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A Universal Strategy toward Ultrasmall Hollow Nanostructures
with Remarkable Electrochemical Performance

Minmin Fan,*2®! Dankui Liao,*™ Mohamed F. Aly Aboud, Imran Shakir, and Yuxi Xu*@

Abstract: Hollow nanostructures have shown enormous potentials in
many fields, but the convenient synthesis of ultrasmall hollow
nanostructures with a wide range of compositions remains a
considerable challenge. Herein, we report a facile and versatile
microwave-assisted and shell-confined Kirkendall diffusion strategy to
fabricate a variety of ultrasmall hollow nanoparticles by modulating
the growth and thermal conversion of metal-organic framework (MOF)
nanocrystals on graphene. Unlike traditional thermal treat route, our
method involves that the adsorption of microwave by graphene
creates a high-energy environment in a short time to decompose the
in-situ grown MOF nanocrystals into well-dispersed uniform core-shell
nanoparticles with ultrasmall size rather than large aggregated
particles. Upon a newly disclosed shell-confined Kirkendall diffusion
process, a series of hollow nanoparticles of multi-metal oxides,
phosphides, and sulfides with the diameter below 20 nm and shell
thickness below 3 nm can be successfully obtained for the first time.
We further revealed that ultrasmall hollow nanostructure such as
Fe,O; can promote much faster charge transport and expose more
active sites as well as migrate the volume change stress more
efficiently than the solid and large hollow counterparts, thus
demonstrating remarkable lithium-ion storage performance including
ultrahigh reversible capacity (1167 mAh g' at 0.2 A g1), excellent rate
performance (701 mAh g* at 5 A g') and outstanding cycling stability
(97.8% after 1200 cycles at 5 A g*), which is among the best results
reported so far. This study provides an exciting way to design hollow
nanostructured functional materials for electrochemical energy
storage and beyond.

Introduction

Hollow nanomaterials have attracted growing attention in recent
years due to their structure-induced intriguing properties and wide
applications, including energy storage, solar cells, catalysis, gas
sensors and drug delivery.¢ However, the fabrication of hollow
nanostructures in a controllable manner remains a considerable
challenge.["® To date, there are several developed approaches,
o1 typically hard/soft-templating and self-templating, to generate
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hollow nanomaterials. Among them, the Kirkendall effect, which
is caused by the differences in diffusion direction and speed
between different ions in the synthesis process, is demonstrated
to be a simple and effective self-templating method.*?-*% In this
regard, with pure bare metal nanoparticles as precursors, liquid-
phase injection synthesis and solid-gas reaction have been
mostly employed to produce hollow metallic compounds
nanostructures.l'®8 For example, hollow CoSe,,!% Fe,03,17
Fes04,18 C0gSg, 1 PdP,,RPY and Ni,PPU nanoparticles were
successfully fabricated. However, these preparation methods
usually yield relatively large hollow nanoparticles (>40 nm) with
single metal components, which suffer from the inefficient large-
scale preparation of dispersed/discrete metal nanoparticles and
uncontrollable Kirkendall diffusion process.172% Therefore, it is
essential to develop a new and effective strategy to synthesize
ultrasmall hollow nanomaterials with enriched compositions and
types for understanding the fundamental structure-property
relationship and realizing high-performance applications.??

Metal-organic frameworks (MOFs) are a class of inorganic-
organic hybrid metal coordination compounds formed by linking
inorganic and organic units through coordination bondings.2324
Recently, considerable attention has been focused on employing
pyrolysis of MOFs as self-sacrificial templates for the synthesis of
hollow materials in energy storage because hollow nanoparticles
such as oxides, sulfides, and etc. derived from MOFs often exhibit
distinct merits such as uniform size, hierarchical porosity, and
large surface area.?>2¢1 However, few hollow materials less than
100 nm have been achieved so far mainly due to the formidable
obstacle in controllable synthesis and conversion of ultrasmall
MOFs precursors in the whole process.

