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M A T E R I A L S  S C I E N C E

Spiral self-assembly of lamellar micelles into  
multi-shelled hollow nanospheres with unique  
chiral architecture
Liang Peng1†, Huarong Peng1†, Yu Liu2†, Xiao Wang3, Chin-Te Hung1, Zaiwang Zhao1, 
Gang Chen3, Wei Li1*, Liqiang Mai2, Dongyuan Zhao1*

Functional carbon nanospheres are exceptionally useful, yet controllable synthesis of them with well-defined 
porosity and complex multi-shelled nanostructure remains challenging. Here, we report a lamellar micelle spiral 
self-assembly strategy to synthesize multi-shelled mesoporous carbon nanospheres with unique chirality. This 
synthesis features the introduction of shearing flow to drive the spiral self-assembly, which is different from con-
ventional chiral templating methods. Furthermore, a continuous adjustment in the amphipathicity of surfactants 
can cause the packing parameter changes, namely, micellar structure transformations, resulting in diverse pore 
structures from single-porous, to radial orientated, to flower-like, and to multi-shelled configurations. The 
self-supported spiral architecture of these multi-shelled carbon nanospheres, in combination with their high sur-
face area (~530 m2 g−1), abundant nitrogen content (~6.2 weight %), and plentiful mesopores (~2.5 nm), affords 
them excellent electrochemical performance for potassium-ion storage. This simple but powerful micelle-directed 
self-assembly strategy offers inspiration for future nanostructure design of functional materials.

INTRODUCTION
Carbon materials have attracted tremendous research attentions 
owing to their advantages of lightness, conductivity, high stability, 
controllable porosity, and tunable surface functionality (1–6). These 
unique structural characteristics enable them great potentials in 
various emerging fields such as adsorption (7), nanoreactor (8), catal-
ysis (9), biomedicine (10, 11), energy conversion, and storage (12–14). 
Up to now, a series of functional carbon nanomaterials have success-
fully been synthesized with delicate control on the compositions 
(15–18), nanostructures (19–23), and morphologies (24–28). Among 
various structural designs, hollow carbon nanospheres are of great 
scientific and technological interests recently by virtue of their unique 
structural and functional characters (29–33). The built-in cavity 
and nanopores can not only offer more accessible active sites but 
also have buffering effect to sustain mechanical stress and volume 
deformation during the reaction, enabling hollow carbon nano-
spheres very suitable for object carrying and mass diffusion–limited 
applications.

Substantial efforts have been devoted to synthesize hollow carbon 
nanospheres in recent years, such as nanocasting (34), chemical 
etching (35), Pickering emulsion (36), self-assembly (37), and thermal 
decomposition (38). Notwithstanding the abovementioned advances 
in synthetic approaches, hollow carbon nanospheres reported so 
far usually have a relatively simple single-shelled configuration. 
Increasing the complexity of hollow structures, in terms of pore 
structure and cavity control, is highly desirable for both fundamental 

studies and realization of various functionalities (39, 40). One 
particular area of interest is the constructing of multiple shells with-
in hollow carbon nanospheres, namely, multi-shelled architectures, 
which will endow the structures with more heterogeneous interfaces, 
high surface-to-volume ratio, and short mass transport length and 
thus bring better physicochemical properties (41–45). However, 
until now, only few examples have been reported to synthesize 
multi-shelled carbon nanospheres (MCNs), and most of them suf-
fered from uncontrollable size, small interlayer spacing (<5 nm), 
and nonuniform morphology. As a result, the loading capacity and 
buffering effect of cavities are severely weakened and thus limited 
in the range of applications. In addition, present achievements of 
MCNs are generally limited to simple ball-in-ball hollow architec-
ture. Structurally self-supported effect of a continuously topological 
architecture, such as bio-inspired chiral geometry, would make 
materials more excellent in structural and mechanical stabilities 
(46, 47). Although these advantages are easy to imagine (48–52), the 
direct creation of uniform MCNs with well-defined porosity and 
unique chiral architecture still remains a big challenge.

