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ABSTRACT Oxidative etching can be a powerful approach to
modify the morphology of nanoscale materials for various
applications. Unveiling of the etching mechanisms and mor-
phological evolution during etching is critical. Using the li-
quid cell transmission electron microscopy, we investigate the
etching behavior of gold nanorods under different electron
beam dose rates: case I, 3.5x10° Gy s_l; caseII, 1.5x10" Gy s_l;
case I1I, 4.5x10" Gy s"'. The Au nanorod develops facets at the
tips (case I) or adopts a transit ellipsoid shape and eventually
dissolves (case II), depending on the dose rate. The rapid
etching under an even higher dose rate (case III) may lead to
the formation of Au’’ ion-rich intermediates around the
nanorod, which further accelerates the lateral etching and
unexpectedly increases the aspect ratio of the nanorod. Our
quantitative analysis shows that the critical size of the
nanorod, below which the etching rate increases significantly
with the reduction of nanorod size, may vary subject to the
degree that the system is away from equilibrium. These results
provide significant insights into the oxidative etching me-
chanisms and shed light on the rational design and synthesis
of nanostructures.

Keywords: in-situ liquid transmission electron microscope,
oxidative etching, etching mechanism, electron dose rate, gold

INTRODUCTION

Nanoscale materials have received great attention in the
past two decades due to their various applications, such as
medicine, energy conversion and storage, electronics,
photonics, and optoelectronics [1-5]. Since the properties
of nanostructures are highly influenced by their size and

shape, the controlled synthesis of nanostructures has been
a significant topic [6-8]. The oxidative etching is an ef-
fective approach to the precise control of nanocrystal
nucleation and growth at the atomic level. Studies have
shown that oxidative etching can modify the nanocrystal
morphology and structure by selectively removing the
surface atoms [9,10]. An understanding of the etching
mechanisms at nanoscale is crucial for the controlled
synthesis of nanomaterials as well as for improving the
performance of nanocrystal-based devices.

There have been many studies on etching behaviors of
nanomaterials using both ex-situ and in-situ methods.
The etching mechanisms of various nanocrystals have
been revealed. For example, the halide ions can trigger
oxidative etching of gold nanorods by effectively reducing
the electron potential [11,12], cetyltrimethylammonium
bromide (CTAB) can be selectively adsorbed on certain
facets of a nanocrystal, resulting in the anisotropic etch-
ing [13], shape-dependent etching kinetics [14], and ki-
netically driven nanocrystal morphology evolution
[15,16]. However, there are limited systematic studies that
can directly compare the kinetics and pathways of
nanostructure etching under controlled etching condi-
tions.

Here, we use in-situ liquid cell transmission electron
microscopy (TEM) to study the etching of Au nanorods
by systematically changing the etching rate. It allows for
capturing the intermediates and unveiling the underline
mechanisms. The etching of Au nanorods is controlled by
electron beam irradiation with various electron beam
dose rates. Our results show that the etching rates and the
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morphology evolution of Au nanorods change drastically
when the electron dose rate alters. Based on our quanti-
tative analysis, we further discuss both thermodynamic
and kinetic factors affecting the etching rate and mor-
phology evolution.

EXPERIMENTAL SECTION

Preparation of liquid cell samples

The Au nanorods used in this work were synthesized
according to a seed-mediated method [17]. The sizes of
the nanorods are 70-80 nm long and 10-20 nm in dia-
meter. Before the in-situ experiment, the nanorods were
washed three times with distilled (DI) water to remove
the surface capping ligands. The reaction solution was
prepared by mixing an aqueous solution of Au nanorods
(50 pg mL™") and hydrobromic acid (1 mmol LY (21,
v/v). A microdroplet (2.5 pL) of the reaction solution was
sandwiched between two carbon films, and the cell was
placed for more than 3 h before loading into the TEM
(Figs S1, S2).

