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SUMMARY

Although the concept of self-healing has undergone a recent resur-
gence of interest in polymers and other soft materials, it is
extremely rare for metal solids to autonomously self-repair struc-
tural damage without any external trigger. Here, we report on the
direct in situ observation of such an autonomous solid-state self-
healing behavior in nanoscale silver (Ag) by utilizing atomic-resolu-
tion transmission electron microscopy (TEM). Two representative
kinds of structural damage—both nanopores and nanocracks—are
observed to undergo automatic self-repair at room temperature
and well below (down to 173 K) without any external intervention.
Importantly, such an autonomous self-healing phenomenon does
not occur in gold (Au) at room temperature, as it is hindered by
the stronger Au-Au bonding resulting from the known relativistic ef-
fect. A combination of atomistic imaging and molecular dynamics
simulation unravels that the self-healing process is accomplished
through surface-mediated diffusion of Ag atoms as driven by chem-
ical potential imbalance due to the Gibbs-Thomson effect.

INTRODUCTION

Inspired by nature’s living organisms with the capability of damage recovery, self-

healing materials have long been conceptualized and studied. Self-healing of a ma-

terial refers to the ability to recover from physical or chemical damage. Generally

speaking, self-healing phenomena in materials can be classified into two conceptu-

ally distinct categories: intrinsic autonomic healing and non-autonomic healing.1–3

Whereas the occurrence of non-autonomic self-healing normally requires the assis-

tance of an external trigger or additional energy, such as heat, light, or stress, to pro-

motemass transfer, autonomic self-healing obviates the need for any external trigger

or intervention.1 For soft materials such as polymers and their composites, both the

autonomous and non-autonomic self-healing processes can be achieved easier

owing to the inherent reversibility of dynamic covalent bonds and/or hydrogen

bonding or van der Waals (vdW) interactions in polymeric materials.4–7 In solid-state

metals, however, any types of self-healing are fundamentally more challenging to

realize due to the crystalline nature of metals and their high melting point, strong

cohesive bonding, and slow diffusion kinetics of atoms at ambient temperatures.

Some previous studies of self-healing in metallic materials often involve complicated

scenarios that require the use of shapememory alloys or the input of external healing

agents.8–10 Thus far, far fewer studies have addressed solid-state self-healing phe-

nomena in pure metals, but the efficient healing of damage can only be achieved

with the assistance of external intervention such as heating,11,12 mechanical
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assistance,13–18 and electron beam irradiation.19 In this work, we present a key obser-

vation that straightforward autonomic self-healing behavior can also occur in pure

metals such as silver (Ag) at room temperature without any external intervention.

Our experiments were performed in situ using atomic-resolution transmission elec-

tronmicroscopy (TEM).We utilized Ag nanosheets as specimens on which two repre-

sentative kinds of structural damage, namely nanopores and nanocracks, were delib-

erately fabricated first by focused electron beam (Figure S1). These two kinds of

microscopic damage were observed to undergo rapid self-healing autonomously

within a practical time period of several to dozens of minutes. Even at a temperature

as low as 173 K, self-healing behavior can still take place in Ag. As a comparative

study, this autonomous nanoscale self-healing behavior is not readily accessible in

gold (Au) under equivalent conditions. The atomic-scale spatial resolution of TEM al-

lows us to track the exact process and mechanistic details of the damage healing.

With a combination of atomistic calculations, we identify that the exact process of

self-healing involves the surface-mediated spontaneous diffusion of Ag atoms to-

ward the damage sites as driven by surface chemical potential gradient.

RESULTS

Autonomous self-healing phenomenon in nanoscale Ag

Figure 1A presents the sequential high-resolution TEM (HRTEM) images depicting

the autonomous self-healing of a representative single damage embedded in a sin-

gle-crystalline Ag nanosheet sample. This kind of nanocrack damage was purpose-

fully fabricated at the edge site of the Ag nanosheet through in situ TEM electron

beam drilling (see section ‘‘experimental procedures’’ for details). To avoid any

possible intervention of electron beam to the subsequent healing process, the elec-

tron beam was turned off immediately after damage fabrication. This ‘‘beam-off’’

state was kept all through except at the moments to record TEM images in desired

time intervals. As can be seen from Figures 1A and S3, the original nanocrack has a

smooth negative curvature with concave-down depth of 8.41 nm, along with a small

fraction of convex region with positive curvature. After a 0600100 interval, the partial

self-repair of the nanocrack damage can be clearly observed. When imaging again

after another interval until 1305800, the depth of the nanocrack was observed to be

further decreased, nearly restoring the overall shape of original Ag nanosheet.

Importantly, it is worth noting that the healed region consists of homogeneous crys-

tal lattice that shows a high degree of consistency to the face-centered cubic (FCC)

lattice of surrounding intact Ag regions, as can be seen from HRTEM images (Fig-

ure 1A) and the corresponding fast Fourier transform (FFT) patterns (Figure S4A).

