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ABSTRACT: An understanding of nanocrystal shape evolution is significant for
the design, synthesis and applications of nanocrystals with surface-enhanced
properties such as catalysis or plasmonic. Surface adsorbates that selectively
adhere to certain facets may strongly affect the atomic pathways of

nanocrystal shape development. However, it is a great challenge to directly
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observe such dynamic processes in situ with high spatial resolution. Here, we
report the anomalous shape evolution of Ag,0, nanocrystals modulated by
the surface adsorbates of Ag clusters during electron beam etching, which is
revealed through in situ transmission electron microscopy (TEM). In contrast
to the Ag.0. nanocrystals without adsorbates, which display the near-
equilibrium shape throughout the etching process, Ag.0. nanocrystals with
Ag surface adsorbates show distinct facet development during etching by
electron beam irradiation. Three stages of shape changes are observed: a
sphere-to-a cube transformation, side etching of a cuboid, and bottom
etching underneath the surface adsorbates. We find that the Ag adsorbates
modify the Ag.0O. nanocrystal surface configuration by selectively capping
the junction between two neighboring facets. They prevent the edge atoms
from being etched away and block the diffusion path of surface atoms. Our
findings provide critical insights into the modulatory function of surface

adsorbates on shape control of nanocrystals.

KEYWORDS: In situ TEM, shape evolution, surface adsorbates, Ag,0:

nanocrystal, electron beam etching.

Shape control of nanocrystals has been a significant topic since it directly
impacts the physical and chemical properties of nanocrystals in catalysis,! 2
photonics,®> * energy conversion®>’ and other applications.® For a
nanocrystal, the equilibrium shape evolution can be predicted by the Wulff

construction theory where the rate of each individual facet change is
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dependent on the different surface facet energy.'*'* However, the
nanocrystal surface energy can be modified by introducing surfactants,
polymeric molecules or other adsorbates on the nanocrystal surface.'®> These
surface agents affect the relative rate changes of different facets through

selective capping or providing preferential atomic paths of shape evolution.®®

Small adsorbates with strong stability can alter the energy and reactivity of a
crystal surface by forming a ‘capping’ layer,'® which has been considered as
a new class of effective shape controller for nanocrystals.'® For instance, it
was revealed that Ag* ions can promote the formation of {111} facets of Pt
nanocrystals.>!” Halides prefer to absorb on the {100} facets of Pd and Rh
to facilitate the formation of Pd and Rh nanocubes.!® '° Understanding the
microscopic mechanisms of surface adsorbates in shape control of
nanocrystals is significant to the functional design and shape control of
nanocrystals. In this regard, much work has been dedicated to the in situ
study of the nanocrystal shape evolution.?® 2 For example, we previously
investigated the facet development of Pt nanocrystals under the influence of
surface ligands during growth.?> 2! Ye et al. studied the non-equilibrium
shape evolution of individual gold nanocrystals during oxidative etching.?
However, how surface adsorbates influence the atomic pathways of non-
equilibrium shape evolution during etching processes is still far from well

understood.



69

70

71

712

73

74

75

76

77

78

79

80

81

82

83

84

85

86

87

88

89

90

91

Electron beam irradiation has been used to etch materials with nanometric?*
25 or subnanometric?®?® precision. The etching process can be monitored in
the TEM in real time, which allows one to study the impact of surface
adsorbates on shape evolution of nanocrystals directly.

Here, we use in situ TEM to study the influences of Ag surface adsorbates on
shape evolution of Ag.O, nanocrystals during electron beam etching. Since
Ag surface adsorbates are much more stable than the Ag.O, nanocrystal
under electron beam irradiation,?® the atoms capped by surface adsorbates
may be protected from being etched away. The Ag.0,/Ag samples were
prepared in situ. First, AQVOs; nanorods were synthesized by a hydrothermal
method.?® Then, Ag.0; nanocrystals were formed on the surface of AgVOs;
nanorods using a low flux electron beam and an oxidation treatment
(Supplementary Text; Figure la and Figure S1-3). Cs-corrected TEM (FEI
Titan 80-300) operating with an acceleration voltage of 300 kV and with a
parallel electron beam (current density ~2.3x10° A:-m~2) was used for the
study. The etching of Ag.O, nanocrystals was initiated by electron beam
irradiation. The entire etching process was captured with atomic resolution
and in real time. The results show that the Ag surface adsorbates have a
modulatory function, which includes both selective capping on the surface of
Ag.0; nanocrystals and blocking of the diffusion path of adatoms. The effects
of surface adsorbates should be considered for the fabrication of