Here, we report a lamellar micelle spiral self-assembly approach 
to synthesizing uniform mesoporous MCNs with unique chiral 
architecture. This synthesis involves the creation of a lamellar 
Pluronic P123/1,3,5-trimethylbenzene (TMB)/dopamine (DA) 
micelle system, which is driven by the shearing flow to direct the 
polymerization of precursors, and then intelligently self-assembled 
into multi-shelled nanospheres. The lamellar micelles can continu-
ously grow spirally and clasp ring at end to form a stable full sphere 
as the multishells. Furthermore, continuous increase in hydrophobic/
hydrophilic ratios of surfactant can induce the micelle structure 
gradually transformed from spherical to cylindrical and to lamellar 
one, bringing forth novel opportunity in constructing diverse nano-
structures, such as single-porous, radially oriented, flower-like, and 
spiral MCNs. In particular, the resultant spiral MCNs show uni-
form particle size (~150 nm), high surface area (530 m2 g−1), large 
pore volume (1.0 m3 g−1), plentiful mesopores (~2.5 nm), abundant 
nitrogen content [6.2 weight % (wt %)], and unprecedented chiral 
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architecture. The spiral MCNs deliver superior rate capability 
(134 mA·hour g−1 at 5 A g−1) and long cycling stability (112 mA·hour g−1 
at 2 A g−1 after 500 cycles) when being used as an anode material for 
potassium ion batteries (KIBs). This simple yet powerful synthesis 
protocol opens up a multifunctional platform for construction of 
various sophisticated nanostructures for multiple applications.

RESULTS
Material synthesis and characterization
The MCNs can be prepared via a lamellar micelle spiral self-assembly 
strategy using Pluronic P123 as the soft template, TMB as the 
hydrophobic interaction mediation agent, and DA as the nitrogen 
and carbon source in the ethanol/water mixture (Fig. 1). First, the 
lamellar micelles composted of P123/TMB/DA were formed in the 
system by stirring at 300 rpm, which could be clearly observed from 
the reaction-evolution photos (fig. S1). Then, the composite mi-
celles were dynamically assembled into the mesostructured polydo-
pamine (PDA) nanospheres under the guidance of the shearing 
flow. Last, carbonization of the freeze-dried PDA nanospheres in 
N2 atmosphere could lead to the formation of spiral MCNs with 
interesting chiral architecture.

The field-emission scanning electron microscopy (FESEM) im-
ages show that the as-made mesostructured PDA nanospheres are very 
uniform with an average particle size of ~180 nm (fig. S2, A and B). 
Transmission electron microscopy (TEM) images reveal that the as-made 
PDA nanospheres have a multi-shelled chiral hollow structure, and 

the average interlayer spacing between neighboring shells is mea-
sured to be ~20 nm (fig. S2, C and D). After the carbonization at 
900°C under N2 atmosphere, uniform mesoporous carbon nanospheres 
with a reduced particle size (~150 nm) can be obtained because of 
the thermolysis-induced structure shrinkage (Fig. 2, A and B). 
Thermogravimetric analysis result indicates that the carbon yield is 
as high as ~51 wt % (fig. S3). Impressively, the well-developed spiral 
structure can be well retained without collapse and deformation af-
ter the high-temperature calcination (Fig. 2C). Magnified TEM im-
age clearly demonstrates that the multi-shelled architecture grows 
spirally from the particle center to the outer surface with a continu-
ous geometry and clasp ring at end (Fig. 2D). Close observations 
reveal that the MCNs have both clockwise and anticlockwise spiral 
structures with an average shell thickness of ~13 nm (Fig. 2, E and F). 
The TEM tomography further confirms the formed  three-dimensional  
spiral multi-shelled nanostructure (movie S1). The high-resolution 
TEM (HRTEM) image shows the typical amorphous phase of carbon 
framework with many structural defects (fig. S4A), which can be 
further confirmed by the corresponding selected-area electron dif-
fraction pattern (fig. S4B). Element mappings of individually spiral 
MCN (Fig. 2G) show the uniform distribution of C, N, and O atoms 
in each carbon shell.

