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1. Introduction

Noble metal nanomaterials have dem-
onstrated outstanding performance in 
broad applications, including catalysis,[1] 
sensor,[2] optics,[3] etc., owing to their 
unique physicochemical properties.[4] As 
known, the properties and functions of 
nanomaterials are greatly dependent on 
their atomic structures.[5] Recently, phase 
engineering of nanomaterials (PEN) is 
emerging as a promising strategy for mod-
ulating nanomaterial properties by con-
trolling their atomic structures.[6] As one 
of the important PEN strategies, phase 
transformation enables the formation of 
nanomaterials with new phases that may 
not be readily prepared by conventional 
synthetic methods. Up to date, several 
phase transformation techniques, such as 
surface modification,[7] high-temperature 
annealing,[8] electron-beam irradiation,[9] 
and high-pressure compression,[10] have 

Control of structural ordering in noble metals is very important for the 
exploration of their properties and applications, and thus it is highly desired 
to have an in-depth understanding of their structural transitions. Herein, 
through high-pressure treatment, the mutual transformations between 
crystalline and amorphous phases are achieved in Pd nanosheets (NSs) and 
nanoparticles (NPs). The amorphous domains in the amorphous/crystalline 
Pd NSs exhibit pressure-induced crystallization (PIC) phenomenon, which is 
considered as the preferred structural response of amorphous Pd under high 
pressure. On the contrary, in the spherical crystalline@amorphous core-shell 
Pd NPs, pressure-induced amorphization (PIA) is observed in the crystalline 
core, in which the amorphous-crystalline phase boundary acts as the initia-
tion site for the collapse of crystalline structure. The distinct PIC and PIA 
phenomena in two different heterophase Pd nanostructures might originate 
from the different characteristics of Pd NSs and NPs, including morphology, 
amorphous-crystalline interface, and lattice parameter. This work not only 
provides insights into the phase transition mechanisms of amorphous/crys-
talline heterophase noble metal nanostructures, but also offers an alternative 
route for engineering noble metals with different phases.

The ORCID identification number(s) for the author(s) of this article 
can be found under https://doi.org/10.1002/smll.202106396.
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been reported to prepare noble metal nanomaterials with new 
phases, including unconventional crystalline and amorphous 
phases.

Particularly, the static high pressure technique using dia-
mond anvil cell offers comprehensive structure-property infor-
mation during compression.[11] Meanwhile, high pressure is 
able to continuously modulate material structures without 
changing composition, allowing for the in-situ characteriza-
tion of crystal structures under compression. At high pressure, 
two kinds of opposite transitions can be realized, i.e., pressure-
induced amorphization (PIA) and pressure-induced crystal-
lization (PIC).[12] The PIA refers to the structural destruction 
with the loss of atomic ordering, which is often observed at 
high pressure.[12a,b] However, only in very few materials (e.g., 
metallic glass, amorphous ice, vitreous ZnCl2),[12c–e] the amor-
phous structures can be crystallized at high pressure, which 
normally correlates with the activation energy decrease and 
diffusivity variation of the materials. Systematic PIA and PIC 
studies could offer a deep understanding of the structural prop-
erties of order and disorder states, which are important for 
controlling the structural ordering and the phase engineering 
of materials. To the best of our knowledge, neither PIA nor 
PIC has been observed in noble metal nanomaterials. In this 
work, two kinds of heterophase Pd nanomaterials, i.e., ultrathin 
amorphous/crystalline Pd nanosheets (NSs)[5c] and crystal-
line@amorphous core-shell Pd nanoparticles (NPs),[5d] are used 
for the high-pressure study. The pressure-induced behaviors of 
such Pd nanomaterials are revealed to be strongly dependent 
on their structural characteristics, including morphology, amor-
phous-crystalline interface, and lattice parameter. Distinct PIC 
and PIA responses are observed in the heterophase Pd NSs and 
NPs, respectively.

