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clusters or amorphous intermediates 
before the formation of thermodynami-
cally stable nuclei.[7–14] Meanwhile, prenu-
cleation during solidification has not been 
studied owing to the lack of effective tech-
niques. Thus, the existence of interme-
diate structures and the manner of trans-
formation into nuclei remain unclear and 
require atomic-scale investigation.

Some researchers have studied the 
crystal growth process during solidifica-
tion of a Bi and colloid model.[15–21] For 
single-component materials, such as Bi, 
the mechanism of crystal growth is rela-
tively clear. The atoms interact to form 
BiBi bonds with the same arrangement 
as the Bi crystal to form a periodic Bi 
crystal structure (crystallization along the 
[11

–
0] direction).[21] However, for the crystal 

growth processes of multicomponent 
materials (such as binary materials), the manner of precipita-
tion for each component remains unknown; for example, it is 
unclear whether sequential precipitation or simultaneous coor-
dinated precipitation occurs during crystal growth. Answering 
this question is challenging because of the complexity of the 
growth process and technical limitations.

Studying intermediate structures during the prenuclea-
tion and precipitation of each component in multicomponent 
materials is important for understanding solidification theory. 
In this study, nucleation and crystal growth processes during 
the solidification of CuO nanoparticles (NPs) constrained by 
graphene were observed on the atomic scale by in situ trans-
mission electron microscopy (TEM). The results show that 
the intermediate structure of the nucleus is different from the 
crystal, amorphous, and quasicrystal structures. The crystal 
grows more quickly in the [002] direction than in the [111

–
] 

orientations; therefore, two layers of Cu were observed at the 
solid–liquid interface along the [002] orientation. Ultimately, a 
perfect CuO crystal formed. These observations provide intui-
tive evidence for understanding the microscopic solidification 
mechanisms of this system.

In this experiment, Cu nanoparticles were prepared by 
mechanical ball milling and high temperature reduction. First, 
pure Cu powder (5 g, 99.99%, 100 mesh) was treated by ball 
milling in 100 mL CuCl2 solution with [Cl−] = 0.75 × 10−2 mol L−1.  
The rotating speed of ball milling was 400 rpm and the 
duration was 25 h. The size of the mill balls was 15 mm and 
the ballto-powder weight ratio was 20:1. The as-milled product 
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Solidification and melting are key issues in solid-state 
physics[1,2] and materials science,[3–5] but knowledge of their 
mechanisms is lacking. Thus, it is important to establish a 
basic understanding of these elusive process mechanisms. 
Theoretically, the crystallization process during solidification 
consists of two parts: nucleation and crystal growth. In par-
ticular, particles nucleate at one site and grow outward through 
atomic migration and deposition.[6]

However, the classical nucleation theory has certain limita-
tions. For the investigation of crystallization, many researchers 
have reported that multistep pathways involve prenucleation 
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was rinsed with distilled water and then dried in vacuum at 
40 °C for 2 h. Finally, Cu NPs were obtained by reducing the 
resulting products at 400 °C for 15 min under ammonia. The 
prepared Cu NPs were dispersed with ethanol and dropped on a 
heating chip (Wildfire S5, DENSsolutions, Netherlands) before 
in situ TEM experiments. The heating range was 23–1100 °C, 
the heating rate was 30 °C min−1, and the temperature error was 
<5%. The solidification of CuO NPs was observed by using high-
resolution field-emission TEM (Talos F200X, Thermo Fisher 
Scientific) at an accelerating voltage of 200 kV, and video and 
images were recorded using a charge-coupled device camera.

Molecular dynamics (MD) simulations were carried out 
through the large-scale atomic/molecular massively parallel 
simulator (LAMMPS)[22] with a time step of 0.5 fs in the NVT 
ensemble (an ensemble with the number of particles N, the 
volume V and the absolute temperature T in the system) at 
350 K. In the geometry optimizations and MD simulations, the 
atoms in the bottom 5 Å were kept fixed. During the simulation, 
Cu and O atoms were deposited every 5 ps at a distance of >10 Å 
above the solid–vacuum interface. The MD simulation para-
meters for nucleation[23] and growth[24] were taken from previous  
studies. First-principles calculations were performed using 
the DMol3 code,[25] for which the Perdew–Burke–Ernzerhof 
exchange-correlation functional was employed within the gener-
alized gradient approximation.[26] Double numerical plus polari-
zation was chosen as the basis set for other elements. During 
geometry optimizations, the K-points were set as 5 × 5 × 1.

