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Spontaneous Reshaping and Splitting of AgCl Nanocrystals

under Electron Beam lllumination

Xuezeng Tian, Utkarsh Anand, Utkur Mirsaidov, and Haimei Zheng*

AgCl is photosensitive and thus often used as micromotors. However, the
dynamics of individual AgCl nanoparticle motion in liquids upon illumina-
tion remains elusive. Here, using liquid cell transmission electron micro-
scope (TEM), AgCl nanocrystals reshaping and splitting spontaneously

in an aqueous solution under electron beam illumination are observed.

It is found that the AgCl nanocrystals are negatively charged in the liquid
environment, where the charge induces a repulsive Coulomb force that

1. Introduction

AgCl is photosensitive, thus micrometer-
sized AgCl particles have frequently been
reported as photoactivated micromo-
tors, which convert photon energy into
mechanical energy to produce motion.'
For instance, upon ultra-violet (UV) light
illumination, AgCl particles immersed

reshapes and stretches those nanocrystals. Upon extensive stretching, the
AgCl nanocrystal splits into small nanocrystals and each nanocrystal retracts
back into cuboid shapes due to the cohesive surface. This analysis shows
that each nanocrystal maintains a single crystal rocksalt structure during
splitting. The splitting of AgCl nanocrystals is analogous to the electrified
liquid droplets or other reported the Coulomb fission phenomenon, but with
distinctive structural properties. Revealing of the dynamic behavior of AgCl
nanocrystals opens the opportunity to explore their potential applications as

actuators for nanodevices.
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in water decompose into Ag and hydro-
chloric acid (HCI). The produced protons
diffuse much faster than chloride ions
(D = 9311 x 10° cm? s7!, Dy =
1.385 x 10~ cm? s7}), resulting in an elec-
trolyte gradient, which generates an elec-
tric field.>% The electrolyte gradient leads
to ionic diffusiophoresis, which provides
a driving force for the nanoparticles to
move. Asymmetric photodecomposition
may cause directional particle motion.”#l
The reduced Ag metal can be plated onto
the particles as the AgCl are consumed
in the above experiments, which slows
down the nanoparticle motion. It has also been reported that
when H,0, is added to the AgCI-UV light system, the reduc-
tion of AgCl to Ag by UV light and the oxidation of Ag to AgCl
by peroxide produce and consume HCI. This competition and
the associated gradient reversal lead to periodic attraction and
repulsion between colloids, thus oscillatory motion of the par-
ticles.’) The facile chemical conversion of AgCl particles and
the associated dynamic motion are fascinating. However, little
is known about structural instability and motion of AgCl nano-
particles in liquids due to the lack of direct observation with
high spatial resolution.

Here, we report the spontaneous reshaping and splitting of
AgCl nanocrystals in an aqueous solution induced by electron
beam illumination, which are achieved using in situ liquid cell
transmission electron microscopy (TEM). A nanofabricated
liquid cell from silicon wafers is composed of two liquid res-
ervoirs and an electron transparent SiN, membrane window
(each membrane is 20 nm thick). We load the precursor solu-
tion of 10-100 x 10 m KCl aqueous solution with Ag nano-
particles into one of the reservoirs and the solution is drawn
into the cell by capillary force forming a thin liquid layer sand-
wiched between the SiN, membranes!!®!3 (see Experimental
Section). AgCl nanocrystals are formed under electron beam
irradiation. All AgCl nanocrystals are more or less faceted
nanocuboids with rectangles or deformed rectangles in the two-
dimensional projection (see Sections S1 and S2, Supporting
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Information). AgCl nanocrystals become unstable under elec-
tron beam illumination. When the electron dose rate is above a
certain threshold, they undergo drastic reshaping and splitting
events. More than a hundred splitting events are observed, of
which we record movies at the rate of 10 frames per second.
The electron beam dose rate is maintained at 0-40 e (A2 s)" as
specified in each case.