N2 sorption isotherms of the spiral MCNs (Fig. 3A) show a type 
IV curve with a H4-type hysteresis loop, indicating the lamellar 
mesopore structure of the materials (30, 53). The pore size distribu-
tion curve derived from the adsorption branch shows that the sam-
ple has bimodal mesopore sizes at ~2.5 and 16  nm based on the 

Fig. 1. Schematic representation of the formation process of the spiral MCNs First, the lamellar micelle system was formed by stirring the reactant at 300 rpm. 
Then, the lamellar micelles were dynamically assembled into the mesostructured PDA nanospheres under the guidance of the shearing flow. Last, carbonization of the 
freeze-dried PDA nanospheres in N2 atmosphere could lead to the formation of spiral MCNs with interesting chiral architecture.
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Barrett-Joyner-Halenda model, which is in correspondence with 
the above TEM results (inset of Fig. 3A). In addition, the Brunauer- 
Emmett-Teller (BET) surface area and total pore volume are cal-
culated to be ~530 m2 g−1 and 1.0 cm3 g−1, respectively. Small-angle 
x-ray scattering (SAXS) pattern shows one resolved scattering peak 
(peak 5) with a high intensity at q value of ~0.23 nm−1, which corre-
sponds to the multi-shelled nanostructure with a d space of ~29 nm 
(Fig. 3B). This result is consistent with the sum of the carbon 
shell and interlayer spacing sizes. The other four weak scattering 
shoulders (peaks 1, 2, 3, and 4) at q values of about ~0.08, 0.11, 0.13 
and 0.16 nm−1 are probably related to the diameter of the spiral 
MCN. The wide-angle x-ray diffraction pattern shows two diffrac-
tion peaks near 22.6° and 44.0°, which can be indexed to the (002) 
and (100) planes of hard carbon, respectively (fig. S5). The averaged 
D002 interlayer distance is calculated to be 3.97 Å based on the 
Bragg’s law, which is much larger than that of the natural graphite 
(3.35 Å), suggesting modified amorphous feature. The Raman spec-
trum exhibits a high intensity ratio between the D band (defect-
induced band, 1346 cm−1) and the G band (crystalline graphite 
band, 1589 cm−1), namely, ID/IG, revealing a low graphitization 
degree of carbon frameworks with rich defects (fig. S6). The x-ray 
photoelectron spectroscopy (XPS) survey shows that the spiral 

MCNs are mainly composed of C, N, and O, with atomic percentages 
of 86.5, 6.2, and 7.3%, respectively (Fig. 3C). The high-resolution 
XPS spectrum of N 1s can be deconvoluted into four peaks as fol-
lows (Fig. 3D): pyridinic nitrogen (N-6, 398.4 eV), pyrrolic nitrogen 
(N-5, 399.6 eV), quaternary nitrogen (N-G, 400.7 eV), and oxidized 
nitrogen (N-O, 402.8 eV), indicating the favorable N-doped func-
tionalities of the spiral MCNs.

The effect of solvent on the formation of the spiral MCNs was 
first investigated. When a few of ethanol present in the reaction sys-
tem (20 volume %), irregular nanosheets consisted of interconnected 
small pieces could be formed (fig. S7A). By increasing the ethanol 
concentration to 50 volume %, the structure turned into multi-
shelled PDA nanospheres with chiral architecture (fig. S7B). Further 
increasing the ethanol concentration to 80 volume %, the product 
was retained the regularity in spherical shape, but worm-like meso-
pores started to be observed (fig. S7C). Once the ethanol concentra-
tion increased up to 100 volume %, aggregated solid particles could 
appear without either well-defined mesopore or shape (fig. S7D). It 
is suggested that the presence of ethanol in the system helps to the 
formation of lamellar micelles, but excess ethanol can cause the mi-
celle labile and even broken. Alternatively, by increasing the TMB/
P123 mass ratio from 0.20 to 0.40, the structure of the products was 

Fig. 2. Microstructure characterization of the spiral MCNs. (A) FESEM image, (B and D) TEM image, (E and F) magnified TEM images, and (C and G) scanning TEM and 
energy-dispersive x-ray element mapping images of the mesoporous MCNs with unique chiral architecture prepared by the lamellar micelle spiral self-assembly strategy.
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varied from smooth solid nanospheres to triple-shelled one, and the 
shell thickness increased from about 20 to 50 nm (fig. S8, A and B). 
On further increasing the TMB/P123 mass ratio to 0.80, spiral multi-
shelled nanospheres with a uniform shell thickness of ~16 nm and 
an interlayer spacing of ~20 nm could be produced (fig. S8C). When the 
TMB/P123 mass ratio reached to 1.20, the spherical morphology 
evolved into stacked nanobowls with opened nanostructure (fig. S8D). 
This variability in the product verifies that the TMB molecules not 
only can expand the lamellar micelle structure but also affect the 
lamellar micelle assembly behavior in the ethanol/water system.