nanomaterials with different non-equilibrium shapes.
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Result and Discussion.

e w L s e e s VTIIIIIIIIITIFIIOFIFID

[
-

-
-~
& —— e
e o VAT IAITIFIIIF O TP TS
"};-VM\'L\\.\.“-\ "1',',“" FIDIFOIITOTIFOTIFITID
ot S PFITIFO TSI

= VITITITITIFIFIIAIIIIFIFIFIFY

¢ r"&:wwm_ I IIIIIFIIITIIIFTIFIIITIF IR
- \J_{“W..r" IS TIISTI ST TS Ise
45 5s SIS FITITIvee
0 50 100 150 200 250 300 -
Time (sec)

Figure 1. Near-equilibrium shape evolution of a Ag.O, nanocrystal during
electron beam etching. (a) HAADF-STEM image and EELS maps of individual
AgVOs nanorod decorated with Ag,0, particles. (b) Sequential HRTEM images
(false color) show the real-time shape evolution of a Ag.0O. nanocrystal
during electron beam etching. Images are extracted from movie S1. (c) The
corresponding time-labeled contours indicate that the sphere-like shape
persists during the etching process. (d) The FFT pattern of the AQg.,0:
nanocrystal in (b). (e) The measured average distance from the center of

nanocrystal to each facet as a function of time. (f) In situ electron beam

etching details of the outermost (111) facet of Ag,0,. HRTEM images are



104

105

106

107

108

109

110

111

112

113

114

115

116

117

118

119

120

121

122

123

124

125

126

listed on the left and the corresponding stick-and-ball models are displayed
on the right. The red balls indicate the atoms to be removed in the next
frame, and the green balls indicate the newly appearing adatoms in this

frame.

Figure 1 shows that the typical etching of Ag.0O, nanocrystals without surface
adsorbates follows the near-equilibrium shape evolution. The electron energy
loss spectra (EELS) maps of Ag.0: nanocrystals supported on AgVOs;
nanorods show that these nanoparticles contain Ag and O elements; the V
element only exists in AgVOs nanorods (Figure la, Figure S3; see more
details in Supplementary Text). High resolution transmission electron
microscope (HRTEM) images (Figure 1b) and the corresponding fast Fourier
transform (FFT) pattern show that the crystal structure of Ag.0O, nanocrystal
is monoclinic (Table S1; also see Figure S4 for more detailed structural
characterization). Figure 1b shows the real time shape evolution of a Ag.0;
nanocrystal along the [110] viewing axis during etching. There is no obvious
change in the crystal structure while the particle size reduces gradually, and
the sphere-like shape is maintained throughout the entire etching process.
The original HRTEM images of Figure 1b are shown in Figure S5. To better
understand the details of etching, we construct time-labeled contour plots
with equal time intervals (Figure 1c). The results show that etching of the
nanocrystal occurs mostly in the upper part with the exposed surface. We