2. Spontaneous Reshaping and Splitting of
AgCl Nanocrystals

The schematic in Figure 1a shows a typical splitting event of
a AgCl nanocrystal revealed through liquid cell TEM. There
are three stages during the splitting event: lateral stretching
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of the AgCl nanocrystal preferred at the corner(s), splitting
of the primary nanocrystal, and retracting of the secondary
AgCl nanocrystals into nanocuboids. Figure 1b,c show two
typical splitting events stretching out from the corners of AgCl
nanocrystals, which are abrupt and explosive. More examples
of explosive splitting are available in Section S5 (Supporting
Information). It is noted that all of those explosive splitting
events are initiated at the nanocrystal corners. The projected
size of the AgCl nanocrystal increases up to three times of the
original size during the stretching, as shown by the size evolu-
tion plotted in Figure le,f. Subsequently, splitting of the AgCl
nanocrystal is observed. After splitting, all secondary nanocrys-
tals retract into rectangular shapes. From the observation, we
hypothesize that two counterbalanced forces are regulating
the reshaping and splitting process, i.e., a repulsive force that
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Figure 1. Typical spontaneous reshaping and splitting of AgCl nanocrystals in liquid cell under electron beam illumination. a) Schematic representa-
tion of stretching, splitting, and retraction of AgCl nanocrystal during a splitting event. b) Sequential TEM images showing the explosive splitting
starting from two corners of a AgCl nanocrystal. The red arrows show the nanocrystal stretching directions during the splitting process. c) Sequential
TEM images showing the explosive splitting from one corner of a AgCl nanocrystal. d) A gradual splitting event initiated from the interior of a AgCl
nanocrystal. The red arrow indicates the initial splitting points. e-g) The projected size evolution with time for the corresponding nanocrystals shown
in (b—d). All scale bars are 100 nm. Electron dose rate was maintained at 13 e (A2 s)~" for the above cases.
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stretches the nanocrystals and a cohesive force that retracts the
AgCl nanocrystals. We will discuss the origin of this driving
force further in detail in a later section of this paper.

Another type of splitting without the explosive characteris-
tics is also observed, which is associated with much larger AgCl
nanocrystals. Figure 1d shows a large AgCl nanocrystal (length/
height =385 nm) expands from the interior by first forming
holes, then holes become larger, and the nanocrystal eventually
splits into many pieces. The holes are accounted to the weak
points induced by radiolysis. After splitting, each piece trans-
forms from the irregular shape into a nanocuboid and is sta-
bilized. Comparing with the typical explosive processes, those
mild splitting events exhibit three stages: premature stretching,
splitting from edge or interior weak region, and retraction. The
overall effect is the same with explosive splitting: to re-allocate
the charges (decreasing the Coulomb energy), and increase
the total surface area (increasing surface energy). Finally the
system is stabilized, but through a different splitting approach.

3. AgCl Nanocrystals Are Single Crystalline and
Change Shape Like Liquids

The facile processes of AgCl nanocrystal reshaping, splitting,
and retracting highlight the fluidity of AgCl nanocrystals.
Considering that AgCl nanocrystal reshaping and merging
are an intraparticle atomic diffusion process, we can estimate
the viscosity of the AgCl nanocrystals with a simplified model
using Stokes equation. Taking the merging of two nanocrystals
in Figure 2a as an example, the merging process is regarded
as a self-diffusion process with a finite velocity (=50 nm s7!),
where Stokes dragging force is counter balanced by surface
tension. With measured nanocrystal size, merging velocity
and estimated surface tension (0.35 ] m2),l'4 the viscosity of
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the merging nanocrystal is estimated to be 2.3 x 10° Pa s (see
Section S6, Supporting Information for details). Similarly,
Figure 2b shows a large nanocrystal splits, and the secondary
pieces retract with a finite retraction velocity, which can be used
to estimate the dynamic viscosity. The viscosity of 3.9 x 10° Pa's
is achieved in this case. Therefore, the viscosity of AgCl in this
experiment is in the order of 10°~10° Pa s, which is within the
range of molten glass.'! AgCl is known to be radiation sensi-
tive and has been used in photographic films. Under electron
beam irradiation, ionic bonding between Ag* and Cl~ ions are
broken due to radiolysis resulting in silver reduction.l'®! The
observed liquid-like behaviors of the AgCl nanocrystals arises
from the massive bond breaking due to electron beam induced
radiolysis.