The prepared partially oxidized Cu NPs ranged in size from 
10 to 150 nm (Figure 1a). At 23 °C, the Cu NPs were polyhedrons 
with good crystallinity (Figure 1b), and amorphous carbon 
covered the surface. Owing to the small size of the NPs, the  
melting point was reduced below that of the bulk, meaning they 
melted completely at 1064 °C (Figure 1c). Low magnification 
morphology diagrams of particles at different temperatures are 
shown in Figure S1 in the Supporting Information. The surface 
of the molten droplets was coated with graphene. At such high 
temperatures, amorphous carbon was considered to convert to 
graphene.[27]

During the heat preservation process at 1064 °C, the shape 
of the droplet changed, as shown in Figure 2a. The nucleation 
pathways were strongly influenced by the adhesion of the sur-
faces of the CuO NPs with the carbon capping shell. This can 

be attributed the modification of the surface free energy by 
the carbon-shell substrate.[28–31] Notably, facets formed at the 
surface, which are a precursor to nucleation.[21] After 0.1 s, a 
hat-shaped metastable nucleus intermediate structure formed 
at the lower corner of the droplet (white dotted line) as 
shown in Figure 2b. Magnifying this intermediate structure, 
as shown in Figure 2c, shows that it has a twisted discontin-
uous layered structure with interlayer distances ranging from 
0.21 to 0.24 nm. This configuration is different from the crystal 
(periodic long-range order), amorphous (short-range order, 
long-range disorder), and quasicrystal (ordered without trans-
lational symmetry) structures (Figure 2c). Previous reports have 
shown that amorphous intermediate structures form in mono-
lithic materials.[7] The observed difference may be due to the 
characteristics of the binary materials.

The prenucleation process was also explored via MD simula-
tions by randomly depositing Cu and O atoms on a graphene 
surface. As shown in Figure 2d–f and Movie S2 in the Sup-
porting Information, the Cu atoms initially tend to agglom-
erate on the substrate, and O atoms are relatively dispersed 
(Figure 2d). Subsequently, the increasing number of O atoms 
spread into the Cu cluster (Figure 2e), ultimately forming 
a twisted discontinuous layered structure (Figure 2f). This 
finding may indicate that the solidification process of multi-
component materials is driven by preferential segregation of a 
certain component, following which the other components re-
fuse to form an ordered structure.

With increasing time, an ordered crystal formed and grew 
toward the inside of the droplet, as shown in Figure 3a–e. 
Additionally, the fast Fourier transform of particles at 
different times during solidification were shown in Figure S2  
in the Supporting Information. The increase in thickness of 
the crystal plane was analyzed by recording the position of 
the solid–liquid interface at different times (Figure 3e). The 
growth rate in the [002] orientation was significantly higher 
than that in the [111

–
] direction until the final-order CuO 

particle formed. First-principles calculations revealed that the 
surface energy of the {002} plane is higher than that of the 
{111

–
} plane (Figure S3, Supporting Information). This result is 

similar to the previously observed growth pathways of octahe-
dral Pt3Ni NPs under CO,[32] wherein the layer-by-layer growth 
of the {111} facet was inhibited by CO.
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Figure 1. Characterizations of partially oxidized Cu NPs at different temperatures. a) Low-magnification TEM image of NPs at 23 °C. Inset: XRD pattern. 
b) TEM image of one CuO NP. c) Droplet of a partially oxidized Cu NP after melting at 1064 °C. Inset: corresponding diffraction pattern.
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It is well known that during rapid solidification processes, 
defects form easily inside the crystal. Before 0.5 s, the growth 
rate of the crystal was high, as shown in Figure 3e, resulting 
in a stacking fault inside the crystal (Figure 3a). After crystal 
growth was completed, the left part of the particle trans-
lated upward (Figure 3c), and the stacking fault disappeared, 
resulting in a perfect crystal (Figure 3e).