quantified the evolution of the nanoparticle shape by tracking the
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propagation of different facets. We first determine the crystal center of the
AQg,0, particle (Figure S6) and measure the distance from the center of the
crystal to these three facets: (002), ¢), ¢) (Figure 1b). The distances as a
function of time are plotted in Figure le. The etching rate of each facet
(slope of each plot) is roughly proportional to their surface free energy
((002)~1.98 eV per Ag atom, ()~1.57 eV per Ag atom and () ~1.86 eV per Ag
atom) as shown in Table. 1. This suggests that the etching process is near-
equilibrium, as predicted by Wulff construction theory. The atomic pathways
of etching on () facet are shown in Figure 1f. First, some atoms at the atomic
steps with fewer neighbors are removed preferentially (0-3 s). Subsequently,
atoms in the outmost layer of () facet are completely removed (4 s). Due to
surface diffusion some atoms (marked by green balls) can be adsorbed at
the steps to “heal” the defects. The subsequent etching of () facet (Figure
S7) and the etching of (111) facet (Figure S8) show similar trends. Therefore,
the shape evolution of Ag,0O, nanocrystal without surface adsorbates is near-
equilibrium - dominated by surface free energy and modified by surface

diffusion of adatoms.
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Figure 2. Anomalous shape evolution of a Ag,0, nanocrystal with Ag surface
adsorbates. (a) Sequential HRTEM images (false color) show the real-time
shape evolution of the Ag.O. nanocrystal with Ag surface adsorbates during

etching under electron beam. Images are extracted from video S2. The
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etching process can be divided into three regimes: spherical-to-cuboidal
shape transformation, side etching and bottom etching. The corresponding
time-labeled contours in each regime are listed in the right column. The
original HRTEM images are shown in Figure S12. (b) The measured average
distances from the center of nanocrystal to (200) and (002) facets as a
function of time. Error bars indicate the standard deviation. (c) Migration
trajectories of three surface adsorbates including a newly formed one. (d)

Schematic illumination of the anomalous etching process.

Etching of Ag.O, nanocrystal with Ag surface adsorbates is very different
from that of the regular Ag.O, nanocrystal with a clean surface. For example,
a Ag.0; nanocrystal with the same monoclinic structure has two adsorbates
on the surface of nanocrystal (Figure S9). Due to the small sizes and the
dynamic nature of the clusters, we cannot directly determine the crystal
structure of the surface adsorbates during etching. However, through HRTEM
and EELS spectra of the remaining cluster, it is clear that the surface
adsorbates are Ag clusters with hexagonal closest packed structure (Figure
S11). Figure 2a shows the real-time shape evolution of a Ag.0, nanoparticle
with Ag surface adsorbates during etching, and the corresponding time-

labeled contours are listed in the right column.

Based on the characteristics of the shape changes, the etching process of a

Ag,0, nanocrystal with the Ag surface adsorbates can be divided into three
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regimes: spherical-to-cuboidal shape transformation (0 s to 60 s), side
etching (60 s to 105 s) and bottom etching (105 s to 140 s). At the initial
stage, atoms at the steps with fewer neighbors are sputtered away
preferentially, and some atoms diffuse on the surface randomly to heal
defects (see Figure S13), which is similar to the etching of the nanoparticle
with clean surface. Subsequently, the etching of (002) facet becomes faster
and the sphere-like nanoparticle transforms to cuboid-like shape (22 s to 60
s) as shown in Figure 2a. During this process, a new Ag cluster marked by
number 3 formed probably due to the reduction of the Ag.0, through the
formula: Ag;0,-»Ag+0,. Cluster 2 and cluster 3 remain stationary, while
cluster 1 moves randomly and it eventually merges with the cluster 3 as
indicated by the contours and migration trajectories in Figure 2c. In the
second regime, the Ag,0. cuboid nanocrystal is pinned by the Ag clusters at
the corners. Etching proceeds by gradually removing the side surface and
there is almost no change in the vertical direction (Figure 2b). The method of
determining the center of the particle (reference point) in Figure 2a is shown

in Figure S14.

The etching is mainly along the right side of the nanocrystal from 61s to 85
s, but both sides are etched after 85 second; this observation will be
discussed in more detail later in this report. In the end, the three Ag clusters
are combined to form a large one. In the last regime, the top of the Ag.0.
nanocrystal is completely capped with a Ag cluster. Intuitively, with the

protection of Ag cluster, the Ag.O. nanocrystal can only be etched from the

10



196 side. However, as the width decreases, the height also decreases accordingly
197 likely due to minimization of the surface free energy of a certain volume,
198 which is different from the case of the second sub-process (Figure 2b).
199 Eventually, the Ag,0. nanocrystal is completely etched away, leaving only

200 the surface adsorbates.