We have taken selected area electron diffraction (SAED) pat-
terns during the nanocrystal reshaping and splitting processes.
Figure 3 shows a nanocrystal (P) splits into three (P, Q, and R)
pieces and the corresponding electron diffraction patterns at
different stages. The original AgCl nanocrystal (P) is single
crystalline along [001] zone axis (time 32.0 s). After splitting,
three independent diffraction patterns corresponding to each
individual AgCl nanocrystals (P, Q, and R) are achieved (time
35.5 s). Each nanocrystal is single crystalline with face-centered
cubic (FCC) rocksalt structure and the primary (100) termi-
nating facets. This has been confirmed by additional meas-
urements of a large number of nanocrystals (see Figure S2 in
Suporting Information), which is consistent with the crystal
habit of AgCl nanocrystals.l'®l The orientation of diffraction
patterns matches the shape of each AgCl nanocrystal very
well, as shown in Figure 3b,c. When the nanocrystal P rotates
10° clockwise (from time 35.5 s to 39.8 s), the corresponding
diffraction of P also rotates by the same angle; the nanocrystal
Q and R remain stationary, their diffraction patterns also
remain stationary.
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Figure 2. Merging and stretching of AgCl nanocrystals show the liquid-like behavior of nanocrystals. a) Two AgCl nanocrystals merging together with
a finite merging velocity of 50 nm s™'. Using Stokes equation, the dynamic viscosity here is estimated to be 2.3 x 10° Pa's. b) A large nanocrystal
stretching and splitting into pieces with a finite splitting velocity. The maximum retracting speed is about 300 nm s™'. The dynamic viscosity here is
estimated to be 3.9 x 10° Pa s. c,d) Size evolution corresponding to the dynamic processes in (a) and (b), respectively. The scale bars are 100 nm.
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Figure 3. AgCl nanocrystals maintain single crystalline structure during splitting. a) Sequential TEM images showing a typical splitting event initiated
from two corners of the nanocrystal. Arrows indicate splitting directions. The black bar in the middle is the beam stopper. During the splitting process,
the electron dose rate is manipulated between 4 and 13 e (A2 s)~". Scale bar is 500 nm. b) TEM images showing different states of splitting event,
where the nanocrystal “P” splits into “P,” “Q,” and “R”. Edges of the surrounding boxes are parallel to the nanocrystal straight edges. The colors of
the boxes are consistent with the electron diffraction patterns in (c). Scale bar is 200 nm. c) Each electron diffraction pattern corresponding to the
contributing nanocrystals in (b): P, Q, and R. The Bragg spots are all indexed to be AgCl with the lattice constant of 5.55 A and along [001] zone axis.

4. Rayleigh Instability and Coulomb Fission

We further find that AgCl nanocrystals reshaping is highly
dependent on the electron dose rate. In Figure 4a, the morpho-
logy of five nanocrystals with various sizes can be manipu-
lated between near the spherical nanoparticles and the faceted
cuboids by changing the electron dose rate. Under low elec-
tron dose rate (1 e (A% s)7!), surface tension dominates thus the
nanocrystals with rounded corners are observed. Higher electron
dose rate (5 e (A2 s)! or higher) induces nanocrystals with more
well-defined corners. Figure 4b shows the shape evolution of a
AgCl nanocrystal highlighting the electron dose effects. Under
high electron dose rate (13 e (A% s)™), the nanocrystal is highly
stretched with an irregular shape (time 0.1-5.9 s). When the elec-
tron dose rate decreases to 1 e (A% s)~!, the nanocrystal quickly
retracts into a single rounded nanoparticle (time 6.0-6.4 s). This
suggests that the repulsive force counter-balancing the surface
tension decreases with a lower electron dose rate.

Figure 4c shows statistics of the nanocrystal sizes in var-
ious splitting events under different electron dose rates. Large
nanocrystals (e.g., edge length over 200 nm) may split under

Small 2018, 14, 1803231 1803231

significantly lower electron dose rate (=3 e (A? s)™'). Smaller
nanocrystals require a higher dose rate to split. Various of
splitting events are observed under the electron dose rate of
0-35 e (A? s)™'. Nanocrystals smaller than 30 nm do not split
under even much higher electron dose rate (>40 e (A2 s)7%).
It is also noted that electron-beam-induced reduction of AgCl
into Ag clusters is found when the electron dose rate is above
40 e (A% 5)7! (see Section S10, Supporting Information). How-
ever, when the electron dose rate is below 40 e (A% s)7, no
obvious decomposition of AgCl nanocrystals is observed. It is
also noted that many AgCl nanoparticles move in the same
direction within the field of view, which is likely due to the fluid
flow or an electric field gradient from inhomogeneous electron
beam density.