2. Results and Discussion

The amorphous/crystalline heterophase Pd NSs with a thick-
ness of ≈1 nm are synthesized based on the previous report,[5d] 

in which the face-centered-cubic (fcc) and amorphous domains 
are randomly distributed (Figures 1a, Figure S1 in Supporting 
Information). Their poor crystallinity is confirmed by the dif-
fuse rings in the corresponding selected area electron diffrac-
tion (SAED) pattern (Figure 1a, inset). The clear lattice fringes 
of 1/3(422) planes with the interplanar distance of 2.36 Å in the 
high-resolution transmission electron microscopy (HRTEM) 
image (Figure  1b) and bright spots in the corresponding fast 
Fourier transform (FFT) pattern (Figure  1c) are observed in 
crystalline domains. The kinematically forbidden 1/3(422) spots 
are observed, which should originate from the existence of (111) 
twinning within the layers and the atomically thin layers.[13] 
This observation is consistent with the previously reported fcc 
Pd nanosheets, suggesting that the basal plane of these Pd crys-
talline domains is {111}.[13] In contrast, the amorphous domains 
exhibit disordered atomic arrangements in the HRTEM image 
(Figure 1d) and diffuse rings in the corresponding FFT pattern 
(Figure 1e).

In addition to the “local” atomic arrangements character-
ized by TEM, angle-dispersive X-ray diffraction (ADXRD) pat-
terns provide the fingerprint of “global” structural informa-
tion of these crystalline and amorphous phases. As shown in 
Figure 2a, these as-synthesized amorphous/crystalline het-
erophase Pd NSs exhibit two sets of diffraction peaks, corre-
sponding to the crystalline phase (blue) and amorphous phase 
(red), respectively. The broad amorphous peak, which locates 
at a lower diffraction angle compared to the (111) diffraction 
peak, is attributed to the larger average atomic distance of dis-
ordered atomic conformation in amorphous domains.[14] As the 
pressure continuously increases from 1 atm to 50.8 GPa, all the 
diffraction peaks in the ADXRD patterns shift towards larger 
diffraction angles (Figure 2a and Figure S2, Supporting Infor-
mation), indicating the structural contraction of both crystalline 
and amorphous phases in Pd NSs.[15] Notably, the diffraction 
peak of the amorphous phase gradually merges into that of the 
crystalline phase. Peak fitting shows that the amorphous signals 
become weaker and weaker above 5.0 GPa and completely dis-
appear at 39.5 GPa. Such pressure-induced variations result in 
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Figure 1.  TEM characterizations of as-synthesized amorphous/crystalline heterophase Pd NSs before compression. a) TEM image of a representa-
tive amorphous/crystalline heterophase Pd NS. The crystalline areas are enclosed by dashed yellow curves. Inset: the corresponding SAED pattern.  
b) HRTEM image and c) the corresponding FFT pattern of the dashed blue square in (a). d) HRTEM image and e) the corresponding FFT pattern of 
the dashed red square in (a). The thickness and lateral size of the Pd NSs are ≈1 nm and several hundred nanometers, respectively.
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the continuously decreased peak intensity ratio of amorphous 
peak to crystalline (111) peak (Iam/I(111)) in Figure S3, Supporting 
Information). Meanwhile, it indicates that structural transfor-
mation of Pd NSs from the amorphous phase to the crystalline 
phase, i.e., PIC, occurs between 5.0 and 39.5 GPa.

Upon releasing pressure to ambient conditions, the diffrac-
tion peaks of the crystalline phase shift back to their initial posi-
tions (Figure S4, Supporting Information), due to the decom-
pression-induced volumetric expansion of the crystalline phase. 
However, only the crystalline phase is detected in the recovered 
ADXRD pattern, demonstrating the irreversible PIC phenom-
enon in Pd NSs (Figure 2b), which has also been confirmed by 
TEM characterizations. As shown in Figure 2c,d, the quenched 
Pd NSs are easy to be torn, exhibiting polycrystalline domains 
in which lattice fringes are arranged in random orientations. 
Meanwhile, the SAED pattern shows unambiguous electron dif-
fraction rings (Figure 2e), which is indicative of the high crys-
tallinity of the recovered sample with fcc structure (Figure 2f). 
Compared to the amorphous Pd, the higher thermodynamic 
stability of fcc phase should account for the irreversible pres-
sure-induced phase transition in Pd NSs.[15] Moreover, due to 
the two-dimensional morphology, Pd NSs are easily broken into 
multiple domains under compression.