201 We further find that the etching rate of (200) and (002) facets is not
202 proportional to their theoretical surface free energy ((200): 2.05 eV per Ag
203 atom, (002): 1.98 eV per Ag atom; (220): 2.23 eV per Ag atom as listed in
204 Table 1). Therefore, etching of the Ag.O, nanocrystal with Ag surface
205 adsorbates is characterized by non-equilibrium shape transformation. The
206 shape evolution process is highlighted in Figure 2d.

207
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images (false color)

HRTEM

(a) Sequential

210 Ag:0; nanocrystal.

211 models show the movement of Ag surface clusters on the Ag.0O. surface

212 during electron beam etching. The Ag clusters adsorbed at the junction

(marked by purple arrows) are

) facets terminals

) and (002
214 more stable than those on the (002) facets

213 between the (200

(marked by green arrows). (b)

215 Sequential snapshots of HRTEM images and atomic models show the in situ

its adjustment function during

216 growth of an Ag surface adsorbate and

217 electron beam etching. The corresponding original HRTEM images are shown

in Figure S15.
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To further study the microscopic mechanisms behind the anomalous shape
evolution of Ag.0, nanocrystal, we focus on the influences of Ag surface
clusters on the sphere-to-cuboid transformation. Figure 3a shows the Ag
surface adsorbates on the Ag.0, nanocrystal surface while the nanocrystal is
etched away. At the initial state, cluster 1 (marked by green arrow) sits on
the (002) facet and cluster 2 (marked by purple arrow) is adsorbed at the
junction between the (200) and (002) facets. Then, cluster 1 moves
randomly on the (200) facet while the nanocrystal is etched away. It splits
into two at 28 s and the right one quickly combines with cluster 2.
Meanwhile, cluster 2 is almost stationary at the facet junction. The behavior
of Ag clusters on the Ag,0; nanocrystal surface is likely due to the energy
variations of different positions. For instance, the Ag cluster is fixed at the
corner due to a high adsorption energy, while it moves randomly on the flat
(002) surface without preferable location and eventually bonds with the
atoms at the corners of the Ag,0. crystal. Figure 3b shows the formation of a
new Ag cluster and how it affects the etching of different facets at the atomic
level. From 12 s tol6 s, etching starts from the atomic steps and some atoms
diffuse on the surface to form absorbed atoms. These atoms come together
to form a cluster (see details in frames between 18 s and 28 s). Before the
cluster formation, two layers of (200) facet and three layers of (002) facet
are etched (12-22 s). However, after the cluster formation, only the (002}
facet is etched. Etching along the (200) facet is stopped, which is probably

due to a Ag cluster that caps the atomic steps of (200) facet. The (002) facet

13



243 has two terminals, and even though the left terminal is capped with the Ag
244 cluster, etching can still proceed along the atomic steps at the right terminal.
245 Further etching leads to the conversion of a spherical nanocrystal to a
246 cuboid.

247

ST

2 60 70 80 ;90 100
2 4 8 Time (sec)

249 Figure 4. Asymmetric side etching of the cuboidal Ag,0, nanocrystal with Ag
250 surface adsorbates. (a-g) Sequential HRTEM images (false color) and the
251 atomic models show that the etching speed of the Ag.0O, nanocrystal is faster
252 on the right side than the left. The atoms of Ag clusters are marked with
253 purple and the Ag atoms in Ag.0; nanocrystal are marked with orange. The
254 corresponding original HRTEM images are shown in Figure S16. (h) and (i)

255 are the corresponding FFT patterns of bottom part and top part, which are

14 14
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separated by the dislocation line. (j) The measured distances from the center

of the nanocrystal to the left and right facets as a function of time.