Furthermore, the precursor amount and stirring rate effects on 
the morphology and mesostructure of MCNs were also investigated 
in the reaction system. When the DA amount was increased (0.25 to 
0.50 g), the structure of the obtained products could be tuned from 
thin nanodisks to a mixture of single hollow and multi-shelled 
nanospheres (fig. S9, A and B). Further increasing the DA amount 
(0.75 g), the pure quintuple-shelled nanospheres with chiral archi-
tecture were fully developed (fig. S9C). By continuously increasing 
the DA amount (1.50 g), similar multi-shelled nanospheres but only 
double shells can be retained with a thick shell of ~40 nm (fig. S9D). 
It is suggested that the precursor amount has limited effect on the 
micellar structures but shows a great effect on the shell number and 
thickness of the products. On the other hand, in the absence of 
stirring, curved nanosheets with a thin thickness could be obtained 
(fig. S10A). Negligible change on the aspect of multi-shelled 
structure was demonstrated, while the stirring rate from 300 to 
700 rpm was adopted (fig. S10, B and C). However, when a high 
stirring rate of 1000 rpm was used (fig. S10D), the multi-shelled 
structure was destroyed, and a mixture of nanosheets and broken 

nanospheres were formed, which is mainly attributed to the tearing 
force caused by the turbulence in the reaction system. These results 
indicate that the driving force for the self-assembly of the multi-
shelled nanostructure originates from agitation.

Moreover, the morphology and mesostructure of products can also 
be affected by the hydrophobic/hydrophilic ratio of the block co-
polymer templates. Using of Pluronic F108 as a template, smooth 
carbon nanospheres were formed with single cavity in the center 
(Fig. 4, A to C). Changing the template from Pluronic F108 to F127, 
uniform radially oriented mesochannels could be observed in the 
carbon nanospheres (Fig. 4, D to F). By replacing the Pluronic F127 
template by P105, the radial mesostructure was transformed into 
the dendritic mesoporous configuration consisting of crumpled 
nanosheets, such as flowers (Fig. 4, G to I). When using Pluronic P123 
as a template, MCNs were generated with unique chiral architecture 
(Fig. 4, J to L). The BET surface areas of these resultant samples (denot-
ed as MCN@x, where x represents the surfactant used) are calculated 
to be 135, 413, and 486 m2 g−1, and the corresponding total volumes 
are 0.42, 0.73, and 0.89 cm3 g−1 for MCN@F108, MCN@F127, and 
MCN@P105, respectively (fig. S11). The pore sizes of them are cen-
tered at ~3, 7, and 12 nm, respectively (Fig. 4M). All of these data are 
summarized in table S1. This variability of mesostructure in the prod-
ucts confirms that the amphipathicity of block copolymer surfactants 
plays a critical role in the micellar morphology and structure control.

Electrochemical performance of the spiral MCNs 
as KIB anodes
The spiral MCNs were tested as anode materials for KIBs in the 
CR2032-type coin half cells. The electrolyte was a mixture of 0.8 M 

Fig. 3. Physicochemical characterization of the spiral MCNs. (A) N2 sorption isotherms, (B) SAXS pattern, (C) XPS survey, and (D) high-resolution N 1s XPS spectrum of 
the mesoporous MCNs with unique chiral architecture prepared by the lamellar micelle spiral self-assembly strategy. Insets in (A) to (C) are the corresponding pore size 
distribution, two-dimensional SAXS image, and element weight percentages, respectively. a.u., arbitrary units.
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KPF6 in diethyl carbonate and ethylene carbonate (v/v, 1:1). The 
electrochemical performance was first evaluated by cyclic voltam-
metry (CV) in the voltage scope of 0.01 to 3.0 V (versus K/K+) 
(Fig. 5A). During the initial cathodic scan, a broad reduction peak is 
located at ~0.85 V and disappears in the following cycles, as mainly 
due to the irreversible reactions and the formation of the solid elec-
trolyte interphase (SEI) layer on the surface of an electrode (54). A 
pair of redox peaks at ~0.1 and 0.5 V is ascribed to the intercalation/
deintercalation of K ions in the porous carbon framework. The 
nearly overlap of the subsequent CV cycles indicates the great elec-
trochemical reversibility after the first cycle. The galvanostatic 
charge/discharge curves display a plateau at ~0.5 V and followed by 
a slope down to 0.01 V, demonstrating the surface-driven dominated 
potassium storage behavior (Fig. 5B). The specific discharge capacity 
in the first cycle is 653 mA·hour g−1 with the charge capacity as high 
as 370 mA·hour g−1, corresponding to an initial coulombic efficiency 

