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Unveiling the Dynamic Pathways of Metal–Organic
Framework Crystallization and Nanoparticle Incorporation
for Li–S Batteries

Xiaohui Song,* Rui Huang, Xingyu Zhang,* Qiang Chang, Semi Kim, Daeun Jeong,
Qian Hou, Juyeong Kim, Edison Huixiang Ang, Xiaowei Su, Xuyong Feng,
and Hongfa Xiang*

Metal–organic frameworks (MOFs) present diverse building blocks for
high-performance materials across industries, yet their crystallization
mechanisms remain incompletely understood due to gaps in nucleation and
growth knowledge. In this study, MOF structural evolution is probed using in
situ liquid phase transmission electron microscopy (TEM) and cryo-TEM,
unveiling a blend of classical and nonclassical pathways involving
liquid–liquid phase separation, particle attachment–coalescence, and surface
layer deposition. Additionally, ultrafast high-temperature sintering (UHS) is
employed to dope ultrasmall Cobalt nanoparticles (Co NPs) uniformly within
nitrogen-doped hard carbon nanocages confirmed by 3D electron
tomography. Lithium–sulfur battery tests demonstrate the nanocage-Co NP
structure’s exceptional capacity and cycling stability, attributed to Co NP
catalytic effects due to its small size, uniform dispersion, and nanocage
confinement. The findings propose a holistic framework for MOF
crystallization understanding and Co NP tunability through ultrafast sintering,
promising advancements in materials science and informing future MOF
synthesis strategies and applications.
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1. Introduction

Metal–organic frameworks (MOFs) and co-
valent organic frameworks (COFs) have sur-
faced as promising contenders for a diverse
range of applications, owing to their excep-
tional surface area, adjustable pore sizes,
and adaptable chemical functionalities.[1–5]

In recent years, there has been a no-
table surge in interest in the carboniza-
tion of MOFs as a solution to produce
carbon-based materials with customized
properties, especially for energy storage
applications, notably lithium–sulfur (Li–S)
batteries.[6–9] Many efforts have been made
to create novel MOF particles with unique
morphology based on application require-
ments. Hence, the understanding of nucle-
ation and growth mechanisms in metal–
organic frameworks (MOFs), exemplified
by zeolitic imidazolate frameworks (ZIFs),
represents a critical frontier in materials
science.[10,11] Despite significant research
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efforts and insights gained from in situ liquid phase transmis-
sion electron microscopy (TEM) studies,[12–14] a comprehensive
understanding of ZIF nucleation and growth remains elusive.
While existing literature offers valuable glimpses into these
processes,[15–17] inconsistencies and gaps persist, hindering the
development of precise control strategies for MOF synthesis and
application.

One of the primary challenges in elucidating ZIF nucleation
and growth mechanisms stems from the inherent complexity
of MOF formation.[18–20] MOFs comprise intricate networks of
metal ions or clusters coordinated by organic linkers, form-
ing highly porous structures with tunable properties.[2,21] The
formation of these frameworks involves a series of dynamic
processes, including nucleation, growth, and crystallization, in-
fluenced by various factors such as precursor chemistry, solvent
environment, and reaction kinetics.[22–24] While conventional
nucleation theories provide a framework for understanding
these processes, MOF synthesis often deviates from classical
nucleation models due to the multiple competing pathways
and intermediate species.[25–27] As reported, most MOF crys-
tallizations are categorized as non-classical, as they include
intermediates and irregular final crystal structures and mor-
phologies that cannot be explained with classical nucleation
theory.[19,28,29] To understand the complexity of MOF nucleation
and growth, lots of experimental and instrumental methods
to obtain a thorough understanding of the mechanisms and
kinetics were established. For example, mass spectrometry (MS)
provides compositional and structural information of the initial
building units in solutions that occur prenucleation.[30,31] Such
studies enable a molecular understanding of the mechanisms
and dynamics in which metastable phases such as particles form.
Nuclear magnetic resonance (NMR) is typically used to investi-
gate prenucleation and metastable intermediates, but can also
be used to study final MOF crystals and interactions with guest
species.[32–34] Infrared (IR) and Raman spectroscopy can provide
information on the molecular bindings occurring in solution
and various phases in MOF formation, through measurements
of either scattering or absorption of the vibrational modes of the
chemical bonds.[35–37] Scattering techniques (Light scattering,
X-ray scattering, Neutron scattering) can be performed on MOFs
to obtain averaged ensemble data of the nucleation and growth
kinetics of crystallization, as well as measuring the evolution
of particle size, morphology, and distribution.[38–40] However,
each above instrumentation method cannot capture the broad
spectrum of the crystallization process from initial building
units to final bulk crystal, especially the reported metastable
phases.