At the prenucleation stage of solidification, the Cu and  
O atoms are not synergistically precipitated; this same pheno-
menon appears during the crystal growth process. Occasionally, 
the interplanar spacing of the topmost layer at the solid–liquid 
interface is 0.21 nm along the [002] orientation (Figure 3f; 
Figure S4, Supporting Information). This spacing is smaller 
than the internal interplanar spacing (0.25 nm) and is the same 
as that for Cu (111). This finding may indicate that Cu layers 
form at the solid–liquid interface during the solidification pro-
cess. Subsequently, Cu combines with O to form CuO crystals 
owing to O diffusion (Figure S5, Supporting Information). The 
above analysis was further supported by the MD simulations. 
The structures of the three different low-index crystal facets—
(111), (110), and (100)—of Cu flake epitaxial growth on a CuO 
substrate were calculated, and the corresponding total energy 
evolution profiles are shown in Figure 3g. In the initial stage of 
the simulation (0–10 ps), the energy of the Cu (111) layer was 
significantly lower than that of the other two crystal facets, indi-
cating that the (111) facet is the most favorable. Notably, the con-
figurations of the (110) and (100) facets gradually evolved into 
the (111) facet, whereas the structure of the (111) facet did not 
obviously fluctuate during the simulation (Movies S3–S5, Sup-
porting Information). Thus, in the later stage of the simulation, 

the energy difference between the three crystal facets decreases 
owing to structural convergence. This theoretical calculation 
demonstrates that the Cu (111) layer is the most favorable con-
formation for epitaxial growth on the CuO (002) surface, which 
is in accordance with the TEM observations.

In previous studies, solidification was considered a process 
of mutation with an extremely short time span,[33] making it 
highly difficult to observe. In our work, because the surface of 
the droplet was constrained by graphene, the solidification time 
was extremely prolonged, which enabled easy and clear moni-
toring of the nucleation and crystal growth. This method can 
be applied to observe the solidification process of other drop-
lets, as evidenced by MD calculations regarding melting.[34] The 
wide applicability of this method will be of great significance to 
the development of solidification theory.

The solidification process of CuO NPs constrained by 
graphene was observed using in situ high-resolution TEM 
(HRTEM). The experimental and theoretical results show 
that the intermediate structure before nucleation is different 
from the crystal, amorphous, and quasicrystal structures. In 
the prenucleation stage, Cu atoms tend to agglomerate on the 
substrate, and the increased number of surrounding O atoms 
diffuses into the Cu cluster to form a twisted discontinuous 
layered structure. During the crystal growth process, the [002] 
orientation grows faster than the [111

–
] orientation because of 

the higher energy of the (002) plane. Furthermore, at the solid–
liquid interface, an intermediate growth structure of two Cu 
layers can sometimes form. Subsequently, O diffuses into this 
structure and combines with Cu atoms to form CuO crystals. 
These observations of the evolution of solidification dynamics 

Adv. Mater. Interfaces 2020, 7, 1902047

Figure 2. Nucleation process of CuO droplets during solidification. a) Formation of surface facets before nucleation. b) HRTEM image of the interme-
diate structure of the nucleus. c) Enlarged view of the intermediate structure of the nucleus shown in (b). The red dotted line represents the outline, 
and the cyan dotted lines represent layers of the intermediate structure. d–f) Snapshots of MD-simulated Cu and O atom deposition on graphene at 
100, 200, and 400 ps. Yellow balls: Cu atoms; red balls: O atoms; gray balls: C atoms. (a–c) are taken from Movie S1 in the Supporting Information. 
(d–f) are taken from Movie S2 in the Supporting Information.
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provide fundamental evidence for understanding the nuclea-
tion and growth mechanisms. Moreover, the method used in 
this study will provide new directions for solidification theory 
research.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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Figure 3. Crystal growth of CuO NPs. a–d) TEM images of CuO crystal at different times. The yellow and green dotted lines correspond to the (002) 
and (11-1) facets, respectively, and the images have the same scale bar. The SF in (c) represents stacking faults formed during the growth of CuO NPs, 
with the solid white line representing its Burgers loop and the arrow representing its slip direction to make it invisible. e) Variation in crystal thickness 
of (002) and (11-1) orientations versus time. f) Growth intermediate structure of CuO NP. f) HRTEM image of the intermediate structure during CuO 
crystal growth. The inset shows an enlarged image of the area within the white box. g) Time evolution of the total energy of Cu (111), (110), and (100) 
flakes grown on a CuO (002) substrate.
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