Herein, we report a universal microwave-assisted and
confined-diffusion strategy to fabricate a series of ultrasmall
hollow nanoparticles with ultrasmall MOF nanocrystals uniformly
grown on graphene as precursors. The adsorption of microwave
by graphene creates a high-energy environment to decompose
the MOFs nanocrystals into well-dispersed ultrasmall core-shell
nanoparticles, and upon a newly disclosed shell-confined
Kirkendall diffusion process, ultrasmall hollow nanoparticles can
be successfully obtained (Figure 1). Compared with previous
work,?”?% our method possesses several significant features: (i)
The MOFs nanocrystals synthesized by our excessive metal ion
induced assembly method have an average size below 10 nm and
the metal components of MOFs are highly adjustable without any
stoichiometry problems. (ii) Unlike traditional thermal treat route,
the microwave-assisted process decomposed MOFs into
separated metal and carbon/nitrogen-containing gases in
seconds rather than aggregated metal and carbon composites,
which ensures that the carbon layer can quickly wrap the
dispersed metal, resulting in well-dispersed ultrathin carbon
encapsulated ultrasmall core-shell nanoparticles. (iii) Interestingly,
the carbon shells can not only act as reaction interfaces, but also
have a space-limiting effect in the Kirkendall diffusion process,
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Figure 1. Schematic illustration of the synthesis process of the hollow nanoparticles/RGO. (a) Excessive metal ions induced growth of ultrasmall MOFs nanocrystals
on GO. (b) Microwave-assisted rapid synthesis of ultrasmall core-shell nanoparticles on RGO. (c) Shell-confined Kirkendall process for synthesis of ultrasmall hollow

nanoparticles on RGO.

which efficiently control the sizes of hollow nanostructures almost
same as those of the core-shell nanoparticles precursors and
inhibit the fusion of hollow nanostructures. With these features,
we can obtain a series of ultrasmall hollow nanomaterials
including metal phosphides, metal sulfides, single metal oxides,
binary metal oxides, and ternary metal oxides with the smallest
diameter down to 10 nm. To the best of our knowledge, there is
no report for the preparation of hollow ternary oxides and only
very limited binary metal oxides and the diameter of the hollow
nanoparticles synthesized by our method is the smallest among
the hollow materials synthesized by MOFs as precursors. As a
proof of concept, we further reveal that the ultrasmall hollow
Fe,03 can promote much faster charge transport and ion diffusion
as well as relieve the volume change stress more efficiently than
the larger hollow and solid counterparts for the electrochemical
reaction, thus demonstrating ultrahigh reversible capacity (1167
mAh g at 0.2 A g* after 110 cycles), excellent rate performance
(701 mAh g* at 5 A g?) and outstanding cycling stability (97.8%
after 1200 cycles at 5 A g'!) as anode for lithium-ion battery, which
is among the best reported results.

Results and Discussion

Prussian blue (PB) and prussian blue analogues (PBAs) both are
a kind of classical MOFs that could be easily prepared by co-
precipitation of metal cations and cyanometallate anions in

aqueous solution. The highly tunable metal components as well
as the low cost have made PB/PBAs ideal precursors for the
fabrication of various functional derivatives. However, the rapid
coordination reaction between metal cations and cyanometallate
anions usually resulted in large aggregates (Figure S1), which is
detrimental to reduce the size of derivatives. We first developed a
versatile excessive-metal-ion-induced-assembly method to grow
ultrasmall PB/PBA nanoparticles on graphene oxide (GO).
Specifically, upon adding excessive metal ions into a
homogenous solution of GO and cyanometallate ions, a portion of
metal ions reacted with cyanometallate anions to form PB/PBAs
and excessive metal ions adsorbed on the surface of PB/PBAs,
which promoted the effective deposition of PB/PBAs
nanoparticles on GO with oxygen-containing groups by
electrostatic and coordination interactions and inhibited the
overgrowth of PB/PBAs. As shown in Figure 2a-c, the PB
nanoparticles with average size of 5.2 nm were uniformly
distributed on GO surface. The Raman spectra (Figure S2a), X-
ray diffraction (XRD) (Figure S2b) and Fourier transform infrared
spectroscopy (FTIR) (Figure S2c) results confirmed the growth of
PB nanoparticles on GO. Meanwhile, other ultrasmall PBAs
nanoparticles such as Ni-Ni PBA, Ni—-Fe PBA, Fe-Co PBA, and
FeNi—Co PBA with sizes below 10 nm can also be obtained by
this method (Figure S3 and S4). Here the ultrasmall hollow Fe,03
nanopatrticles derived from
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Figure 2. (a) SEM and (b, ¢) TEM images of the PB/GO aerogel. (d) TEM and (e) HRTEM and (f) STEM image, SAED pattern and element mapping (C, Fe) of
FesC@C/RGO. (g) TEM, (h) HRTEM and (i) STEM image and element mapping (C, Fe, O) of S-H-Fe203/RGO.