Furthermore, Pd NPs with different amorphous-to-crystalline 
ratios are also studied, i.e., Pd NPs with pure fcc phase (fcc-Pd 
NPs), and crystalline@amorphous core-shell Pd NPs with lower 
and higher amorphous percentages, referred to as Pd NPs-L and 

Pd NPs-H, respectively (Figure 3). The Pd NPs-L and Pd NPs-H 
are obtained through the ligand exchange of oleylamine coated 
on fcc-Pd NPs with bismuthiol I (See the experimental section 
in Supporting Information). As shown in Figure 3a, the amor-
phous signals gradually increase from fcc-Pd NPs to Pd NPs-H 
in the ADXRD patterns. Meanwhile, the ADXRD patterns show 
the slight structural expansions of fcc lattices from fcc-Pd NPs 
to crystalline@amorphous core-shell Pd NPs, which could be 
induced by the increased amorphization within the structures 
(Table S1, Supporting Information). The TEM and SAED char-
acterizations (Figure  3b,c) indicate that the fcc-Pd NPs with 
highly crystalline structures exhibit sharp electron diffraction 
rings. The clear lattice fringes of (111) planes (interplanar dis-
tance of 2.33 Å) are observed (Figure 3d), showing bright spots 
in the corresponding FFT image (Figure 3e). The obtained crys-
talline@amorphous core-shell Pd NPs-L exhibits continuous 
lattice fringes in the core and disordered atomic arrangements 
in the shell (Figure  3f–h). Compared with the fcc-Pd NPs, a 
slight lattice expansion is observed in the crystalline domain of 
Pd NPs-L ((111) interplanar distance of 2.37 Å), which is con-
sistent with the ADXRD result. The relatively low crystallinity 
of Pd NPs-L can also be confirmed with the diffuse rings and 
blurred spots in the corresponding SAED (Figure 3g) and FFT 
(Figure  3i) patterns, respectively. Compared with the fcc-Pd 
NPs and Pd NPs-L, Pd NPs-H possesses a higher percentage 
of the amorphous phase. Although the diffraction signal of the 
crystalline phase can still be detected in the ADXRD patterns 
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Figure 2.  Ambient and high-pressure characterizations of amorphous/crystalline heterophase Pd NSs. a) Representative ADXRD patterns of the 
amorphous/crystalline heterophase Pd NSs under the pressure from 1 atm to 50.8 GPa. The diffraction spectra are normalized and fitted using the 
combined function of Lorentz and Gaussian functions. The diffraction signals of the amorphous phase and crystalline phase are shown in red and 
blue, respectively. b) ADXRD pattern of the recovered sample after decompression from 50.8 GPa to 1 atm. c) TEM image of the recovered Pd NSs. 
d) HRTEM image of the dashed blue square in (c). e) SAED pattern of the recovered Pd NSs. f) Schematic illustrations of atomic arrangements and 
(111) planes in Pd with fcc phase.
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(Figure 3a), it is difficult to clearly distinguish the lattice fringes 
in the TEM images (Figures 3j–l). The Pd atoms are observed 
to be randomly arranged with little periodicity, thus exhibiting 
blurred rings in both SAED and FFT patterns (Figures 3k–m).

High-pressure structural behaviors of these Pd NPs are 
deduced through their ADXRD patterns (Figure 4). The struc-
ture of fcc-Pd NPs keeps continuous contraction over the course 
of pressurization up to 50.3  GPa (Figure  4a). Through fitting 
the pressure-volume (P–V) data with the third-order Birch−
Murnaghan equation of state, the bulk modulus (B0) of fcc-Pd 
NPs is determined to be 291.16  GPa (Figure S5, Supporting 
Information). This value is much higher than the B0 value of 
bulk Pd (about 190  GPa), suggesting the higher stiffness and 
less compressibility of fcc-Pd NPs during compression.[16] A 
similar size effect has also been observed in Au NPs at high 
pressure.[17] As for the Pd NPs-L, the continuously increased 
amorphous signals and decreased crystalline ones are simul-
taneously observed from 8.9  GPa to 47.3  GPa (Figure  4b and 
Figure S6, Supporting Information). The relative peak inten-
sity ratio of crystalline phase to amorphous phase (I(111)/Iam) 
also gradually decreases in this pressure range (Figure S7, 
Supporting Information). Such evolution indicates the crys-
talline-to-amorphous transformation, i.e., PIA, occurs in the 
Pd NPs-L, which is contrary to the PIC phenomenon in the 
amorphous/crystalline Pd NSs. In addition, the PIA response 
of the fcc cores in the crystalline@amorphous Pd NPs-L differs 
from the continuous contraction of fcc-Pd NPs, suggesting that 
the amorphous shell could facilitate the occurrence of PIA in 
the fcc core of Pd NPs-L. Compared to the Pd NPs-L, the Pd 