A detailed comparison of HRTEM images before and after the healing process (Fig-

ure 1A) indicates that the atoms filled into the nanocrack region are mainly those

coming from the convex region. This result implies that, from a thermodynamics

point of view, the self-healing process is surface-energy dependent and can be ratio-

nalized within the framework of Gibbs-Thomson (G-T) effect.20 More specifically,

due to the general curvature dependence of chemical potential, an Ag atom on

the concave-up surface (positive curvature) has larger chemical potential than that

on the nanocrack surface (negative curvature). With the continuous negative-to-pos-

itive variation of surface curvature, a chemical potential gradient will thereby be es-

tablished along which a net flow of Ag atom diffusion will arise, as shown in

Figure S3.

The remarkable observation of automatous healing of nanocrack damage prompts

us to examine whether the similar self-healing behavior can also take place in other
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more complex damage structures. To this end, upon the inner region of Ag nano-

sheets, nanopore damage was fabricated by highly focused electron beam in the

same way as that of nanocracks. Shown in Figure 1B are the HRTEM images of nano-

pore damage that exhibited a faceted octagonal shape with an original area of

�12.1 nm2. When imaging at 0905900 (the electron beam was turned off during this

time interval), the nanopore was observed to become notably smaller, with the

measured area decreasing down to �8.1 nm2. With extended time, the nanopore

was found to be self-healed nearly completely when observed at 1500500. Also, as
verified by HRTEM imaging and corresponding FFT analysis, the highly crystalline

FCC lattice is well restored in the healed region, with no sign of defect formation

or amorphization (Figures 1B and S4B). In order to verify the reliability of this obser-

vation, we repeated the nanopore forming/healing experiments in multiple Ag

nanosheets samples (Figures S5; S6) as well as one-dimensional (1D) Ag nanowires

(Figure S7), and we observed the same self-healing behavior.

A

B

C

D

Figure 1. Direct observation of the self-healing processes on nanoscale Ag and Au nanosheets by in situ TEM

(A) Sequential HRTEM images showing the autonomous partial closure of nanocrack on Ag nanosheet at room temperature. The concave-down depth

gradually decreases from 8.41 to 6.02 nm.

(B) Sequential HRTEM images showing the self-healing processes of nanopore on Ag nanosheet at room temperature.

(C) The self-healing process of the nanopore on Ag nanosheet at �173 K.

(D) Sequential HRTEM images showing that the nanopore on Au nanosheet remains frozen and retains its original size over a long period after �1 h at

room temperature.

The yellow dashed lines in (A), (B), and (D) highlight the boundaries of nanocracks and nanopores.
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Just as in the case of nanocrack, it is the G-T effect that provides a thermodynamic

basis for directing the healing processes of nanopore damage. The high-angle

annular dark field (HAADF) images and corresponding three-dimensional (3D) inten-

sity profiles of the nanopore (Figures S8A and S8B) suggest that the nanopore can be

equivalently treated as a sloped structure (see more details in Note S6). Since the

planar basal surface has a zero curvature, whereas the bottom of nanopore has a

highly negative curvature, a gradient of chemical potential will naturally be built

along the slope due to gradual decease of curvature. That is, the closer the region

to the pore bottom, the bigger the negative curvature and the lower the chemical

potential of the surface Ag atoms (Figure S8C). As such, the chemical potential

will be a continuous function of position and can be described by a modified version

of G-T equation20:

mhole = mN � gU

Rhole
(Equation 1)

where Rhole is the radius of curvature, mhole is the chemical potential at the slope sur-

face with radius of curvature Rhole, mN is the chemical potential at a planar surface, g

is the surface-free energy per unit area, and U is the molecular volume curvature. On

this basis, the surface atomic flux J along the slope surface of nanopore can be

modeled by20,21:

J = � Dsv

kBT

vmhole

vs
= �

�
D0v

kBT
e�Ea=kBT

�
vmhole

vs
(Equation 2)

where Ds is the coefficient of surface diffusion (D0 is a pre-factor and has different

values according to materials and shapes of the system), Ea is the activation energy

of diffusion, v is the number of atoms per unit area, s is the arc length along the pro-

file, kB is Boltzmann constant, and T is temperature. This result implies that the rate of

self-healing will be temperature dependent. Keeping this in mind, we have also

repeated the experiments at low temperatures by employing cryo-TEM observation

(see section ‘‘experimental procedures’’ for more details). It was striking to find that,

when the temperature is lowered to 173 K, the nanopore on Ag nanosheets could

still exhibit self-healing capabilities, although it takes much longer than that at

room temperature (Figure 1C). When the temperature is further lowered to 106 K,

it appears that the self-healing of Ag nanosheet is frozen and the nanopore retains

its original shape over a long period of time (Figure S9).