Additionally, the MOF precursor undergoes heating in a con-
ventional oven at relatively low to moderate temperatures, typi-
cally within the range of 200–800 °C, for an extended duration
ranging from several hours to days.[41–44] The gradual heating
process facilitates the step-by-step decomposition and elimina-
tion of organic ligands from the MOF framework and leads to the
generation of carbon. The MOF-derived carbons in Li–S batteries
provide numerous benefits, such as elevated electrical conduc-
tivity, plentiful active sites for sulfur attachment, and improved
structural durability throughout the lithiation and delithiation
phases.[45–49] However, challenges persist with the conventional
oven heating method. For example, Co particles form after heat-

ing on the surface of MOF particles, whose size and dispersion
pattern are difficult to control.

In this work, we employed in situ liquid-phase transmis-
sion electron microscopy (TEM) and cryo-TEM to investigate
the growth dynamics of ZIF-67, providing new insights into
its structural evolution. While numerous studies have explored
the growth mechanisms of metal–organic frameworks (MOFs)
using similar techniques, our work contributes distinct find-
ings by revealing a combination of classical and nonclassical
growth pathways. Specifically, we observed liquid–liquid phase
separation, particle attachment–coalescence, and surface layer
deposition phenomena that are not always fully addressed in
the literature. Subsequently, ZIF-67 derivatives are produced us-
ing the UHS method. Characterizations, including TEM 3D
tomography, X-ray diffraction (XRD), and X-ray photoelectron
spectroscopy (XPS), confirm the formation of hollow porous
nanocage, with ultrasmall Cobalt nanoparticles (Co NPs) em-
bedded in nitrogen-doped carbon matrix uniformly. Li–S battery
tests demonstrate excellent electrochemical performance, with
discharge-specific capacities of 785 mAh g−1 after 200 cycles at
a discharge current of 0.5C and 718 mAh g−1 after 200 cycles
at a discharge current of 1.0C, whose superior electrochemical
performance comes from the catalytic effect of the uniformly
distributed Co nanoparticles, and the confinement effect of the
nanocage on polysulfides. Our findings highlight the complex
interplay between these mechanisms during the growth of ZIF-
67, offering a more nuanced understanding of MOF formation
dynamics. Unlike previous studies that may focus on individ-
ual aspects of MOF growth,[50,51] our research integrates these
pathways into a comprehensive model, providing a clearer pic-
ture of the evolution of ZIF-67 structures. This approach not only
bridges gaps in current knowledge but also extends the applica-
bility of in situ TEM techniques in studying MOF formation pro-
cesses, as well as the design of energy storage materials based on
MOF derivatives.

2. Results and Discussion

2.1. ZIF-67 Nanoparticles Growth Dynamics Under Liquid-Phase
TEM

Initially, the pre-prepared zinc acetate dihydrate solution was
rapidly mixed with 2-methylimidazole and subsequently loaded
into a graphene sample holder for observation under transmis-
sion electron microscopy. ZIF-67 exhibits a porous structure
resulting from the coordination of cobalt salts with imidazole
bonds. From a molecular dynamic viewpoint, the growth of
ZIF-67 can be categorized into nucleation and growth stages.
During the nucleation stage, depicted in Figure 1a, numerous
small particles emerge and progressively enlarge (Figure S1 and
Movie S1, Supporting Information), aligning with classical nu-
cleation theory.[52–54] Following this, ZIF-67 progresses into the
growth stage, illustrated in Figure 1b, where numerous irregular
spheres coalesce to produce a large particle with a rough surface
that gradually fuses. The outlines of the particles (highlighted by
red arrows) in Figure 1b gradually diminish, ultimately forming
a large particle with a smooth surface (Figure S2 and Movie S2,
Supporting Information). Figure 1f additionally demonstrates
the relative trajectory of the particle morphology change. In
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Figure 1. Liquid-phase TEM imaging and analysis of directional growth of single ZIF-67 nanoparticles in colloids. a–d) Time-lapse liquid-phase TEM
images capturing the morphology evolution process of different ZIF-67 rhombic dodecahedral particles under in situ liquid-phase TEM. e) cryo-TEM
image showing the attachment of particles on ZIF-67 cubic to trap the intermediate after 2 min growth (ex situ experiment). f–h) Contour evolution
diagrams corresponding to (b–d).