NPs-H exhibits similar PIA responses (Figure  4c and Figure 
S8, Supporting Information). The relative peak intensity ratio 
of I(111)/Iam begins to decrease at 3.2 GPa and becomes zero at 
26.4  GPa (Figure S9, Supporting Information). The promoted 
PIA process in Pd NPs-H indicates that the higher amount of 
amorphous shell gives rise to the lower stability of the crystal-
line@amorphous core-shell Pd NPs during compression.

After releasing pressure from 50.3  GPa to ambient condi-
tions, the recovered fcc-Pd NPs exhibit no obvious changes in the 
ADXRD pattern (Figure 5a) and TEM analyses (Figure  5b–e),  
as compared to the original fcc-Pd NPs (Figures  3a–e).  
The observed interplanar distance of (111) remains 2.33 Å, 
same as the original one (Figure  3d), after releasing pressure 
(Figure  5d), indicating the reversible lattice contraction of 
the crystalline phase in fcc-Pd NPs under high pressure. As 
for the recovered Pd NPs-L, compared with the original one 
(Figures  3a,f,i), the enhanced diffraction signal of the amor-
phous phase (Figure  5a) verifies the increased percentage of 
amorphous structure. Meanwhile, the recovered Pd NPs-L 
(Figure 5f) shows diffuse rings in the SAED pattern (Figure 5g), 
and no clear lattice fringes (Figure 5h) or FFT spots (Figure 5i) 
are observed. Importantly, in the recovered Pd NPs-H, only an 
amorphous signal appears in the ADXRD pattern (Figure 5a), 
and the atomic disorder is confirmed by TEM characterization 
(Figures 5j–m). These results indicate that the PIA behaviors of 
Pd NPs-L and Pd NPs-H are irreversible after the high-pressure 
treatment.

Based on the aforementioned high-pressure behaviors of Pd 
NSs and Pd NPs, the mechanisms of their structural responses 
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Figure 3.  Ambient characterizations of as-prepared Pd NPs before compression. a) ADXRD patterns of three kinds of Pd NPs (fcc-Pd NPs, Pd NPs-L, 
and Pd NPs-H) at ambient conditions. For clarity, the intensities of diffraction signals of fcc-Pd NPs and Pd NPs-H are multiplied by 0.25 and 1.5, 
respectively. The diffraction peaks of the amorphous phase and crystalline phase are shown in red and blue, respectively. b–m) The representative TEM 
images (b, f, j), SAED patterns (c, g, k), HRTEM images (d, h, l), and FFT patterns (e, i, m) of fcc-Pd NPs (b–e), Pd NPs-L (f–i), and Pd NPs-H (j–m). 
The blue and red circles represent the crystalline and amorphous regions in the NPs, respectively.
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Figure 4.  High pressure-induced structural evolutions of Pd NPs. a) Representative ADXRD patterns of fcc-Pd NPs under the pressure increased from 
1 atm to 50.3 GPa. b) Representative ADXRD patterns of Pd NPs-L under the pressure increased from 1 atm to 47.3 GPa. c) Representative ADXRD 
patterns of Pd NPs-H under the pressure increased from 1 atm to 43.6 GPa. The diffraction peaks highlighted with blue and red colors correspond to 
the diffraction signals of crystalline phase and amorphous phase in Pd NPs, respectively. The diffraction data are normalized for clarification.