PB/GO precursor was chosen as a model to demonstrate our
concept firstly. By freeze-drying of the PB/GO dispersion,
monolithic aerogel (Figure 2a insert) was obtained and it was
further irradiated by microwave under Ar gas. Once the bright
spark appeared, the color of PB/GO sponge changed to black
immediately within 10 s (Figure S5). As shown in Figure 2d, the
original PB nanoparticles were all converted to core-shell
nanoparticles with average size of 18 nm and shell thickness of 3
nm, which were evenly distributed on the surface of reduced GO
(RGO). The high-resolution transmission electron microscopy
(HRTEM) (Figure 2e) and the scanning transmission electron
microscopy (STEM) image as well as selected area electron
diffraction (SAED) pattern and elemental mappings (Figure 2f)
confirmed that the core-shell nanoparticles were Fe;C@C

nanoparticles and well-dispersed on RGO due to the
instantaneous reaction process. The Raman (Figure S2a) and
XRD (Figure S2b) results also confirmed the decomposition and
transformation of PB to Fe;C@C and the GO was effectively
reduced.3 |t should be noted that the traditional programmed
heating method could not produce such exquisite nanostructure.
Upon the programmed heating to 800 °C for 2 h, the obtained
product was large and partially aggregated iron/carbon composite
(FexC) nanoparticles with a large average size around 50 nm and
without any shells (Figure S6). It could be ascribed to that the
adsorption of microwave by graphene created a high-energy
environment in a short time to decompose PB into separated
metal and carbon/nitrogen-containing gases in the initial stage
rather than the aggregated metal/carbon composites presented in
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Figure 3. Formation mechanism and conversion process of hollow Fe203 nanoparticles derived from core-shell FesC@C nanoparticles by the shell-confined
Kirkendall diffusion effect (a). The TEM images of the products annealing in the air at different stages of (b) 200 °C 0 h, (c) 350 °C 0 h, (d) 350 °C 0.5 h, (e) 350 °C

1.5 h, (f) 350 °C 2.5 h.

traditional programmed heat treatment. Then, the redeposition of
carbon-gases enabled the rapid wrapping and isolation of the
dispersed metal particles, vyielding uniform core-shell
nanocrystals with ultrasmall size. This significant difference
clearly demonstrated the unigqueness of microwave-assisted
process in fabrication of discrete ultrasmall core-shell
nanoparticles derived from MOF precursors. In addition, GO
could not only facilitate the in-situ growth of ultrasmall PB/PBAs
nanoparticles, but also were essential for this ultrafast microwave-

assistant reaction due to its functionality of microwave susceptors.