Electron beam is known to influence a sample in multiple
ways, including heating, charging, exerting radiation pressure
and photochemical reactions (see Sections S8-S10, Supporting
Information).'”:18 We consider the electron beam induced radi-
olysis and the accompanied charging effects are responsible for
the observed reshaping and splitting of the AgCl nanocrystals.
The AgCl nanocrystal surface in KCI solution can be highly

(4 of 7) © 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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negatively charged due to CI~ adsorption, which is modu-
lated by radiolysis related redox reactions.'! Thus, a repulsive
electrostatic force can be generated which stretches the AgCl
nanocrystal. Simultaneously, the surface tension retracts the
nanocrystal. The interplay between these two factors induces
the rich dynamics of AgCl nanocrystal stretching, splitting, and
retracting.

Under the electron beam irradiation, AgCl immersed in
water is known to decompose into Ag and HCLI*®% However,
in our experiments, a Ag oxidation process must be accom-
panied by the Ag" reduction since no obvious Ag plating was
observed. It is well established that radiolysis of water under
b 01s 6.4 s the electron beam generates hydrated electrons, protons, and

: y oxidative hydrogen peroxides, which could induce redox reac-
tions of AgCl:

a 5 e/(A%s) 1 el(A%s)

4AgCl+4H,0 2 5 4 Ag + 4H" +4Cl™ +2H,0, 1)

13 e/(A%s)

1elAs) —
: ; The reverse reaction of Ag oxidation into AgCl consumes the
C 400 - . H" near the nanocrystals. Given the fact that the produced H*
diffuses much faster than CI~ in the forward reaction, a CI rich
inside/H* rich outside ionic gradient is formed. A dynamic
equilibrium preventing the AgCl nanocrystals from decom-
position into Ag metals can be established. The estimated ion
200 - 7] distribution around the AgCl nanocrystal under the dynamic
equilibrium is illustrated in Figure 5a. The surface of AgCl
100 E i B nanocrystals is known to be easily adsorbed with Cl~ due to
strong Ag*—Cl™ affinity on the first Helmholtz layer, and be fur-
0 | ther screened by outer layer ions (e.g., H*).[19-21]

I
0 5 10 15 20 25 30 35 The reshaping and splitting dynamics of AgCl nanocrystals
Electron dose rate (e/ (A’s)) fits well with Rayleigh's instability theory on Coulomb fission.
Coulomb fission was first reported on electrified droplets,?>-2%]

Figure 4. The electron dose rate dependent AgCl reshaping and splitting.  which become unstable with a critical charge Q, (known as Ray-
a) Reversible morphological changes dependent on the electron beam leigh limit) when the repulsive Coulomb force is equal to the

dose rate. b) AgCl nanocrystal stretches and splits under high electron . . . . .
beam dose rate (13 e (A2 s)™") and retracts into a round nanoparticle cohesive surface tension. Recent high-speed optical microscopy

under low electron beam dose rate (1 e (A2 s)~"). All scale bars are 100 nm. Stl{.diets have revgaled the detailed (Foulomb fission dyna]fnics of
¢) Statistics of nanocrystal (NC) sizes in various splitting events under  a liquid droplet.?®=8] Coulomb fission has also been applied to a

300 .

NC splitting size (nm)

different electron dose rates. variety of charged solids, spanning from femtometer structures
e
a b
1x10" V/im
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@ Cl-in AgCl

@ Cl-in solution |1

x  Broken bond

4AgCI + 4H,0 <> 4Ag + 4H* + 4CF +2H,0, 1.37x10*V/m

Figure 5. Mechanisms of Coulomb fission of AgCl nanoparticles in an aqueous solution under electron beam illumination. a) Schematic of AgCl redox
reaction in KCl solution under an electron beam. The reaction equation combines the AgCl decomposition due to the electron beam illumination and
recovery due to oxidants (H,0,) generated by the interaction of electron beam with water. The arrows on Cl~ and H* show the difference in diffusion
speed resulting in an electrolyte gradient. b) Finite element method (FEM) simulation of electric field distribution assuming an evenly distributed

surface charge with a charge density of 0.327 e nm=2.
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of nuclei (e.g., radium-228)?*3% to nanometer structures
of large molecules (e.g., proteins),?'*? metal clusters (e.g.,
gold or sodium clusters),*>3% and carbon-based materials
(e.g., fullerene or nanotubes).?438 A similar Coulomb fission
model can be applied to the observed electron beam induced
splitting of AgCl nanocrystals. When the adsorbed charges
reach the Rayleigh limit, explosive Coulomb fission results in
drastic ejection of the charges and splitting of the nanocrystal
into smaller pieces. After splitting, charges on the original
nanocrystal are distributed on the smaller pieces. Thus, the
overall electrostatic energy decreases due to the charge redistri-
bution, whereas the surface energy increases due to increased
surface area. Surface tension dominates the smaller pieces and
it retracts the irregular shaped particles into nanocuboids. The
larger nanocrystals exhibiting the mild splitting events, such
as the cases in Figure 1d, may be induced by non-uniform
surface charges and/or surface tension and defects inside the
nanocrystal may have played a role.