Table 1. The calculated surface energy per Ag atom of different crystal

facets.
Facets {00 { , {20 , { , { , , { ’ , { {22
2} 113 0} 111 111 113 220 0}
} } } } }
Surface
energy 1.98 2.01 2.05 157 1.86 2.32 2.40 2.23
(eV)

As mentioned above, in the second regime of etching, the etching rate on
the right side of cuboidal Ag.O, nanocrystal is much faster than that on the
left side (61.5-88 s). After 88 s, the etch rates on both sides become similar.
Figure 4a shows the AQ;0; nanocrystal is divided into two parts by one
dislocation line. The corresponding FFT patterns (Figure 4h, i) of these two
parts indicate that they have the same crystal structure but along different
zone axes with the bottom along [010] and the top along [111]. As shown in
the atomic model in Figure 4a, the (200) facet on the left, (220) facet on the

top, and the () facet on the right side are highlighted.

We calculate the facet energy of a Ag.0O: nanocrystal using density functional
theory (DFT) and the results are shown in Table 1. Comparing the surface
energy of the (200) facet (2.05 eV per Ag atom) and the (220) facet (2.23 eV

per Ag atom), the etching is preferential along the sides of Ag,0. nanocrystal

15
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in order to reduce the surface energy. As shown in Figure 4a-e, there are no
atomic steps on the left side while there are some on the right side as
pointed by blue arrows. The atoms at the atomic steps have fewer neighbors,
which may be etched away quickly. As the etching progresses, the
dislocation line gradually moves to the corner until it disappears at 88 s
(Figure 4a-e). At that moment, both sides of the crystal are {200} facets and
the majority of atomic steps disappear (Figure 4f-g), resulting in almost the
same etching rates on both sides. Figure 4j shows the distances from the
crystal center to the left and right facet surfaces as a function of time. We
first build a Cartesian coordinate system for the sequential images (Figure
S17). The coordinate origin of Cartesian coordinate system is a characteristic
position on the substrate, the x axis is parallel to the substrate, the positions
on left and right sides are marked by yellow and blue lines, respectively. L
and R« (x=0, 1, 2, 3, 4, 5, 6, 7, 8) represent the distance from coordinate
origin to the left and right sides, so we can use this feature position as a

reference to study the motion on both sides of the nanocrystal.

Conclusion. In summary, we have observed the anomalous shape evolution
of AQ,0. nanocrystals modulated by the surface adsorbates during the
etching process under electron beam. The Ag surface adsorbates strongly
influence the atomic pathways of AQ.O, nanocrystal etching. This work
suggests potential strategies for controlling non-equilibrium shape

transformation of nanocrystals with surface adsorbates. The ability to

16
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directly observe the dynamic processes of nanocrystals at the atomic scale
may assist the study and design of many other nanocrystals with novel and

controlled shapes.
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Supporting Information.

The supplementary text includes descriptions of the synthesis of AgVOs;
nanorods, preparation of Ag,0, nanocrystals, materials characterization, TEM
observation, and density functional theory calculations. Figures include
structural characterization and elemental composition of the as prepared
AgVOs and Ag.0, samples, the schematic of growth route of Ag,0, particles
on AgVOs; substrates, the raw HRTEM images corresponding to Figure 1(b),

Figure 2(a), Figure 3 and Figure 4, the determination of crystal center, the

detailed etching process of (111) and (111) facets of a Ag,O, nanocrystal
with clean surface, the shape and structure evolution of Ag cluster during the
etching process, the characterization of the remaining Ag cluster after
electron beam etching, sequential images showing the movements of both
sides of the nanocrystal, the calculation model and surface energy of each
facets. Table S1 shows the crystal structure data for AgvVOs, Ag.O, AQ:0,,

AQg,0s3, Ags0, and Ag. (PDF)
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Near-equilibrium shape evolution process of a Ag.0. nanocrystal during
electron beam etching. (AVI)

Anomalous shape evolution process of a Ag.0O, nanocrystal with Ag surface

adsorbates. (AVI)
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