In-situ TEM

In-situ TEM observation was carried out using an FEI
Tecnai 20 transmission electron microscope (USA) op-
erated at 200 kV and an FEI Titan 80-300 (USA) with Cs-
corrector operated at 300 kV. We systematically changed
the etching condition. Several parameters may play a role,
such as the acceleration voltage, electron current density
and the cross-section of the interaction of high energy
electrons with the sample. Here, we used three electron
beam dose rates: case I, 3.5x10°Gys ; case II,
1.5x10" Gy s ; case III, 4.5x10"° Gys ' by controlling
the acceleration voltage and current density in the ex-
periments. We examined the distinctive intermediates
and the evolution of nanorods during the etching process.
And, the unit of Gray (Gy), defined as the adsorption of
one joule of energy per kilogram of water, was used to
describe electron beam irradiation effects and the dose
rates.

RESULTS AND DISCUSSION

The etching of Au nanorods is triggered by electron beam
irradiation. When an aqueous solution is exposed to the
high energy electron beam, the electrolysis of water may
generate various species, including hydrated (solvated)
electrons e, , hydrogen radical "H, hydroxyl radical ‘OH,
and H, [18]. These species can participate in further re-
actions, yielding more complex products, such as H,0,,

"HO,, and H,0". The strong oxidative species among
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these radiolysis reactants, such as ‘OH, "HO,, and H,0,,
react with Au nanorods and turn Au into Au’" ions. The
presence of Br ions may effectively reduce the electron
potential of Au> ions by forming [AuBr,]", which further
accelerates the etching of Au nanorods [13]. It has been
reported that the concentration of the oxidizing species
increases when the incident electron flux and average
kinetic energy of electrons are higher [18]. Therefore, the
dose rate reflecting the radiation effects of incident elec-
trons can be used to control the etching kinetics of Au
nanorods. We use Gy to describe the radiation effect of
electron beam. It considers the influence from both
electron energy and incident electron flux upon the thin
liquid film. Here, we compare the Au nanorod etching
processes under three electron dose rates: case I,
35x10°Gys ; case II, 15x10°Gys; case III,
4.5x10" Gy s . More electron dose estimation and radi-
olysis have been provided in the Supplementary in-
formation.

Under an electron dose rate of 3.5x10° Gy s (case 1),
the nanorod is etched slowly and the eventually facets are
developed at the tips (Fig. la and Movie S1). The pre-
sence of low energy facets suggests that the surface atoms
can rearrange to minimize the energy. Therefore, the
morphological evolution of nanorod is under conditions
close to the thermodynamic equilibrium [19].

When the electron beam dose rate increases, the
nanorod is etched much faster and undergoes different
morphological evolution. Under a dose rate of
1.5x10" Gy s (case II), the Au nanorod becomes an
ellipsoid, as shown in the sequential images (Fig. 1b) and
the corresponding contour plots (Fig. 1c; also see Movie
S2). The changes of longitudinal etching rate and the tip
curvature as a function of time are plotted (see Fig. 1d;
the lateral etching rate is not plotted). Apparently, the
material at the tip is removed faster than that on the side.
As the nanorod tip becomes sharper with time, the
longitudinal etching rate increases. This is consistent with
the curvature-selective etching in other reports [13,16,20].
It is also noted that the surface relaxation is slower than
etching, therefore the nanorod undergoes a non-equili-
brium etching process. In addition, no obvious pre-
cipitation is observed around the nanorod during etching.
This suggests that the Au ions from etching diffuse away
through the solution.

Interestingly, when the electron dose rate is further
increased to 4.5x10" Gy s ' (case III), the nanorod
etching shares differences as well as similarities with case
I1. First, the nanorod becomes ellipsoidal and eventually
disappears similar to case II (Fig. le and Movie S3). And
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Figure 1 Etching of Au nanorods under different electron dose rates. (a) TEM images in real time show the facets development of a nanorod under
the dose rate of 3.5x10° Gy s . (b, ¢) Sequential TEM images and the corresponding contour show the morphology evolution of a nanorod under the
dose rate of 1.5x10"° Gy s . (d) Plot of the longitudinal etching rate V(L) and the tip curvature K of the nanorod as a function of time under the dose
rate of 1.5x10'° Gy s . (e, f) Sequential TEM images and the corresponding contour show the morphology evolution of a nanorod under the dose rate
of 4.5x10' Gy s . (g) Plot of the longitudinal etching rate V(L) and the tip curvature K of the nanorod as a function of time under the dose rate of
4.5x10" Gy s '. Contour lines are spaced in time by 4 s in (c) and 2 s in (f).

the longitudinal etching rate is correlated to the curvature
of the tip, which gradually increases as etching progresses
(Fig. 1g). Second, the Au nanorod intermediates are
slender with a higher aspect ratio in case III (Fig. le, f)
than that in case II. And, more significantly, a “blurry
shell” is developed and it further grows. When the
nanorod is completely etched, the shell gradually dis-
appears as well.