(ICE) of 52%. The relatively low ICE should be attributed to the 
porous structure, which consumes a large amount of electrolytes for 
SEI layer formation. A specific capacity of 294 mA·hour g−1 is main-
tained after 100 cycles at a current density of 0.1 A g−1, indicating 
the excellent cycling stability (Fig. 5C), which is much superior to the 
solid carbon nanospheres (fig. S12). The TEM image and N2 sorption 
isotherms analyses show that the multi-shelled mesoporous structure 
can be well retained even after a long-term cycle (fig. S13).

These spiral multi-shelled advantages became more prominent 
at higher current densities. The specific reversible capacities are 
measured to be 275, 226, 198, and 174 mA·hour g−1 at the current 
densities of 0.2, 0.5, 1.0, and 2.0 A g−1, respectively (Fig. 5D). Im-
pressively, a decent capacity of 134 mA·hour g−1 can still be retained 
with further increasing the current density to 5.0 A g−1. When the 
current rate is switched back to 0.2 A g−1, a reversible capacity of 
241 mA·hour g−1 can be recovered, demonstrating the excellent rate 

Fig. 4. The controllability and versatility of the synthetic method. FESEM and TEM images of the mesoporous carbon nanospheres prepared by adjusting the interfacial 
curvature of micelles through using different Pluronic triblock copolymers: (A to C) F108, (D to F) F127, (G to I) P105, and (J to L) P123. (M) The corresponding distribution 
histograms of the particle diameters and pore sizes.
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performance (Fig. 5E). After being tested at 2.0 A g−1 over 500 
cycles, the spiral MCN electrode retained a stable capacity of 
112 mA·hour g−1 with slight capacity decay of ~0.03% per cycle 
(Fig. 5F). Meanwhile, its CE value is nearly 100% after first few cycles. 
The electrochemical impedance spectrum of the spiral MCN electrode 
shows a small semicircle diameter and high line slope in the moder-
ate and low frequency regions, respectively, indicating excellent 
charge and ion transfer kinetics (fig. S14). Ex situ Raman spectra 
show that the ID/IG ratios are gradually decreased from 1.18 to 1.01 
and then backed to 1.17 during the discharge/charge process, sug-
gesting that the potassium storage process is highly reversible (fig. 
S15). Corresponding HRTEM images further confirm that the carbon 
frameworks are integrated and undergone reversible expansion/
contraction during cycling, thus enabling stable insertion/extraction 
of K ion (fig. S16). In addition, when the spiral MCNs used as the 
anode materials for lithium ion batteries, the reversible capacities of 
143 mA·hour g−1 can be remained after 1000 cycles at 5.0 A g−1, in-
dicating wide application potentials of the spiral MCNs (fig. S17). 
Compared to the works from the recent literature (table S2), the 
spiral MCN shows an attractive rate capability and impressive 
cycling performance.

To gain more insights into the electrochemical behavior of the 
spiral MCN electrode, we conducted the kinetics and quantitative anal-
ysis based on the CV tests at varying scan rates from 0.2 to 2.0 mV 
s−1. The redox peaks keep their original shapes and slightly expand 
to cover higher voltages along with the increasing scan rates, indi-
cating a surface-dominated K ion storage feature (Fig. 6A). Even at 
a high scan rate of 2.0 mV s−1, it also shows well-defined redox 
peaks, demonstrating very small polarization. Here, the relationship 
between the peak current (i) and the scan rate (v) obeys a power law, 
which can be described in Eqs. 1 and 2

	​ i  = ​ av​​ b​​	 (1)

	​ log(i ) = blog(v ) + log(a)​	 (2)

where i represents the peak current (in milliamperes), v is the scan 
rate (in millivolts per second), and a and b are the adjustable con-
stants. The b value is equal to the slope by fitting the log(i)-log(v) 
plots. In particular, the b value close to 0.5 indicates a diffusion-
dominated process, whereas 1.0 signifies the capacitive-controlled 
process. In our case, the curve shows a well-defined linear relation-
ship, and the b values for cathodic (peak 1) and anodic peaks (peaks 
2 and 3) are calculated to be 0.92, 0.99, and 0.94, respectively, sug-
gesting the dominant fast kinetics of capacitive-controlled behavior 
(Fig. 6B). Furthermore, the capacitive charge contribution can be  
further distinguished in Eq. 3