Figure 1c, a continuously growing hexagonal particle is observed,
developing into an external shell structure. Through quantitative
calculations utilizing deep learning techniques,[55–57] the change
in the area of this hexagonal particle can be measured (Figure S3
and Movie S3, Supporting Information). Concurrently, Figure 1g,
illustrates the continuous growth process of this particle from
a small one to gradually forming a polyhedron. In Figure 1d
and its contour map in Figure 1h, numerous small particles are
observed, clustering near a large particle (Figure S4 and Movie
S4, Supporting Information), akin to the scenario depicted in
Figure 1b. Subsequently, these small particles merge to form
a shell with a lower contrast. These findings suggest that the
growth process of ZIF-67 encompasses two distinct pathways:
one aligns with previous reports, involving nucleation, crystal-
lization, and growth, while the other involves nucleation, attach-
ment, and growth.[11,50] Both pathways culminate in rhombic

dodecahedral-shaped nanoparticles, albeit with different sizes.
Typically, as depicted in Figure 1e, the cryo-TEM image shows
the intermediates of the nanoparticle attachment (Figure S5,
Supporting Information). Typically, cryo-transmission electron
microscopy (cryo-TEM) was employed to investigate the growth
dynamics of ZIF-67 (zinc-based zeolitic imidazolate framework).
This advanced imaging technique allowed us to visualize the for-
mation and evolution of ZIF-67 in unprecedented detail under
near-native conditions.[58–60] Notably, our observations revealed
a distinct attachment mode during the growth process: small
nanoparticles were found to aggregate and merge into larger
cluster intermediates. This intermediate state is characterized
by the coalescence of multiple nanoparticles, forming a more
substantial cluster that eventually evolves into the final ZIF-67
structures. This intermediate attachment mode highlights a
critical step in the nucleation and growth mechanism of ZIF-67,

Adv. Sci. 2024, 2407984 2407984 (3 of 13) © 2024 The Author(s). Advanced Science published by Wiley-VCH GmbH

 21983844, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/advs.202407984 by C

ochraneC
hina, W

iley O
nline L

ibrary on [14/10/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

http://www.advancedsciencenews.com
http://www.advancedscience.com


www.advancedsciencenews.com www.advancedscience.com

Figure 2. Liquid-phase TEM imaging of directional growth of ZIF-67 nanoparticles in colloids via attachment pathway and the ZIF-67 nanoparticle growth
mechanism. a,b) Time-lapse liquid-phase TEM images capturing the morphology evolution process of different ZIF-67 cubic nanoparticles under in situ
liquid-phase TEM. c and d) Graph showing the change in particle area of the ZIF-67 nanoparticles labeled in Figures a,b over time. e) Schematic diagram
showing the contour changes of sample in b. f) Schematic summarizing several different growth modes of ZIF-67 nanoparticles.

providing valuable insights into its formation kinetics and
structural development.

Additionally, we performed in situ particle size measurements
using NanoZS90, finding that the particles undergo rapid growth
within a short timeframe (Figure S6, Supporting Information),
indicating that the initial stage nucleation and growth of ZIF-67
constitute a rapid kinetic process that partially mitigates the ef-
fect of the electron beam. To ensure experimental reproducibil-
ity and explore sample variations, we conducted multiple exper-
iments. From these trials, we found that the reproducibility rate
was ≈60% (6 out of 10).

Parallelly, as shown in Figure 2a, we observed three distinct
particles gradually converging within a low-contrast outer shell,

with their outer contours gradually changing into indistinct. Fur-
thermore, by analyzing the area change image processed by the
U-net neural network, we quantitatively captured the growth
trend of these particles (Figure S7 and Movie S5, Supporting
Information). By fitting the area change curve (Figure 2c), we
noted a steady increase in the overall particle area, indicating
its enlargement and transformation from irregular to cubic mor-
phology, consistent with the attachment growth mode previously
identified. Figure 2b illustrates a square particle undergoing con-
tinuous enlargement, with a low-contrast outer shell forming on
its outer layer (Figure S8 and Movie S6, Supporting Informa-
tion). From the area change curve in Figure 2d, we observed
uneven growth rates, initially slow growth followed by rapid
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enlargement, and finally stabilization. In addition, the morphol-
ogy transitioned from irregular to regular cubic, as depicted in
Figure 2e. Figure 2f summarizes the growth modes of all ZIF-67
nanoparticles based on the findings, illustrating two growth path-
ways: nucleation-growth of individual particles and attachment
growth of multiple particles, highlighting the diversity in ZIF-67
growth modes (Supplementary Note 2). Notably, all the above ob-
servations shown in Figures 1 and 2 were captured in the same
sample area, showing the diversity of MOF particle growth in one
batch.