Figure 5.  Structure characterizations of the recovered Pd NPs after compression. a) ADXRD patterns of the recovered fcc-Pd NPs, Pd NPs-L, and Pd 
NPs-H at ambient conditions after decompressions from 50.3, 47.3, and 43.6 GPa to 1 atm, respectively. The intensity of the diffraction signal of fcc-Pd 
NPs has been multiplied by 0.5. The diffraction peaks highlighted with blue and red colors correspond to the diffraction signals of crystalline phase 
and amorphous phase in Pd NPs, respectively. (b–m) Representative TEM images (b, f, j), SAED patterns (c, g, k), HRTEM images (d, h, l), and FFT 
patterns (e, i, m) of the recovered fcc-Pd NPs (b–e), Pd NPs-L(f–i) and Pd NPs-H (j–m), respectively.
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are proposed as follows. The fcc phase of Pd is thermodynami-
cally stable at both ambient and high-pressure conditions.[16] 
Upon compression, the fcc-Pd is stable with continuous con-
traction, which is confirmed by the high-pressure structural 
responses of the fcc-Pd NPs and the fcc domains in the amor-
phous/crystalline Pd NSs. As for the amorphous Pd, high 
entropy due to disordered atomic arrangement and unsaturated 
bonds in the amorphous noble metal phase makes them meta-
stable. Hence, amorphous Pd is expected to crystallize into a 
stable fcc phase at high pressure,[15] as evidenced by the PIC 
phenomenon of the amorphous domains in the amorphous/
crystalline Pd NSs. However, it is worth mentioning that 
the structural characteristics of noble metal nanomaterials, 
including dimension, morphology, and interface, could affect 
the structural response at high pressure.[11e] The distinct pres-
sure-induced phase transitions in the amorphous/crystalline 
Pd NSs (PIC) and the crystalline@amorphous core-shell Pd 
NPs (PIA) can be ascribed to their different structural nature.[18] 
First, high pressure is able to induce the misfit dislocations at 
the heterophase interfaces, resulting in the segregation of two 
phases along the boundaries.[18a] The two-dimensional sheet-
like morphology of Pd NSs could contribute to the pressure-
induced domain separation along the amorphous-crystalline 
phase boundaries, as demonstrated by the multiple domains in 
the recovered sample (Figure 2c). In this case, the amorphous 
domains are expected to undergo their own structural response 
of PIC, which is not affected by the phase boundaries. However, 
in the spherical amorphous/crystalline core-shell Pd NPs, since 
the crystalline cores are coated by the amorphous shells, it is 
impossible to separate them at high pressure. The external force 
transfers from the outer amorphous shell to the inner crystal-
line core during compression, and the presence of internal het-
erophase interfaces in the Pd NPs are expected to affect their 
phase transition behavior. As the external force increases, the 
amorphous-crystalline interface acts as the initiation site to 
facilitate the phase transformation of the crystalline core.[15,19] 
In addition, compared with the Pd NSs, slight lattice expan-
sions occur in the starting amorphous/crystalline core-shell Pd 
NPs (Table S1, Supporting Information). The lattice expansion 
in nanomaterials can modify the energy of the system, soften 
the shear modulus and Poisson ratio, reduce the phase tran-
sition pressure, and promote the instability of the structure at 
high pressure.[18c] Hence, the larger inter-planar distance of the 
crystalline cores in heterophase Pd NPs might also contribute 
to the structural collapse at high pressure. Other factors such as 
different surface energies and surface ligands might also affect 
the structural stabilities of Pd NSs and Pd NPs.[18,19]

3. Conclusion

In summary, under high pressure, the unusual PIC and PIA 
phenomena are observed in the amorphous/crystalline hetero-
phase Pd NSs and crystalline@amorphous core-shell Pd NPs, 
respectively. Structural responses of Pd nanostructures greatly 
depend on their structural characteristics. The amorphous/
crystalline Pd NSs exhibit PIC response, which should be the 
preferred structural behavior of amorphous Pd at high pres-
sure. In contrast, the crystalline@amorphous Pd NPs show 

PIA behavior, which could be affected by the interface between 
the crystalline core and amorphous shell, and expanded lattice 
structures of the crystalline cores. This work not only gives a 
deep understanding of the transition between amorphous and 
crystalline phases in noble metals, but also provides an alter-
native way for phase engineering of noble metals with meta-
stable structures, which can be used for the exploration of 
phase-dependent unique properties and various promising 
applications.

4. Experimental Section
Experimental details are provided in the Supporting Information.

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