We further characterized the “blurry shell” around the
nanorod during etching. Fig. 2a shows the formation and
expansion of the shell. The intensity profile of the selected
rectangle area in Fig. 2b consists of three regions. The
middle region corresponds to the nanorod, while its ad-
jacent region corresponds to the “blurry shell”. Energy
dispersive X-ray spectroscopy (EDS) elemental map il-
lustrates that the “blurry shell” contains Au (Fig. 2c). As
etching proceeds, the “blurry shell” expands and Au
nanoclusters can be found. The Au nanoclusters pre-
cipitate and dissolve repeatedly [21]. The “blurry shell”
appears to be an amorphous dense liquid. Considering
H,0, and 'OH are the main etching species formed
through the radiolysis of water [18] (Table S1), Au na-
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norods can be etched into Au’ ions by these strong
oxidizing agents [22]. Under higher electron dose rates,
the nanorod dissolves faster, resulting in a higher con-
centration of etching products (e.g., Au’" ions). AuBr;
crystalline phases can be identified in the “blurry shell”
under the extended electron beam irradiation, as shown
in the high resolution TEM (HRTEM) images (Fig. 2d
and Fig. S3),

Quantitative analysis of the etching kinetics under these
three etching conditions is illustrated in Fig. 3. In case I,
the length (L), diameter (D), and aspect ratio of the
nanorod almost keep constant. In cases II and III,
changes in length present a similar trend, but the etching
rate is higher under a higher dose rate. In order to
eliminate the effect of the initial sizes (L, and D,) of the
nanorods, we also plot L/L, and D/D, as a function of
time, which shows similar trend with L and D (Fig. S4). It
is clear that, the changes in the aspect ratio over time in
cases II and III are significantly different. In case II, the
aspect ratio almost keeps constant at first and then drops
quickly. However, under a higher dose rate in case III, the
aspect ratio of the nanorod increases by 55% in the first
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Figure 2 The formation and growth of the [AuBr,] -rich blurry shell. (a) TEM images illustrate the formation process and growth of [AuBr,] -rich
blurry shell. (b) Intensity profile across a dissolving area as shown in (a). (c) Scanning transmission electron microscopy (STEM)-EDS elemental
mapping reveals Au around the nanorod. (d) Sequential HRTEM images during etching of Au nanorod illustrate the crystallization of AuBrs;.

14.43 s. It indicates that the increase of lateral etching rate
under a higher dose rate is more pronounced than in the
longitudinal direction. The nanorods with different initial
sizes present similar etching kinetics (Figs S5, $6), which
also demonstrates that the effect of the initial size is in-
significant. The increase in the aspect ratio may be at-
tributed to the change of the oxidizing environment
caused by the accumulation of Au’* ions at the side of the
nanorod. For instance, in the presence of Br ions Au
nanorods can also be oxidized by Au’" ions [23].

By taking into account both kinetic and thermo-
dynamic factors, the etching rate of the nanorod can be
described as [24,25]:

r=AkOexp(—Eapp/ RT )f(i)g(i)(l —exp(AG,/ oRT ))’ )

where r refers to the etching rate, A is the reactive surface
area per unit volume of solution, k, is the rate constant,
E,,, denotes the active energy of the etching. f(i) is a
function of active reaction ions in solution, g(i) is a term
that accounts for the catalysis/inhibition of the reaction. ¢
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represents Temkin’s average stoichiometric coefficient. R
and T are the gas constant and temperature in Kelvin,
respectively. AG, corresponds to the Gibbs free energy
which represents the chemical driving force for the
etching reaction resulting from the system deviating from
equilibrium. Since r is the rate of change of the dissolved
ions concentration, we simply use the surface normalized
etching rate to describe the etching rate along the long
and short axes of the nanorod. The surface area is taken
as a parameter to describe the size of nanorod.