In the periodic table, Au is the most relevant element to Ag, sharingmany similarities

in physical and chemical properties. In our present work, we have performed

detailed comparative studies by utilizing Au nanosheets as control specimens under

otherwise identical experimental conditions. Figure 1D shows the results of control

experiments performed on Au nanosheet with a nanopore damage. It can be seen

that the nanopore retains its original size over a long period up to�1 h, even though

some surface reconstruction around the nanopore that may be caused by the elec-

tron beamduring imaging can be observed. Furthermore, the nanopore on Au nano-

sheet did not shrink over a period of 7 h but instead the nanopore may even expand

in size to some extent (Figure S10). In other words, Au nanosheets do not exhibit

obvious self-healing behavior at room temperature. This difference between Ag

and Au is somewhat not surprising when considering the distinct relativistic effect

of Au.22–24 To be specific, due to the stronger atomic bonding of Au, the resultant

higher cohesion energy gives rise to the lower diffusivity of surface Au atoms as

compared to that of surface Ag atoms.25–27 To compare the differences in diffusion

behavior between Ag and Au, we calculated the diffusion barrier and diffusion coef-

ficients for Ag and Au atoms on the (110) surface by using the nudged elastic band
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(NEB) method.28,29 Our results show that the diffusion barriers for Ag atoms along

different directions on the (110) surface are consistently smaller than those for Au

atoms. Notably, at room temperature, the diffusion coefficients of Ag atoms via

different pathways on the (110) surface are higher than those of Au atoms by more

than four orders of magnitude (see Note S2 and Table S1 for more details). The sub-

stantially different diffusion coefficients are consistent with the typical behavior of

Ag and Au and align with numerous computational studies.25–27,30,31 In fact, the

ease of the surface-mediated diffusion process of Ag shows strong consistency

with the several recent experimental observations that highlight that the surface

atoms of Ag nanocrystals possess high mobility and low activation energy barrier

for self-diffusion,17,32–35 which results in a variety of extraordinary phenomena in

nanostructured Ag, such as unusual wettability,34 pseudoelasticity,33 super-elonga-

tion,17 and softening.35

Atomistic process of Ag self-healing

To depict the atomistic details and dynamic evolution of the automatous self-healing

process, we show in Figures 2A–2D the sequential HAADF images and correspond-

ing geometric phase analysis (GPA) of another representative nanopore damage

over the course of the healing process. The as-fabricated nanopore, as observed

along the [110] zone axis, exhibits a well-faceted vacant bottom with octagonal

configuration enclosed by three sets of low-index facets corresponding to the

{110}, {001}, and {1 1 1} planes. With the proceeding of self-healing process under

the beam-off condition and when observed in separate time intervals at 0505600,
0805200, 1304300, and 1802900, respectively, it can be seen that the size of the vacant

bottom area gradually decreases while retaining the original faceted configuration,

as shown in Figure 2A. This implies that, on the whole, the shrinkage of nanopore is

accomplished through a layer-by-layer growth manner that occurs evenly in all eight

directions. At 2302300, the vacant bottom of the nanopore has been integrally filled,

but, as can be discerned from the variation of image contrast and the corresponding

3D intensity profile (Figures 2A and S11), the healed bottom region remains fairly

thin. The 3D intensity profile of the HAADF image at 2302300 also clearly showcases

that the partially healed nanopore is analogous to a ‘‘basin-like’’ structure. As the

self-healing process further propagates to 3002200, a distinct increase of image

contrast of the healed region can be observed, indicating that, after the closure of

vacant bottom area, the subsequent atom diffusion leads to the thickening of the

healed region. Taken together, it is evident that the healing of nanopore damage in-

volves a two-step process—the initial gradual shrinking of the nanopore area and the

subsequent thickening growth. Here it is emphasized that, throughout the process,

the slope structure remains present, allowing the chemical potential gradient to be

consistently maintained. This is deemed to be the reason for the sustained persis-

tence of self-healing in Ag nanostructures.

Shown in Figure 2C are the magnified atomic-scale HAADF images that depict one

corner of the nanopore with adjacent (1 1 1) and (001) facets (see zoom-in relation in

Figure S12). From a frame-by-frame comparison of the time-lapse HAADF images, it

can be seen that the adjacent (1 1 1) and (001) facets are actually not perfectly flat but

are instead slightly concave at the atomic scale, with slightly more Ag atoms being

accumulated at the inward corner. This result is also a consequence of G-T effect in

that the diffusive adatoms are more preferentially attached to the corner sites where

the chemical potential is lower as compared to that at the facet center. However,

note that this concave tendency will not keep increasing all through the healing pro-

cess. Specifically, with the accumulation of Ag adatoms at the corner site, the as-

formed terrace steps will competitively absorb the diffusive Ag adatoms such that

ll
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the steps will grow inward toward the facet centers. It is a subtle self-regulating

growth manner that gives rise to the appearance of the slightly concave facet shape.