The occurrence of different growth modes in the same liquid
phase solution requires investigation into contributing factors.
Notably, the attachment growth mode is more prevalent in the
center of the electron beam, with stronger radiation, contrast-
ing with areas exposed to weaker electron beam radiation. This
phenomenon is likely due to changes in the surface energy of
nucleating particles induced by electron beam irradiation, mak-
ing them more prone to aggregation. To support this explanation,
non-in situ synthesis experiments were conducted. First, product
morphology assessments were performed at various time inter-
vals in the ZIF-67 mother liquor (Figure S9, Supporting Informa-
tion). TEM images revealed adherence to classical nucleation the-
ory: nucleation commenced with cubic growth, ultimately lead-
ing to a dodecahedral structure, with the initial crystals displaying
an amorphous structure revealed by SAED and XRD characteri-
zations (Figures S10 and S11, Supporting Information). Then,
samples from the ZIF mother liquor at 3 min were analyzed us-
ing cryo-EM techniques, revealing distinct attachment growth be-
havior (Figure S5, Supporting Information), indicative of a non-
classical nucleation growth mode. This observation aligns with
conclusions drawn from in situ liquid-phase TEM experiments
(Supplementary Note 1). Thus, minimizing the occurrence of
non-classical nucleation during ZIF-67 nanoparticle synthesis is
proposed to be advantageous for achieving size control. The find-
ings of this study establish an experimental foundation for future
research into morphology control and mechanism elucidation of
ZIF-67 nanoparticles.

2.2. Ultrafast Sintering of ZIF-67 to Tune Co Nanoparticle Size
and Dispersion

Figure 3a depicts schematics illustrating the process of preparing
ZIF-67 and fabricating nitrogen-doped carbon materials through
the carbonization of ZIF-67 using both UHS and traditional
furnace methods, highlighting the impact of different sintering
techniques on morphology. The crystal structure analysis of ZIF-
67 derivatives, illustrated in Figure 3b, reveals XRD spectra of sin-
tered samples under various rapid heating conditions, all display-
ing similar diffraction peaks at 2𝜃 = 44° and 51°, corresponding
to the (111) and (200) diffraction peaks of Co. The presence of Co
NPs was confirmed by XRD after S loading (Figure S12, Support-
ing Information), which also confirmed the presence of metallic
Co nanoparticles. Notably, the sample sintered at UHS 1000 °C
for 1 min exhibits a carbon peak at 26.6°, corresponding to the
(004) diffraction peak of graphitic carbon, indicating that UHS
sintering carbonizes the sample within a mere 1 min. Figure 3c
illustrates the surface area characteristics of ZIF-67 particles
and highly nitrogen-doped carbon nanocages obtained from

BET experiments. Analysis of nitrogen adsorption–desorption
isotherms reveals a type I isotherm trend for all samples, indi-
cating predominantly microporous structures. Figure S13 (Sup-
porting Information) demonstrates that the sample sintered at
UHS 1000 °C for 1 min primarily comprises 1 nm micropores,
which are relatively small and effective in immobilizing sulfur
and suppressing the shuttle effect of polysulfides during reac-
tions, thereby preventing capacity decay in batteries. X-ray pho-
toelectron spectroscopy (XPS) characterization was employed to
clarify the composition of carbon nanocage. Results show that
three types of nitrogen coexist: pyridinic nitrogen, pyrrolic ni-
trogen, and graphitic nitrogen (Figure S14, Supporting Informa-
tion). The appearance of pyridinic and pyrrolic nitrogen peaks
suggests N–Co bonding and enrichment, indicating the forma-
tion of M–N–C coordination (Figures S14 and S15, Supporting
Information), serving as active sites for redox reactions. Figure 3d
presents the XPS of the Co 2p spectrum of the sample treated at
1000 °C for 1 min by UHS, with characteristic peaks ≈780 and
796 eV attributable to Co nanoparticles. X-ray photoelectron spec-
troscopy (XPS) analysis was conducted to determine the elemen-
tal composition of samples treated at UHS-1000 °C for 1 min,
UHS-800 °C for 1 min, and those sintered in a tube furnace.
The analysis revealed the nitrogen content and its different types,
showing that the sample treated at UHS-1000 °C for 1 min had
the highest pyridinic nitrogen content. This high pyridinic nitro-
gen concentration potentially provides a large number of active
sites. Additionally, from both elemental content and X-ray diffrac-
tion (XRD) data, it is evident that the sample treated at UHS-
1000 °C for 1 min exhibits a higher degree of carbonization and
graphitization, with only this sample showing graphite peaks in
the XRD pattern. The compositional analysis and XRD character-
ization indicate that the electrochemical performance of the car-
bonized ZIF-67 material depends on factors such as the degree of
graphitization, nitrogen doping, and the amount of catalytic Co
nanoparticles. The UHS-1000 °C for 1-min treatment strikes a
balance among these factors, which enhances its electrochemical
performance. These structural characteristics are advantageous
for their application in lithium–sulfur batteries.