The conversion reaction of PB would not happen even after
microwave irradiation for 30 min without GO (Figure S7). With the
well-dispersed ultrasmall core-shell FesC@C nanoparticles as
unique precursors, we could further convert them to ultrasmall
hollow Fe,O3; nanoparticles through nanoscale Kirkendall effect
by simple heating at 350 °C in air. Interestingly, the hollow Fe,O3
nanoparticles were still uniformly dispersed on RGO surface
without any aggregation and showed an average size of 18 nm
and thickness of 3 nm, almost the same size of the Fe;C@C
nanoparticles (Figure 2g-i). The HRTEM image (Figure 2h) and
SAED pattern (Figure S8), as well as Raman (Figure S2a), XRD
(Figure S2b) and XPS (Figure S9) results fully confirmed the
transformation of FesC@C to Fe,0s.

To further understand this conversion process from core-shell
FesC@C to hollow Fe;Os;, we conducted time-dependent
experiments. In the typical previous reports of hollow metal
oxide, 183233 the oxide interface was first formed on the outside
surface of the bare metal nanoparticles. Due to the higher outward
diffusion flux of metal compared to inward flux of oxygen,
vacancies were created and injected at the oxide interface, and
the migration and agglomeration of vacancies finally resulted in

the formation of hollow metal oxide. It can be usually observed
previously that the size of the product increased significantly and
fusion/aggregation happed as the process of Kirkendall
diffusion,”® which was also clearly observed in the oxidation
process of the above FeyC nanoparticle precursor obtained by
traditional programmed heating (Figure S10). Differently, in this
study, the outward diffusion of core materials accompanied with
the inward diffusion of vacancies from carbon shell to core and
the inward diffusion of oxygen along the carbon shell.
Subsequently the FesC diffused all the way in the carbon shell
and even through the shell and then reacted with oxygen, during
which the carbon shell was consumed slowly (Figure 3a). As
shown in Figure 3b-f, although the carbon layer with interlayer
spacing of 0.35 nm was continuously consumed during the
oxidation process, the core was always encapsulated by the
carbon layer until the complete formation of hollow Fe,Os;
nanostructures. We thus proposed that the carbon layer not only
act as reaction interfaces for oxygen and iron species, but also
acts as a template during the oxidation process, which have a
space-limiting effect during the conversion to limit the overgrowth
of the size and aggregation of the hollow nanoparticles. If no
existence of carbon shells, it is very difficult to manipulate them in
air and control the size of the final product. Therefore, the core-
shell nanoparticle precursor demonstrated its unique advantage
for the fabrication of ultrasmall hollow nanostructures.

This microwave-assisted and shell-confined diffusion method
can be easily extended to synthesizing a variety of ultrasmall
hollow nanoparticles to meet the need of different applications.
With different PBAs/GO precursors discussed above and shown
in Figure S3, we can prepare various ultrasmall core-shell
nanoparticle intermediates by microwave irradiation (Figure S11)
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and further convert them into ultrasmall hollow nanoparticle by
shell-confined Kirkendall diffusion such as hollow NiO
nanoparticles with average size of 10 nm (Figure 4al-a7), hollow
FeNiOx nanoparticles with average size of 15 nm (Figure 4b1-b7),
hollow FeCoOy with average size of 17 nm (Figure 4c1-c7) and
hollow FeCoNiOx nanoparticles with average size of 12 nm
(Figure 4d1-d7). Furthermore, the hollow FeS, nanoparticles with
average size of 19 nm (Figure 4el-e7) and hollow FeP
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nanoparticles with average size of 21 nm (Figure 4f1-f7) were also
obtained by heating the FesC@C/RGO in phosphorus and
sulphur atmosphere, respectively. To the best of our knowledge,
there is no report for the preparation of hollow ternary oxides and
only very limited binary metal oxides and the diameters of the
hollow nanoparticles synthesized by this method are the smallest
among the hollow materials synthesized with MOFs as precursors.

al 10.4nm b1 152nm ¢l 16.9nm dl 11.7nm el 189nm f1 21.2 nm
|
8 12 16 10 16 20 12 18 24 8 12 16 16 24 32 14 21 28
Particle size (nm) (nm) Particle size (nm) Particle size (nm) Particle size (nm)
e = :

Particle size
T

Particle size (nm)