From the direct atomic-scale HAADF imaging, it is also evident that the healed

Figure 2. Atomistic dynamics of nanopore healing on Ag nanosheet

(A) Sequential low-magnification HAADF images showing an overall self-healing process of nanopore. The nanopores exhibit an octagonal shape

enclosed by {110}, {001}, and {1 1 1} crystal planes, as observed along [110] zone axis, with the inset yellow dashed lines depicting the octagonal

boundaries.

(B) The left four panels are 3D intensity profiles extracted from the corresponding HAADF images in (A); the right panel is a schematic illustration

showing the distribution of surface curvature and chemical potential around the nanopore. Note that the 3D intensity profiles obtained from HAADF

images do not directly represent the actual morphology of the nanopores but can accurately depict the thickness of the sample.

(C) Enlarged HAADF images of a nanopore corner from (A).

(D) GPA of the images shown in (A) for determining the strain maps of εxx. The color scale is shown on the right and ranges from�0.15 (blue) to 0.25 (red).

(E) HAADF images and corresponding strain maps of εxx showing the self-healing process of nanopore accompanying a stacking fault.

(F–I) Enlarged HAADF images (F and G) from the regions marked by red rectangles in (E) and the corresponding atom arrangements (G and I) showing

the propagation process of stacking fault and the alteration from FCC to HCP stacking order.
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region nearly perfectly restores the FCC lattice of Ag, with only the outmost one to

two atomic layers being a little distorted. The result is in good agreement with the

GPA mapping results shown in Figure 2D, where only near the peripheral rim of

nanopore is the localized strain concentration apparent. Since the Ag nanosheets

are single crystalline in nature, there are no grain boundaries or structural defects

such as dislocations and stacking faults. This indicates that surface-mediated diffu-

sion should be the only possible pathway for Ag atom transport to accomplish the

healing process.

Occasionally, we also found the formation of stacking faults during the healing pro-

cess. Shown in Figure 2E is such a defect-forming event accompanying the self-heal-

ing process of nanopore damage. From the sequential HAADF images and the cor-

responding strain maps by GPA (Figure 2E), it can be seen that a stacking fault forms

and propagates during the self-healing process. For the FCC metals, stacking faults

normally originate from the nucleation and propagation of a leading partial disloca-

tion.36–39 For the specific Ag nanosheet shown in Figure 2E, it seems that the pres-

ence of local strain concentrated near the peripheral rim of the nanopore leads to the

generation of a leading partial dislocation to nucleate at first. Then, with the slide of

this leading partial dislocation across the {111} planes, a stacking fault will be left

behind. After the closure of nanopore bottom, the stacking fault then stays at the

interior of the Ag nanosheet, and the partial dislocation evolves into the full disloca-

tion with Burgers vector of 1
2 ½112� (Figures 2F–2I). According to the established

knowledge in the field of metal materials, the emergence of planar defects or line

defects could be a favorable factor for atomic diffusion.17,35 On one hand, it reduces

the energy barrier for surface atomic diffusion, and, on the other hand, it can estab-

lish a pathway for the diffusion of atoms. Here it is worth noting that this kind of

defect-forming event was seldom observed in our experiments, and, in most cases,

the atomic surface diffusion and self-healing processes were not necessarily accom-

panied by the formation of any structural defects.

To further develop mechanistic insight into the healing process, we also performed

in situ kinetic measurements regarding the evolution trajectories of the slope struc-

ture during nanopore healing. Figure 3A displays an enlargement of the slope re-

gion acquired crossing nanopore bottom from the sequential HAADF images shown

in Figure 2A (see zoom-in relation in Figure S12). By measuring the corresponding

line profiles of the atomic column intensity (Figure 3B), we were able to quantify

the slope angle of the partially healed nanopore at each time interval. Notably, dur-

ing the initial ‘‘shrinking’’ stage, the slope angle around the nanopore remained

almost constant. By contrast, after the closure of the nanopore bottom, the slope

angle started to decrease, which is a natural consequence of the thickening of the

healed region. The fact that the slope angles are constant during the shrinking stage

means that the chemical potential gradient remains invariant, such that the diffusion

flux will also remain constant. Keeping this inmind, we alsomeasured the variation of

vacant area as a function of healing time (Figure 3C), and, as expected, an approx-

imately linear relationship can be deduced.

In view of the fact that the across-the-step diffusion of Ag atoms is a critical step for

nanopore healing, we further investigated the atomistic dynamics of this key process

by using the NEBmethod. Figures 3D, S16A, and S16B show the schematic diagrams

of the model for our calculations. On the (110) surface, we constructed both single

step and double step along two distinct [1 1 0] and [001] directions, respectively.