In order to quantify the scale of electrostatic repulsion, we
use the finite element method (FEM) to simulate the electric
field distribution of a AgCl nanocrystal in KCI solution. We
assume an evenly distributed surface charge density allowing
the average electrostatic force equals the surface tension. Our
simulation shows that the edges and corners of the nanocrystal
experience the maximum electric field (Figure 5b). This explains
why stretching originates from the corners of a nanocrystal.
When the repulsive force is larger than the surface tension,
the AgCl nanocrystal becomes unstable and the spontaneous
reshaping and stretching of AgCl nanocrystals can be achieved.

We further analyze the morphological transition of AgCl

from a round nanoparticle into a more faceted nanocuboid
from the viewpoint of Gibbs free energy (such as the case in
Figure 3a). The Gibbs free energy change of the system AG can
be expressed by:
AG = AEc+AE, +AE, = AQ?/2C, + GAA + AE, 2)
where, Ecis the Coulomb energy, E; is the interfacial free
energy, Ey is the bulk free energy of the AgCl crystal, Q is the
charge amount on a nanocrystal, ois the surface tension. C
and R are the capacitance and equivalent radius of the ball-
like AgCl nanocrystals (see Section S1, Supporting Informa-
tion). During splitting, AE¢ is negative and AE,; is positive. AEy
is positive because any reshaping in solid materials should
overcome an energy barrier. But due to the electron beam
induced radiolysis, the AgCl NCs exhibit liquid-like behaviors
where the strong ionic bonds are already massively broken.
Here, we approximate the critical charge by assuming AEy is
zero. For example, for a nanocrystal with radius of 50 nm, the
minimum charge is 10980e, which equals to a charge density of
0.31 e nm™2. Whereas the critical charge for a nanocrystal with
radius of 25 nm is 3882e, which equals to a charge density of
0.44 e nm~2. The smaller nanocrystals require a higher charge
density to reshape and split.

5. Conclusion

In summary, we have observed spontaneous reshaping and
splitting of single crystalline AgCl nanocrystals using liquid

Small 2018, 14, 1803231 1803231
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cell TEM. The results show that AgCl nanocrystals main-
tain the single crystal lattice during the splitting event. The
reshaping and splitting of AgCl arise from the interplay
between the repulsive electrostatic force and the cohesive sur-
face tension. The directional splitting of AgCl nanocrystals
initiated at the corners is distinctly different from the split-
ting of electrified droplets or other reported Coulomb fission,
while high flexibility of the AgCl nanocrystal is observed. This
work opens the opportunity to further study Coulomb fission
of solids and explore potential applications as actuators in
nanodevices.

6. Experimental Section

Liquid Cells and Instruments: An in situ fluid stage (Hummingbird
Scientific, USA) was used in this experiment. No spacer is applied on
the SiN, windows, but due to the surface is not perfectly clean, a liquid
layer of 100-200 nm was usually obtained. All the in situ experiments
were carried out using a JEOL 2010F microscope operating at 200 keV. A
bubble in the middle of the SiN, window was formed to introduce a thin
liquid region.

Preparation of AgCl Nanocrystals: The AgCl was formed by immersing
silver nanocrystals in potassium chloride (KCl) solution. The silver
nanocrystals were formed by depositing 1 nm silver onto the SiN,
membrane of SiN, chip using thermal evaporator.3% Then KCl solution
was loaded into the liquid cell. Under electron irradiation, chloride ions
facilitate the oxidative dissolution of silver and AgCl precipitates near the
SiN, membrane.l*d The concentration of the KCl solution we used was
10 x 1073, 25 x 1073, 40 x 1073, and 100 x 1073 m. All four concentrations
ensure a chloride-excess environment. No obvious difference was
observed.

Electric Field Simulation: Poisson equation was applied based on the
simulation software COMSOL to simulate the electric field distribution.
The surface charge density was set to be Rayleigh limit, which is
0.052 C m2, or 0.327 e nm™2. The static dielectric constant of AgCl
at room temperature is 11.14. The static dielectric constant of
10 x 1073 m KCl at room temperature is 78. More details are in Section S4
(Supporting Information).

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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