2 ? o 3

T

Figure 4. Controllable synthesis of hollow nanoparticles with different components. (al-f1) Particle size distribution, (a2-f2) TEM images, (a3-f3) STEM images,
and (a4-f4, a5-f5, a6-f6) EDS mapping images, and (a7-f7) SAED images and EDS mapping images.
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Figure 5. Electrochemical characterizations of S-H-Fe203/RGO, L-H-

Fe203/RGO, Fe203/RGO, and Fe20s anodes. (a) cycling performance of S-H-
Fe203/RGO, L-H-Fe203/RGO, Fe203/RGO, and Fe-0z anodes at 0.2 A g%; (b)
rate performance of S-H-Fe203/RGO, L-H-Fe203/RGO, Fe203/RGO, and Fe203
anodes; (c) b values of S-H-Fe203/RGO, L-H-Fe203/RGO, and Fe20s/RGO at
scan rates from 0.1-2 mV s*; (d) contribution ratio of capacitive- and diffusion-
controlled capacities at different scan rates for S-H-Fe203/RGO; (e) EIS plots
and (f) the linear fitting of Z' versus w2 for S-H-Fe203/RGO, L-H-Fe203/RGO,
Fe203/RGO, and Fe203 anodes; (g) cycling performance of S-H-Fe203/RGO
and L-H-Fe203/RGO at 5 A g* for 1200 cycles.

The hollow nanostructures have demonstrated great potentials
in electrochemical energy storage and conversion. However, the
performance is still need to improve and the understanding of size
effect remains scarce. As a proof of concept, we studied the
electrochemical performance of ultrasmall hollow Fe;O3
nanoparticle on RGO (S-H-Fe;Os/RGO) composite as
representative anode for lithium-ion battery. For comparison, we
also fabricated the large hollow Fe,Os; nanoparticle/RGO
composite (L-H-Fe;O3z/RGO) with an average size of 50 nm,
which is typical size in previous studies (Figure S12),2438 and the
solid FezO3 nanoparticles/RGO composite (Fe,Os/RGO) with an
average size of 50 nm (Figure S13). Due to the robust 3D porous
graphene network, the H-Fe;Os/RGO, L-H-Fe;0s/RGO and
Fe,O3/RGO composite aerogels could be easily compresses into
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compact flexible films and used as binder-free anodes to
assemble the cells (Figure S14). The weight content of Fe,O3 in
the H-Fe,O3/RGO, L-H-Fe;03/RGO and Fe,O3/RGO composite
all were nearly to be 57 wt% based on the thermogravimetric
analysis (TGA) (Figure S15).

The typical galvanostatic discharge-charge curves of S-H-
Fe,03/RGO at 0.2 A g? between 0.01 and 3 V (versus Li/Li*)
showed two voltage plateaus at 1.5 and 0.9 V in the first
discharge curve and one voltage plateau at 1.25 V in the first
discharge curve with initial discharge/charge capacities of
1794/1163 mAh g at 0.2 A g%, which can be ascribed to the
electrochemical reactions between Fe,O3; and Li* (Fe,O; —
LixFe,O3 — cubic Li;Fe;0Os3 — Fe + Li,O) and formation of solid
electrolyte interface (Figure S16a).57%8 When cycling at low
current density, the L-H-Fe,O3/RGO, Fe,03/RGO and pure Fe;03
all showed capacity decay with different levels, while the S-H-
Fe,0s/RGO anodes delivered a stable and ultrahigh reversible
capacity of 1167 mAh g after 110 cycles, much higher than that
of the L-H-Fe,0z/RGO (898 mAh g1), the Fe,0z/RGO (689 mAh
g') and the pure Fe,O3 (180 mAh g?) (Figure 5a), indicating the
superior structural stability and higher electrochemical activity of
the ultrasmall hollow Fe,O3; nanoparticles. The increasing trend
of the capacity of S-H-Fe,O3/RGO at 0.2 A g mainly derive from
the gradual activation process of the electrode materials, which
has also been observed in other metal oxide materials.®4! The
rate performances of these electrode materials were further
tested. As shown in Figure 5b and Figure S16b, the S-H-
Fe,O3/RGO delivered an excellent rate capability with highly
reversible capacities of 1167, 1087, 1012, 936, and 701 mAh g
at0.2, 0.5, 1, 2, and 5 A g%, respectively, much better than those
of L-H-Fe,03/RGO, Fe,03/RGO, and pure Fe;Os.