It is well known that the (110) surface of FCC Ag is highly anisotropic,30,31 with the

so-called in-channel hopping path where the atom moves along the atomic valley
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to the [1 1 0] direction, and the so-called out-channel hopping path, in which the

atom climbs over the atomic mountains to the [001] direction, as shown in Fig-

ure S16A. Our calculation results show that the in-channel hopping (0.52 eV) along

the [1 1 0] direction on the planar (110) surface has a much lower barrier than out-

channel hopping (0.72 eV) along the [001] direction (Table S1). From a structural

viewpoint, since the presence of nanopore damage can be regarded as the clusters

of vacancies, during the self-healing process of a nanopore damage, the directed

diffusion of Ag atoms toward the nanopore region is equivalent to the reverse diffu-

sion of vacancies away from the nanopore. Hence, the calculation of activation en-

ergy barriers of Ag diffusion is deduced via that of the vacancy diffusion. Based on

the calculation results, the diffusion paths with the lowest barriers for Ag atoms

across the single step and double step along [001] and [1 1 0] directions are shown

in Figure 3E (see Table S2 and Note S1 for more details), respectively. As expected,

for both steps along the [001] direction and [1 1 0] direction, the diffusion barriers

A

D E

B C

Figure 3. Diffusion kinetics of Ag atoms on the slope structure during self-healing

(A and B) A close-up view of the evolution of slope structure across nanopore (A), as enlarged from the HAADF images in Figure 2A and the

corresponding line profiles (B) extracted from the regions marked by red dotted rectangles in (A). The insets in (B) depict the proposed evolution of the

slope structure.

(C) The slope angle (top) and the vacant area of nanopore (bottom) as a function of time.

(D) Schematic diagram for diffusion paths of Ag atoms on Ag nanosheet across single step and double step along [001] and [1 1 0] directions on

(110) surface.

(E) The activation energy barrier of Ag atoms descending across the steps in terms of MEPs and activation energy barriers.
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across the single step are smaller than those across the double step. This result is not

surprising considering the fact that the diffusion barrier increases with the thickness

of steps for FCC metals.30 For the across-the-step diffusion, the so-called Ehrlich-

Schwoebel (ES) barrier30,40,41 is a factor that has to be taken into account. Our calcu-

lation results show that the ES barrier for Ag atoms descending across a single step

along the [1 1 0] direction is only 0.038 eV. This suggests that the ES barrier does not

pose a significant obstacle to the across-the-step diffusion of Ag atoms, which is in

line with the conclusions drawn in the literature.30 Moreover, along the in-channel

[1 1 0] direction, the kinetic barrier of Ag atom ascending diffusion is significantly

higher than that of descending diffusion for both single and double steps, indicating

that the net diffusion will be the diffusion of Ag atoms descending toward the

nanopore.

Molecular dynamics simulations of healing processes

To support our TEM observations, we carried out atomistic molecular dynamics (MD)

simulations of the healing processes for nanoscale Ag and Au, respectively (see sec-

tion ‘‘experimental procedures’’). The MD simulations were performed on 12-layer

slabs for both Ag and Au, in which the faceted octagonal nanopores are embedded,

with crystallographic orientation in line with the experimental observations. The

temperature for simulation was set at 650 K to accelerate the calculation, given

the limited accessible timescale of MD simulations. For the simulated Ag slab shown

in Figure 4A, it can be seen that the nanopore shrinks rapidly and gets cured after

�10 ns. In the subsequent �90 ns, Ag atoms continue to diffuse toward the healed

region uninterruptedly, with the thickness of the healed region being gradually

increased (Figures 4A and S17A; Video S1). The plot of nanopore area vs. time (Fig-

ure S18A) shows that the nanopore area on the Ag slab decreases almost linearly

with time, similar to the area-time relationship measured experimentally (the bottom

chart in Figure 3C). In contrast, for the Au slab, although the nanopore shrinks

slightly due to some surface relaxation in the first �40 ns, its size and shape remain

invariant in the subsequent �60 ns, as shown in Figures 4B and S17B and Video S1.

These MD simulation results well reproduce the experimental observations

regarding the difference in the healing behavior between Ag and Au. Importantly,

our MD simulations also clearly manifested that surface diffusion plays a crucial

role in the self-healing process of Ag. As shown in Figure S18B, the atomic diffusion

mobility is quantitatively analyzed by the time evolution of the mean square

displacement (MSD) along the <110> and <001> directions. Based on the statisti-

cal analysis of all surface atoms, the corresponding MSD curves show that the diffu-

sivity (diffusion coefficient; i.e., the slope of the MSD curves) of Ag surface atoms is

more than twice of that of Au surface atoms. This means that Ag has a much stronger

tendency for surface diffusion than Au, a result that is well consistent with the diffu-

sion barrier Ea calculated by the NEB method and diffusion coefficients Ds. Our cal-

culations indicate that the diffusion barrier of Ag on the flat (110) surface is notably

lower than that of Au, and the diffusion coefficient of Ag is much higher than that of

Au (see Note S2 and Table S1 for additional details). Further, we also tracked

the diffusion trajectory of the atoms filled into the nanopores. As discerned from

the color labeling of atoms in the healed region from cross-section side views (Fig-

ureS17A), it can be seen that themajority of the Ag atoms filled into nanopores come

from the top or bottom surface. Notably, MSD curves (Figure 4D) reveal that the

diffusivity of Ag atoms along the in-channel direction (< 110>) is much stronger

than the out-channel direction (< 001>). This result correlates well with the above

NEB calculation results (the blue curves in Figure 4E) that the diffusion barrier of

Ag atoms along in-channel direction is much lower than that along out-channel
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direction on flat (110) facet, indicating the in-channel hopping mechanism is ener-

getically preferred.