To further characterize the samples after UHS sintering, 3D
electron tomography experiments were conducted for structural
analysis (Figures S16 and S17, Supporting Information). Typi-
cally, TEM images were captured at intervals of 2° by rotating the
TEM sample holder to obtain 2D images from multiple angles.
These images were aligned and reconstructed into a 3D view us-
ing IMOD software,[61,62] as depicted in Figure 3e, alongside the
cross-sectional view. The 3D rendering vividly displays the hollow
and porous structure within the nanocages (Figure 3f), suggest-
ing that the polyhedral hollow structure remains largely intact
following UHS rapid sintering of ZIF-67. This preservation of-
fers ample space for subsequent sulfur loading (Figures S18 and
S19, Movies S7 and S8, Supporting Information).

Likewise, the cross-sectional view depicted in Figure 3f further
underscores the discernible hollow structure, which facilitates
sulfur loading. Moreover, HRTEM analysis (Figure 3g–j) reveals
the presence of a graphite outer layer with a lattice spacing
of 0.34 nm on the sample surface, indicating successful car-
bonization following short-term sintering (1 min) (Figure S20,
Supporting Information). Additionally, Co nanoparticles with a
lattice spacing of 0.20 nm are observed within the carbon layer,
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Figure 3. Adjusting Co nanoparticle size and dispersity within carbon nanocage via ultrafast high-temperature sintering (UHS). a) Schematic diagram
of the experimental process for the synthesis of ZIF-67 and its use of ultra-high-speed (UHS) and tube furnace carbonization, as well as the different
structures obtained by different sintering methods. b) XRD spectra of UHS sintered ZIF-67 at different temperatures and times. c) BET test of pristine
ZIF-67 and samples sintered at 1000 °C with tube furnace (TF) and 1000 °C for 1 min with UHS respectively. d) Co XPS spectra of sintered ZIF-67 at
1000 °C for 1 min with UHS. e) 3D visualization of sintered ZIF-67 generated from 3D electron tomography. f) Cross section of the sintered ZIF-67
showing the hollow core within the nanoparticle domain. g–j) The TEM images of ZIF-67 at different UHS calcination temperatures and times show
variations in its morphology.
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suggesting the uniform distribution of numerous nanoscale
metallic Co particles, a result that is difficult to achieve using
alternative methods.

To control the dispersity and size of Co NPs within carbon
nanocage, the UHS control experiments were applied. The sam-
ples sintered at UHS 1000 °C for different lengths of time were
characterized to identify Co NPs size and dispersion (Figure 4a;
Figure S21, Supporting Information). To quantify the size of
Co NPs size, these TEM images were analyzed via dragonfly
tracking with colors showing the Co NPs. Figure 4a–f indicates
that, as UHS sintering time prolonged, the nanoparticle size
and dispersion changed. Typically, at UHS 1000 °C for 10 s
of sintering (Figures S22 and S23, Supporting Information),
the Co NPs are ultrasmall which could only be observed in the
edge of the nanocage as shown in Figure 4b,c; at UHS 1000 °C
for 1 min sintering (Figures S20,S25, and S26, Supporting
Information), the Co NPs are ultrasmall with evenly dispersed
as shown in Figure 4d,e; at UHS 1000 °C for 1.5 min sintering
(Figure S27, Supporting Information), the Co NPs are large as
shown in Figure 4f and g. Energy-dispersive X-ray spectroscopy
(EDX) images of samples treated at UHS-800 °C for 1 min and
UHS-1000 °C for 1 min reveal that the nitrogen content in the
UHS-1000 °C sample is significantly higher than that in the
UHS-800 °C sample. This observation further confirms the X-ray
photoelectron spectroscopy results. Compared to other sintering
conditions, the UHS-1000 °C for 1-min treatment achieves an
optimal balance among graphitization, nitrogen doping, and the
content of catalytic Co nanoparticles. This balance is beneficial
for enhancing the electrochemical performance of the material.
As a comparison, samples carbonized using traditional tube
furnace sintering exhibit significant differences (Figure 4h): the
nanocage is structurally damaged and collapsed with huge Co
NPs embedded. The Co NP average size was generated from a
survey of hundreds of nanoparticles via deep learning analysis
using Dragonfly software. As shown in Figure 4i, the ultrasmall
Co NPs (4–5 nm) were collected with short UHS sintering time
(Figures S28 and S29, Supporting Information), while large Co
NPs formed in longer UHS sintering time or traditional heating.
Besides the Co NPs size difference, it is clear that its dispersion
changed from uniform disperse to uncontrollable bad disperse
while sintering time prolonged to hours. It is characterized by
revealing a loose and disordered structure with damage to the
cage-like structure (Figures S30–S32, Supporting Information).
In conclusion, from a microscopic morphology perspective, ZIF-
67 samples sintered via UHS heating for 1 min at 1000 °C main-
tain their nanocage, with ultrasmall Co particle size and uniform
distribution embedded, and high-level N-doping carbon matrix,
which provides a novel strategy to create dual doped hard carbon
with a simple procedure, shorter synthesis time, higher efficient,
and lower energy consumption compared previous reports
(Table S1, Supporting Information).

