
ated under reduced pressure to give [BnMIm]'Br~ (23.5 g,
93 mmol, 74%) as a pale-yellow liquid. "H NMR spectroscopy
(400 MHz, DMSO-d¢ ppm): 9.31 (s, 1H), 7.83 (s, 1H), 7.74
(s, 1H), 7.44 (m, 5H), 5.45 (s, 2H), 3.86 (s, 3H); >C NMR
(101 MHz, DMSO-ds ppm): 136.6 (s, 1C), 134.9 (s, 1C) 129.0
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(s, 2C), 128.7 (s, 1C), 128.2 (s, 2C), 124.0 (s, 1C), 122.3 (s, 1C),
51.8 (s, 1C), 35.9 (s, 1C); ESI-MS [BnMIm]" calc. m/z: 173.1079
found m/z: 173.1078; ATR-IR (vma/cm™): 3388, 3056, 2089,
1600, 1453, 1157, 720.

TEM sample preparation

To palladium acetate (0.2 mg, 8.9 x 10™* mmol) was added
heat-treated carbon nanotubes (0.2 mg) and [BnMIm]'Br~
(0.5 mL) and the mixture sonicated for 10 s before ethanol
(0.5 mL) was added and the mixture was sonicated for a
further 10 s to create a homogeneous carbon nanotube (CNT)
dispersion. Phase separation occurred within seconds and an
aliquot of the ethanolic mixture (top) was then deposited drop-
wise onto the TEM grid. The ethanol was left to dry under
ambient conditions to leave the ((Pd(OAc),)@[BnMIm]'Br")
@CNT sample.

See ESIf file for synthetic method and characterisation of
[Pd(BnMIm-y),Br,].
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