As shown from the MD simulation results shown in Figures 4A, 4B, and S19A–S19D,

stacking faults are observed to form in both Ag and Au. The stacking fault nucleates

at the rim of the nanopore, propagates on {111} facets, and grows rapidly. For the Ag

slab, the stacking fault remains even after the completion of healing of the nanopore.

These results correlate well with our experimental observations (Figure 2E). We also

investigated the formation energy barriers of stacking faults (in a hexagonal close-

packed [HCP] structure) and their stability in Ag and Au, respectively. It turns out

that stacking faults are energetically favorable and more stable in Ag (see Note S3

for more details). As mentioned above, experimentally, Ag nanosheets exhibit

self-healing behavior with or without defects such as stacking faults (Figures 2A

and 2E). This implies that the self-healing behavior is not necessarily related to stack-

ing faults. Nevertheless, the presence of stacking faults is believed to facilitate

A

B

C D E

Figure 4. MD simulations of the healing process of nanopore damage in Ag and Au nanosheets, respectively

(A and B) Sequential top-view snapshots from MD simulations for Ag (A) and Au (B) slabs. The atoms are colored according to the value of jZ � Zcenter j
and atoms located away from the slab center are labeled with light colors. The rims of nanopores are highlighted by the red dashed line.

(C) Schematic diagram showing the in-channel ([1 1 0]) and out-channel ([001]) directions on flat (110) plane.

(D) MSD of Ag atoms filling the nanopores along in-channel and out-channel directions, respectively, showing that the diffusivity along the in-channel

direction is much stronger than that along the out-channel direction.

(E) Diffusion barriers of Ag atoms hopping along in-channel (left curves) and out-channel (right curves) directions with/without stacking fault calculated

by the NEB methods. With stacking fault, the diffusion barriers are significantly reduced for the in-channel direction.

See also Videos S1 and S2.
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atomic diffusion and thereby promote the self-diffusion of Ag atoms. Specifically,

with the stacking faults, the diffusion barrier of Ag atoms along the dominant in-

channel direction is significantly reduced, as shown in Figure 4E and Table S3.

DISCUSSION

Metals are one of the most important classes of materials for engineering structures.

The inevitable occurrence and accumulation of microscopic mechanical damage

(e.g., cracks, pores) in solidmetals will reduce safety and service life cycle. The explo-

ration of self-healing concepts in metallic systems has a great potential to enhance

the structural reliability and sustainability for material engineering, which has evoked

ever-increasing interest in recent years. By utilizing in situ TEM, we present direct

observation on the autonomous self-healing behavior of nanoscale Ag metal in

representative damage (nanopores and nanocracks) on an atomic scale. The self-

healing process in nanoscale Ag occurs autonomously both at room temperature

as well as under low temperature of 173 K. The combination of atomic imaging

and MD simulations of the dynamic self-healing process elucidates that it is the sur-

face-mediated self-diffusion of Ag atoms that prompts the occurrence/proceeding

of self-healing in Ag nanostructures. On the other hand, thermodynamically, the

driving force for self-healing in Ag metal originates from the chemical potential

imbalance (G-T effect). Once a damage structure (either nanopore or nanocrack)

forms, there will arise a chemical potential imbalance due to the local curvature at

the damage sites relative to the main part of the nanosheet. As a comparative study,

this autonomous nanoscale self-healing behavior is not readily accessible in Au at

room temperature.

To date, the concept of self-healing in solid metals is still in a very early stage of

development. One of the key obstacles is the strong metallic bonding and therefore

the low mobility of atoms at room temperature. This key difference indicates that Ag

is a rare case in the metal family that has sufficiently high mobility of surface diffusion

for accomplishing self-healing. In fact, regarding the ease of surface self-diffusion,

several recent studies have reported it is a general property of Ag under a broad

range of imposed conditions, especially for experiential testing with mechanical

loading. However, it is the first time that our work unveils a previously unseen

connection between the surface self-diffusion and self-healing behavior in Ag.

Perhaps most importantly, in a broader term, our unusual experimental finding of

the self-healing phenomena in Ag and the atomistic insights into healing mechanism

are potentially applicable to some other metals provided the surface self-diffusion is

promoted under certain conditions. For instance, with a reminiscence of the well-

known ‘‘Sn whisker’’ phenomenon widely reported in previous literature, where it

is the ease of surface self-diffusion of Sn atoms that plays a key role for facilitating

the spontaneous whisker growth in Sn-based solders at ambient temperature,42–44

Sn may be expected as a possible candidate for exhibiting such autonomous self-

healing behavior as Ag.