To understand the superior electrochemical performance of
ultrasmall hollow nanostructures, we have performed CV at
different scan rates (0.1-2 mV s!) to analyze the reaction kinetics
for the S-H-Fe,O3/RGO (Figure S17), L-H-Fe,Os/RGO (Figure
S18), and Fe;03/RGO (Figure S19) based on the following
relationship: ip = av?, where i, and v are peak current and scan
rate, respectively, while a and b are variables, with the b-value
determined from the slope of the plot of log ip versus log v. A b
value of 0.5 indicates that the electrochemical process is
diffusion-limited behavior, when b=1.0, it indicates a surface-
controlled capacitive process.***1 The b value of the S-H-
Fe,O3/RGO was calculated to be 0.92 at scan rates from 0.1 to 2
mV s?, higher than that of the L-H-Fe,0z/RGO (0.85) and the
Fe,03/RGO (0.71) (Figure 5c), demonstrating more dominant
surface-controlled kinetics for the S-H-Fe,Os/RGO and in
accordance with its remarkable rate performance.

To further quantify the surface-capacitive and diffusion-limited
contributions to the total capacity, a closer examination of the
voltammetric sweep rate dependence was performed according
to the following this equation: i(V) = kyv + k,v'2, where i(V) is the
current at a given potential, and k;v and k,v'2correspond to the
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current contributions from the surface-capacitive effect and the
diffusion-controlled process, respectively. As shown in Figure 5d,
the normalized contribution rate of capacitive-controlled capacity
at 0.1 mV s was about 50% for S-H-Fe,03/RGO, and this value
gradually boosted to nearly 80% at 2 mV s (Figure 5d), which
was higher than those of L-H-Fe,Os/RGO and the Fe,Os/RGO
(Figure S18 and S19). Such a large contribution from capacitive
lithium storage not only endows the S-H-Fe,O3/RGO anode with
an excellent high-rate capability but also an improved cycling
performance at high rates.[3848l

The electrochemical process of S-H-Fe,O3/RGO, L-H-
Fe,03/RGO, Fe,03/RGO, and pure Fe,O3 electrodes were further
investigated by the electrochemical impedance spectroscopy
(EIS). As show in Figure 5e, both the charge-transfer resistance
in the high- to medium-frequency region and Warburg impedance
in the low-frequency region of S-H-Fe,O3/RGO were smaller than
those of L-H-Fe,03/RGO, Fe,03s/RGO, and pure Fe,Os. Moreover,
the lithium diffusion coefficients of different electrodes were
evaluated using the follow equation: D,;+ = 0.5(RT/AF?g,,C)?,
where R, T, A, and F are the gas constant, absolute temperature,
surface area of the anode and Faraday constant, respectively. C
is the concentration of lithium ion, and Warburg coefficient is
represented by ow, which is related to Z' in equation:
Z'=Re+Rct+oww'7/2, where low frequency region is represented by
 , Re, and Rt are kinetics parameters independent of frequency,
and plot of Z' versus the reciprocal square root of the lower
angular frequencies (w™'’?) is represented by ow.1*® The Warburg
coefficients (ow) of the S-H-Fe;O3/RGO, L-H-Fe;Os/RGO,
Fe>03/RGO, and Fe,O3 were calculated to be 81, 91, 186, and
212 Q s12, respectively (Figure 5f). Because the Dyi* is inversely
proportional to the ow value, the ultrasmall hollow nanostructure
with the smallest ow value favored the fastest Li* diffusion rate,
which was consistent with galvanostatic intermittent titration
technique results (Figure S20) and accounted for the excellent
electrochemical performance of S-H-Fe,03/RGO.