2.3. Li–S Batteries Performance via Application of Nanocage as S
Carrier

To assess the electrochemical performance of materials obtained
via various sintering methods, we constructed pouch-type Li–S
batteries using the obtained carbon materials and conducted per-

formance tests after loading sulfur in the carbon matrix with
varying mass quantities (Figure S33, Supporting Information).
Figure 5a depicts the charge–discharge cyclic curves of UHS-
sintered ZIF-67 as sulfur cathode-limiting materials at a rate of
1C (1 C = 1675 mAh g−1) between 1.7 and 2.8 V with activated
for the first two cycles at 0.1C followed by the third cycle at 0.2C.
After 100 cycles, the discharge-specific capacity of UHS 1000 °C
1 min was maintained at 777 mAh g−1. After 200 cycles, it re-
mained at 718 mAh g−1. It is noticeable that even at high rates,
the capacity and cycling stability of the battery is well-preserved,
attributed to the confinement effect of the cage-like porous struc-
ture on N1s polysulfides. In Figure 5b, the polarization potentials
of UHS 1000 °C 1 min and UHS 800 °C 1 min are 0.17 and 0.20 V,
respectively. Lower polarization reflects improved oxidation and
reduction kinetics, as well as good ionic conductivity, thereby re-
ducing the decay of the reversible capacity of the battery. Smaller
polarization voltage is advantageous for various electrochemical
performances. As depicted in Figure 5c, UHS 1000 °C 1 min ex-
hibits commendable rate performance. With the rate increasing
from 0.1C to 0.2C, 0.5C, 1, 2C, and 0.2C, the corresponding av-
erage discharge specific capacities decrease from 1149, 934, 777,
721, 657 to 902 mAh g−1. This finding indicates that N-doped
porous materials derived from ZIF-67 UHS hold significant po-
tential as high-rate cathode materials for lithium–sulfur batteries.
Figure 5d presents the corresponding discharge/charge voltage
curves of the UHS 1000 °C 1 min battery at different rates (0.1C,
0.2C, 0.5C, 1C, and 2C) within the potential range of 1.7–2.8 V. At
low rates, the discharge voltage curve exhibits two plateaus char-
acteristic of a typical S cathode (2.3 and 2.1 V), while the charge
voltage curve exhibits two plateaus at ≈2.3 and 2.45 V, respec-
tively.

It is noteworthy that at rates exceeding 0.5C, both the discharge
plateau and discharge capacity decrease due to high Ohmic and
kinetic overpotentials at high rates. However, distinct plateaus are
still observed, indicating that UHS 1000 °C 1 min demonstrates
high sulfur utilization and excellent rate performance.