For greater utilization of practical materials with effective autonomous self-healing

functionality, the repeatability is particularly important.2,45 In our present work, we

have also observed the repeated reversible healing behavior of nanopore damage

on Ag nanosheets. Shown in Figure 5 is a representative result of such multiple dam-

age-forming/healing events. Following the initial nanopore self-repair, the second

and third cycles of damage-forming and -healing tests were performed over the

same region. It is evident that the second and third runs of healing can occur as

fast as the first run without reducing the self-healing efficiency. The repeatable,
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on-site self-healing and elimination of incipient defects have significant influence on

long-term persistence of metal materials, especially for potentially life-limiting

material failure processes. This encouraging result further establishes that Ag

can be exploited for the design and development of mechanically stable and dam-

age-tolerant components and devices. On this basis, this work may serve as an inspi-

ration for developing sustainable self-healing metal materials toward green

manufacturing.

EXPERIMENTAL PROCEDURES

Resource availability

Lead contact

More information and requests for resources should be directed to and will be ful-

filled by the lead contact, Wenlong Wang (wwl@iphy.ac.cn).

Materials availability

This study did not generate new unique reagents.

Data and code availability

All data reported in the manuscript or the supplemental information are available

upon reasonable request.

Sample preparation

The commercial Ag nanosheets, Ag nanowires, and Au nanosheets were purchased

from Nanjing XFNANO Materials Tech. The thicknesses of Ag nanosheets and Au

nanosheets were appropriately 30–60 nm and �10 nm, respectively. The samples

were first dispersed into ethyl alcohol by ultrasonic dispersion and then transferred

to TEM grids. We also performed the nanopore fabrication and the observation of

nanopore evolution on the Ag nanosheet prepared from bulk Ag. The bulk Ag

was first thinned by mechanical grinding and dimpling and then we performed Ar-

ion milling in a Gatan precision ion polishing system. The morphologic low-magni-

fication TEM images and selected area electron diffraction (SAED) patterns of all

Ag and Au samples are shown in Figure S2.

Figure 5. The repeated reversible self-healing behaviors in Ag nanosheets

Three runs of nanopore damage forming/healing are conducted over the same region.
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Fabrication of nanopore and nanocrack

The nanopore or nanocrack damage was fabricated by using highly focused electron

beam (TEMmode) or scanning transmission electronmicroscopy (STEM) convergent

beam on Ag and Au materials. The resulting knock-on effect caused the formation of

nanopores and nanocracks on the surface of the Ag nanosheets.46–48 In the TEM

model, the total electron dose that we used was as low as �2.77 nA. However, it

should be emphasized that the fabrication of nanopores or nanocracks

depends upon current density instead of the total electron dose. When the

electron beam was focused with a diameter of �5 nm, its current density reached

8.8 3 108 e/nm2$s (1.41 3 104 A/cm2) and was strong enough to induce the nano-

pore or nanocrack damage. Under STEMmode, by adjusting the height of specimen

to achieve focus in Ronchigram, the processes of the fabrication of nanopore or

nanocrack can be visualized directly. Depending on the thickness of the sample

(10–60 nm), the fabrication time varies from 20 to 60 s. Generally, the thicker samples

require longer fabrication times, and the fabrication time for Au is slightly longer

than that for Ag with similar thickness. After fabrication, the areas of the as-formed

nanopores range from 13 to 53 nm2.

TEM and STEM characterization

The TEM and STEM imaging were carried out in an aberration-corrected (S)TEM

(JEM-ARM300F, JEOL.) operated at 300 kV acceleration voltage with a cold field-

emission gun and double dodeca-poles Cs correctors. The TEM images were re-

corded by a complementary metal-oxide semiconductor (CMOS) camera (4k 3 4k,

Gatan OneView camera) with an exposure time of 0.25–1 s. For HAADF imaging,

we adopted a convergence angle and an angular range of collected electrons of

22 mrad and 54–220 mrad, respectively. The pixel time used to acquire HAADF-

STEM images with the size of 1,024 3 1,024 was 19 ms.

Cryo-TEM

Cryo-TEM experiments were performed using a single-tilt liquid-nitrogen cooling

holder provided by ZepTools Technology Company. The TEM samples were loaded

onto the holder and transferred to the TEM column at room temperature. Then,

liquid nitrogen was added to the dewar of the cooling holder. It took about

30 min for the samples to stabilize at a temperature of 106 K (�167.15℃). In addi-

tion, the cooling holder was equipped with a heating unit, allowing for continuous

temperature adjustment and stabilization ranging from 106 K to �363 K

(�90.15℃). At the reduced temperature (106 K and 173 K), the nanopore was fabri-

cated and its evolution process was recorded as described above.