It is clear that the dose rate controls the concentration
of the oxidative species and thus the etching rate [18].
Although electron beam irradiation can raise the local
temperature, the estimated temperature rise is less than
several degrees centigrade [26,27], which can be ignored.
Under a low dose rate (case I), the Au nanorod has en-
ough time to restructure and gradually develops facets,
which further increases the E,,,. The etching ultimately
stops when the system reaches the equilibrium state. In
case II, the nanorod shows a higher dissolving rate due to

December 2020 | Vol.63 No.12
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Figure 3 Quantitative analysis to compare the three mechanisms of nanorod etching. Changes in length (a), diameter (b), and aspect ratio of
nanorods (c), as a function of time. (d) The longitudinal etching rate changes with nanorod surface area. (e, f) The transverse etching rates change

with the nanorod surface area in cases II and III, respectively.

the higher oxidant concentration. In addition, Fig. 3d, e
show that when the surface is less than 2000 nmz, the
etching rate increases as the size of nanorod reduces. This
is attributed to that the solubility of nanorod increases as
the size decreases according to Gibbs-Thomson effect
[28,29], therefore, increasing the driving force of the
etching by decreasing the AG, [25]. Therefore, although
the system is in a non-equilibrium state, thermodynamics
still have effects on the etching rate. It is worth men-
tioning that, when the system deviates from equilibrium,
the effects of AG, increase due to the size reduction be-
come negligible according to Equation (1). When the
dose rate increases to 4.5x10"" Gy 's ', the etching rate is
increased accordingly and drives the nanorod away from
the equilibrium state (Fig. 3d, f). Therefore, the size ef-
fects on the etching rate in case III are not so obvious
compared with case II. The lateral etching rate roughly
maintains a constant until the nanorod becomes very
small (Fig. 3f).

The etching processes of Au nanorods under three
electron dose rates are illustrated in Fig. 4. Under a low
dose rate (case I: 3.5x10° Gy s '), the nanorod is close to
equilibrium state and forms more stable low-energy facets
at the tips. Under a higher dose rate (case IL
1.5x10'° Gy 's ), the etched products diffuse away when
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they are produced and no apparent [AuBr,] -rich phase is
formed. In this case, the differences of etching rate in
length and diameter are mainly controlled by the tip
curvature, and the aspect ratio of the Au nanorod is
constant at the beginning and it decreases at a later stage.
When the dose rate is further increased (case III:
4.5x10" Gy's ), Au’" ions produced in the etching pro-
cess tend to accumulate near the sides of nanorods to
form a dense liquid, resulting in an accelerated etching in
the lateral direction. Here, the aspect ratio increases to a
much greater extent compared with the other two pro-
cesses (also see Fig. S7). This is significant because the
surface plasmon resonance (LSPR) of Au nanorods de-
pends on their aspect ratio [22]. However, in most ex-situ
Au nanorods etching experiments, the aspect ratio can
only be reduced or remain a constant [13,23]. It is no-
teworthy that these different etching mechanisms are
dependent solely on the electron beam conditions, which
means that electron beam can be used to control the
etching rate and to achieve controlled and selective
etching of Au nanorods.

CONCLUSIONS
In conclusion, depending on the electron dose rate, the
Au nanorod shows different etching behaviors. As the
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Figure 4 A schematic shows the etching behavior of Au nanorods with three different dose rates. Case I: 3.5x10° Gy's ; case II: 1.5x10" Gy s '

case 1II: 4.5x10'° Gy s .

electron dose rate increases, the etching rate increases,
which leads to distinctly different morphology evolution
of the nanorod and the intermediates. A novel auto-
accelerated etching is observed under high dose rate
condition which leads to a significant increase in aspect
ratio of Au nanorod. In addition, the nanorods show a
greater etching rate as the size decreases due to the in-
creased solubility. However, when the overall etching rate
increases under a larger dose rate, the effects of size on
etching rate become less pronounced. This study de-
monstrates the unique advantages of in-situ liquid cell
TEM in revealing the mechanisms of chemical reactions
in liquids. Our understanding of nanoscale etching me-
chanisms may assist future controlled synthesis and ap-
plications of nanostructures.
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