The reduction and oxidation peaks on the CV curve (Figure 5e)
mirror the reduction and oxidation mechanisms of sulfur dur-
ing the discharge/charge process. The first peak at 2.25 V cor-
responds to the reduction of S8 to soluble higher-order Li2Sn
(4≤n≤8), while the second peak at 2.00 V corresponds to the fur-
ther reaction of higher-order Li2Sn to Li2S2 and eventually to Li2S.
The cathode oxidation process comprises two stages: the initial
oxidation peak corresponds to the formation of Li2Sn, which fur-
ther oxidizes to S8 at 2.42 V; noteworthy is the more pronounced
second oxidation peak near 2.42 V, indicating the more complete
oxidation of higher-order Li2Sn to S8 on the composite surface
of ZIF-67 sintered by joule heating. This phenomenon is due to
the effective adsorption of Li2Sn on the material surface and the
efficient conversion of Li2Sn to S8 by Co–N bimetallic catalysts.
Figure 5h illustrates the cyclic curve of UHS ZIF-67 as a cath-
ode material at a rate of 0.5C between 1.7 and 2.8 V, demonstrat-
ing that after 200 cycles, the discharge-specific capacity of UHS
1000 °C 1 min was still maintained at 785 mAh g−1. The fifth cy-
cle exhibits a capacity of 931 mAh g−1, the 100th cycle records a
capacity of 870 mAh g−1, and the 200th cycle maintains a capacity
of 785 mAh g−1. The capacity retention rates from the fifth to the
hundredth cycle are 93.4%, and from the fifth to the two hun-
dredth cycle are 84.3% (Figure S34, Supporting Information).
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Figure 4. Quantifying Co nanoparticle size and dispersity within carbon nanocage: comparison of different samples generated from UHS, and conven-
tional heating. a) TEM images of sintered ZIF-67 under different sintering conditions, which shows the Co NP size & dispersity difference. b) TEM image
of sintered ZIF-67 via UHS 1000 °C for 10 s. c) Zoom in TEM images showing the embedded Co NPs within carbon nanocage highlighted in a. d) TEM
image of sintered ZIF-67 via UHS 1000 °C for 1 min. e) Zoom in TEM images showing the embedded Co NPs within carbon nanocage highlighted in c.
f) TEM image of sintered ZIF-67 via UHS 1000 °C for 1.5 min. g) Zoom in TEM images showing the embedded Co NPs within carbon nanocage which
are highlighted in e. h) TEM image of sintered ZIF-67 via TF heating at 1000 °C for 2 h, with zoom in TEM image showing the embedded Co NPs within
carbon nanocage which are highlighted in g. i) Histogram showing Co NPs average size to compare different sintering methods.
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Figure 5. Electrochemical characterization of different sintered ZIF-67-based cathodes in Li–S coin cells. a) The cyclic performance of batteries at 1C
rate for samples sintered ZIF-67 via UHS 1000 °C for 1 min, UHS 800 °C for 1 min, and TF 800 °C for 2 h respectively. b) The first cycle discharge/charge
curves of batteries at 1C rate for samples sintered ZIF-67 via UHS 1000 °C for 1 min and UHS 800 °C for 1 min respectively. c) The rate performance of
batteries from 0.1C to 2C. d) The discharge/charge voltage curves of the UHS 1000 °C 1 min battery at different rates (0.1C, 0.2C, 0.5C, 1C, and 2C). e)
The CV curve of batteries in the first three cycles. f) The AC impedance diagrams of batteries cycled for 50, 100, and 200 cycles. g) Comparison of hard
carbon capacity of Li–S batteries with the typical anodes reported previously. h) The cyclic performance of batteries at 0.5C rate for samples sintered
ZIF-67 via UHS 1000 °C for 1 min, UHS 800 °C for 1 min and TF 800 °C for 2 h respectively.
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Figure 6. Mechanistic comparison of Li–S redox reactions at a Sulphur (S) cathode with and without Co NP catalysis. (a) The in situ Raman spectra
of Li–S battery. (b) The schematics illustrate the proposed mechanism by which UHS sintered ZIF-67 enhances the electrochemical performance of
lithium–sulfur batteries due to ultrasmall Co NP catalysis.

Figure 5f presents impedance plots depicting the impedance at
the 50th, 100th, and 200th cycles of battery operation. With in-
creasing cycle numbers, the impedance also rises, accompanied
by a certain degree of capacity decay. However, the capacity de-
cay is relatively minimal, indicating good interface stability of
the electrode material. The post-cycling interface analysis of the
battery (Figure S35, Supporting Information) supports the same
conclusion. The interface thickness of the battery exhibits no sig-
nificant change before and after cycling, affirming that UHS ZIF-
67, as a cathode material for Li–S batteries, offers protection for
long-term battery cycling through the confinement effect of its
nanocages. The outstanding performance observed exceeds that
of both the control sample hard carbon and the latest cathode
materials for Li–S batteries, as depicted in Figure 5g[63–71] and
detailed in Table S2 (Supporting Information) of the Supporting
Information. This superiority can be ascribed to the combination
of ultrasmall cobalt nanoparticles and nitrogen doping in hard
carbon, which optimizes the electrolyte/electrode interface, pro-
moting efficient charge transfer and reducing the polarization ef-
fects commonly encountered in Li–S batteries.

Performance tests of the batteries indicate that different sin-
tering methods significantly impact the performance of the elec-
trode materials. The sample sintered at UHS-1000 °C for 1 min
achieves an optimal balance among graphitization, nitrogen

doping, and Co nanoparticle content. This balance enables the
material to exhibit superior performance under high currents,
broad temperature ranges, and long cycling conditions com-
pared to traditional tube furnace-sintered samples (Figure 5h).
This highlights the importance of establishing a balanced inter-
nal structure in functional materials where multiple factors are
controlled.