GPA

In this work, GPA was performed using the FRWR tools plugin for the Digital Micro-

graph software, which is based on the methods of Hytch et al.49,50

The strain and rotation fields were calculated from the local distortion of the lattice

from the gradient of the displacement field. The plane strain can be written as49,50

8>>>>>>>><
>>>>>>>>:

εxx =
vux

vx

εyy =
vuy

vy

εxy =
1

2

�
vux

vx
+
vuy

vy

�

and rigid rotation (in radians) can be written as
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uxy =
1

2

�
vuy

vx
� vux

vy

�

where ux and uy are the x and y components of the displacement field at the position

(x, y) in the HAADF images. We first applied Fourier transform on the atomic-resolu-

tion HAADF images. In the FFT images, we placed circular Gaussian masks on two

non-collinear reciprocal lattice vectors g1 and g2 along <002> and <1 1 1>, respec-

tively, to calculate the displacement field ux and uy. Then, the strain maps εxx, εyy, and

εxy and rigid rotation uxy can be obtained. Note that the GPA parameters used for

the whole HAADF image of Ag are the same and all the strain calculations utilized

the Ag lattice far from the nanopore as a reference.

MD simulations

Classical MD simulations were carried out by Large-scale Atomic/Molecular Massively

Parallel Simulator (LAMMPS) program,51 and visualizations were performed with the

aid of OVITO package.52 The embedded atom method (EAM) potential25,53 was

applied to describe the interactions between metal atoms. A flat (110) slab model

with size of 153 153 1.7 nm (12 layers) was used inMD simulations combined with pe-

riodic boundary conditions along x and y axes.Meanwhile, an octagonal nanoporewith

diameter about 1 nmwas located at the center of the slab. In order to provide a particle

reservoir for self-healing,we randomlydeleted10%of surfaceatoms. TheNose-Hoover

canonical (NVT) ensemble54 was employed and the temperature was set to be 650 K

(much lower than themeltingpoint) to accelerateMDsimulations. The timestepof simu-

lation was set as 1.0 fs, and the total simulation time was 100 ns.

DFT calculation

In this work, all static calculations, including NEB calculation and formation barrier of

stacking faults, were performed within the framework of density functional theory

(DFT). DFT calculations were carried out with Vienna Ab Initio Simulation Package

(VASP)55 using the projector augmented wave (PAW)56 method and Perdew-

Burke-Ernzerhof (PBE) for exchange-correlation energy. The energy cutoffs were

set at 250 eV for Ag and 230 eV for Au. The Brillouin zone was sampled with 3 3

33 1 k points using the Monkhorst-Pack scheme. Geometrical optimization was fully

achieved with force converge within 0.01 eV/Å.

NEB calculation

In order to determine the minimum-energy path (MEP) for diffusion, NEB calculation

was performed.28,29 The initial configurations of three intermediate replicas were

interpolated in a linear fashion between the first and last replicas. At the first stage

of NEB calculation, the set of replicas converged toward an MEP roughly with force

converge within 0.01 eV/Å. Next, at the second stage, the replica with the highest

energy was selected and driven to the saddle point of the barrier through barrier-

climbing calculation with the same criteria for convergence. After that, we obtained

the energy barrier for different diffusion paths.

Common neighbor analysis

In order to recognize the defects such as stacking faults in MD simulation, common

neighbor analysis57 was applied. In this method, four indexes are used to distinguish

different structures starting with a pair of atoms, a and b:

(1) Values 1 or 2 indicate that a and b are nearest neighbors (i = 1) or not (i = 2)

(2) Indicates the number of nearest neighbors shared by the (a,b) pair (common

neighbors)
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(3) Indicates the number of bonds among the common neighbors

(4) Differentiates diagrams with same (i), (ii), and (iii) indexes and different

bonding among common neighbors

The method performs well to distinguish FCC, body-centered cubic (BCC), HCP

structures for monoatomic system.

Formation barrier of stacking faults

Two slabs with FCC-structured Ag and Au, respectively, modeled by 18 sequentially

stacked close-packed (111) atomic planes (1,008 atoms), were used to calculate the

formation barriers of stacking faults. In the slabs, the vacuum layers with thickness of

�6 nm were built in the direction perpendicular to the slab (z direction) to separate

each slab from the adjacent ones in the next periodic cell, thus minimizing the inter-

action of the slabs. Next, along theMEP (C112D direction), the top eight atomic layers

were shifted by the Burgers vector of the Shockley partial bs= a =

6 C112D (a is the lattice

parameter) to create stacking faults with an artificial stacking sequence ABCABC|

BCABC, as shown in Figures S19E and S19F. During the NEB simulation, the top

three layers and the bottom three layers are fixed, and the remaining atomic config-

urations of the slabs are geometrically relaxed to the MEPs in the three directions

until the force on each atom becomes smaller than 0.01 eV/Å. Finally, the formation

barriers of the stacking faults in Ag and Au are obtained by the energy difference of

the two optimized structures normalized by the area of the stacking faults, as shown

in Figure S19G.

SUPPLEMENTAL INFORMATION

Supplemental information can be found online at https://doi.org/10.1016/j.matt.
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