To further assess the long-term cycling stability of electrodes at
high rates, the S-H-Fe;03/RGO, L-H-Fe;03/RGO and Fe,Os/RGO
were tested at 5 A g*. Remarkably, the H-Fe,03/RGO exhibited a
reversible capacity of 684 mAh g with an ultrahigh capacity
retention of 97.8% even after 1200 cycles. In contrast, although
the L-H-Fe>0O3/RGO maintained stable capacity in the initial stage,
it began to show obvious capacity decay after 850 cycles (Figure
5g), which was neglected in previous studies.®” Besides, the
Fe,0O3/RGO shows the worst cycling stability with a capacity
retention of 48.4% after 1000 cycles (Figure S21). This significant
difference can be ascribed to the different stress migration ability
of these electrodes towards the volume fluctuation during the
charge-discharge process, which was confirmed by the TEM
images (Figure S22). The morphology of ultrasmall hollow Fe;0s
nanoparticles in the S-H-Fe,O3/RGO electrode remained largely
unchanged after 1200 cycles at 5 A g* (Figure S22a, b), while the
large hollow Fe;Os; nanoparticles in the L-H-Fe;O3/RGO broke
into small pieces (Figure S22c, d). It should be noted that the
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Figure 6. Cross-sectional stress contours and stress colormap of (a) S-H-Fe20s,
(b) L-H-Fe20s, and (c) Fe:0s. (d) The surface stress contours and (e)
comparison of maximum stress of S-H-Fe20s, L-H-Fe20s, and Fe20s.

capacity and rate performance of the S-H-Fe,O3/RGO anode are
higher than most Fe,Os-based and other metal oxide-based
anodes for LIBs reported thus far (Table S1, S2).

To shed light on the stress response of the electrodes during
lithiation, we modelled the von Mises stress contours for three
representative Fe,O3 nanopatrticles, i.e., the small hollow sphere
(18 nm), the large hollow sphere (50 nm), and the large solid
sphere (50 nm), under an isotropic initial stress by the finite
element method (Figure 6) (detailed information see methods of
Supporting Information and Figure S23). The correlation between
particle morphology and the electrochemical properties of LIBs is
established from the perspective of micromechanics. Figure 6a-d
depict the obtained von Mises stress contours and the stress
colormap of the three models. The maximum stress of the S-H-
Fe,0s3, L-H-Fe,03, and solid Fe,O3 during Li* insertion is 0.146
Mpa, 0.192 Mpa, and 1.089 Mpa, respectively (Figure 6e),
suggesting that the hollow structure with ultrasmall size alleviated
the stress accumulation process and fostered the relaxation of
stress, resulting in better cycling stability.

Conclusion

In summary, we have developed a versatile methodology to
fabricate ultrasmall hollow nanostructure with MOF nanocrystals
on graphene as unique precursors. This strategy involves the
controllable growth of MOF nanocrystals on graphene,
microwave-assisted conversion of MOF nanocrystals into core-
shell nanoparticles, and shell-confined Kirkendall diffusion
process, all of which play important role in achieving the ultrasmall
hollow nanostructures. With highly adjustable components of
PB/PBA MOFs in this study, we can obtain a series of ultrasmall
hollow nanomaterials including metal phosphides, metal sulfides,
single metal oxides, binary metal oxides, and ternary metal oxides
with the typical sizes below 20 nm, which has never been
achieved before. Based on this method, it is possible that
fabricate hollow structures with desirable compositions and sizes

This article is protected by copyright. All rights reserved.
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for various requirements. We further reveal experimentally and
theoretically that the ultrasmall hollow nanostructure can promote
much faster charge transport and more efficient alleviation of the
volume change stress than the solid and large hollow
counterparts, thus realizing ultrahigh  electrochemical
performance. We believe this study provides an exciting way to
synthesize ultrasmall hollow nanostructured functional materials
for highly efficient electrochemical energy storage and beyond.
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