2.4. Mechanism of Enhanced Li–S Batteries Performance

Drawing from material characterizations and battery perfor-
mance tests, the proposed mechanism elucidating the enhanced
performance of UHS-sintered ZIF-67 in Li-S batteries can be de-
lineated as follows (Figure 6, Note S4, Supporting Information),
which is a concurrent process: i) Confinement Effect: The cage-
like porous structure of the carbonized ZIF-67, derived from
UHS, offers efficient confinement for sulfur and polysulfide
species during the charge–discharge process. This confinement
effectively curtails the dissolution and shuttle effect of poly-
sulfides (Figure S36, Supporting Information),[72,73] enhancing
the stability and cycling performance of the Li–S battery.[74]

ii) Augmented Catalytic Activity: Within the carbonized ZIF-
67 material, uniformly dispersed ultrasmall Co nanoparticles

Adv. Sci. 2024, 2407984 2407984 (10 of 13) © 2024 The Author(s). Advanced Science published by Wiley-VCH GmbH
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(diameter size < 8 nm) are present. These Co nanoparti-
cles serve as effective catalysts, facilitating the conversion
of polysulfides[75,76] in concurrent rather than stepwise
(Figure 6a,b). Typically, analysis of the in situ Raman spec-
tra reveals that peaks at 152, 218, and 474 cm−1 are attributable
to S8, while the peak at 265 cm−1 corresponds to Li2S8. As the
reaction progresses, a peak ≈400 cm−1 becomes increasingly
prominent, indicating the formation of Li2S6. During the voltage
reduction process, the appearance of peaks at 455 and 203 cm−1

is due to the conversion of Li2S6 to Li2S4 and Li2S2. When the
voltage is reduced to 1.7 V, almost all peaks corresponding to
lithium polysulfides disappear, indicating that They promote
the transformation of higher-order polysulfides into lower-order
counterparts during discharge and impede the reverse reaction
during charge, thereby amplifying the battery’s efficiency and
longevity.[75,77] The boosted catalytic activity plays a pivotal role
in elevating the electrochemical performance of the Li–S battery.
iii) Ensuring Electrochemical Interface Stability: The nitrogen-
doped carbon matrix originating from UHS ZIF-67 furnishes
active sites essential for the adsorption and stabilization of poly-
sulfide intermediates.[78,79] Analysis of the nitrogen content in
the XPS spectra (Figure S15, Supporting Information) and EDX
spectra (Figure S20, Supporting Information) shows that the
sample sintered at UHS-1000 °C for 1 min has higher nitrogen
doping and pyridinic nitrogen content compared to samples
obtained under other experimental conditions. This stabilization
inhibits their diffusion and deposition onto the lithium anode,
thereby reducing the formation of lithium dendrites and en-
hancing the long-term stability of the Li–S battery. iv) Enhanced
Electron and Ion Transport: The porous configuration of the
carbonized ZIF-67 material facilitates electron and lithium-ion
movement within the electrode throughout charge–discharge
cycles.[80–82] This enhanced transport kinetics minimize polar-
ization effects, thereby boosting the overall efficiency of the
battery.

3. Conclusion

In summary, this study presents a thorough exploration using
in situ liquid-phase TEM to unravel ZIF-67 growth dynamics.
First, the in situ liquid-phase TEM observations offer valuable
insights into the growth mechanism of ZIF-67 nanoparticles,
unveiling a dynamic process involving both classical crystalliza-
tion and nonclassical crystallization mechanisms,[14,50,83] includ-
ing liquid–liquid phase separation, nanoparticle attachment, and
self-assembly. This comprehension of ZIF-67 growth kinetics is
pivotal for tailoring the material’s properties to suit specific ap-
plication requirements. Second, the UHS process enables the
rapid synthesis of ZIF-67 derivatives with unique structural fea-
tures, including a porous carbon matrix with embedded ultra-
small Co nanoparticles. These features, alongside nitrogen dop-
ing, enhance electrochemical performance by facilitating sulfur
confinement in Li–S batteries. Overall, the synergistic integra-
tion of in situ liquid-phase TEM studies and the application of
UHS ZIF-67 in Li–S batteries offers a comprehensive approach
to comprehending the growth dynamics of MOF-derived materi-
als and harnessing their distinct properties for advanced energy
storage.[84,85]
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Supporting Information is available from the Wiley Online Library or from
the author.
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