	​ i(V ) = ​k​ 1​​ v + ​k​ 2​​ ​​​ 1/2​​	 (3)

in which both k1 and k2 are constants, and k1v represents the surface 
capacitive fraction while k2v1/2 corresponds to the diffusion-controlled 
process. On the basis of the quantification, about 74.6% of the total 
charge is capacitive at a low scan rate of 1.0 mV s−1, indicating the 
capacitive dominated behavior (Fig. 6C). When being tested at other 
scan rates of 0.2, 0.4, 0.6, 0.8, 1.2, and 1.4, the capacitive contribu-
tion ratios are 61.8, 64.8, 68.8, 71.3, 75.3, and 77.4%, respectively 
(Fig. 6D). The results reveal that the capacitive contribution ratio 
gradually increases with the increase in scan rate and lastly reaches 
a maximum value of 83.7% at 2.0 mV s−1, further demonstrating the 
advantages of the multi-shelled spiral structure.

Fig. 5. Electrochemical performances of the spiral MCNs as anodes for KIBs. (A) CV curves at a scan rate of 0.1 mV s−1, (B) charge/discharge curves at a current density 
of 0.1 A g−1, (C) reversible capacity tests at a current density of 0.1 A g−1, (D and E) rate capability tests from 0.2 to 5.0 A g−1, and (F) cycling stability at 2.0 A g−1 for 500 cycles.
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DISCUSSION
In general, the direct creation of multi-shelled carbon structures 
through block copolymer self-assembly depends on the competi-
tion between bending energy and layer-to-layer interactions. Rational 
control of the micelle structure with the introduction of appropriate 
mediation agent might allow finely balancing of the abovemen-
tioned competition. In conventional synthesis, the micellar struc-
ture can be guided by the surfactant packing parameter (P), which 
is defined in Eq. 4

	​ P  = ​  ​v​ 0​​ ─ ​al​ 0​​ ​​	 (4)

where v0 and l0 are the volume and length of the hydrophobic block, 
respectively, and a is the polar head surface area. For a certain sur-
factant, P is mainly determined by the hydrophobic/hydrophilic ratio, 
namely, VH/VL value [where VH and VL are the hydrophobic [poly 
(propylene oxide)] and hydrophilic [poly (ethylene oxide)] volume 
fractions, respectively]. Thus, continuous increase in VH/VL can in-
duce a gradual increase in P accompanied with micellar structure 
transformation from spherical to lamellar, enabling the possibility 
to continuously tune pore structures. However, when the absence of 
PEO or PPO blocks in block copolymer surfactants (VH/VL = ∞/0), 
complete micelle cannot be formed, leading to the formation of non-
porous aggregated particles (fig. S18). A low of VH/VL value (0.27, 
F108) can endow the surfactant with strongly hydrophilic PEO blocks; 
thus, only unfolding Pluronic F108 can be formed in the system. 

However, the F108 molecules can direct the polymerization of DA 
and self-assembly around the TMB droplets, resulting in the forma-
tion of smooth nanospheres with a single cavity in the center (Fig. 7A). 
Increasing the VH/VL value (~0.46, P ≤ 1/3) enables the formation of 
stable spherical F127/TMB/DA micelles with high interfacial curvature 
and swelled size (Fig. 7B). Along with the shearing flow from the 
agitation, the large spherical micelles experience a touching, deform-
ing, and fusing process in the radial direction to generate radially 
oriented mesoporous nanospheres. By continuously increasing the 
VH/VL value (~1.06, 1/3 ≤ P ≤ 1/2) can induce interfacial curvature 
decrease; thus, the cylindrical P105/TMB/DA composite micelles 
appear and assemble with DA molecules to form the flower-like nano-
spheres with a macro-/mesoporous architecture (Fig. 7C). Further 
increasing the VH/VL value (~2.43, 1/2 ≤ P ≤ 1) can cause the micelle 
structure transformed into sandwich-like lamellar P123/TMB/DA 
one with lower interfacial curvature (Fig. 7D). In the lamellar P123/
TMB/DA micelles, hydrophobic TMB molecules in the center can 
interact with the PPO segments of Pluronic P123 at both ends through 
van der Waals force, endowing the composite micelles with good 
stability and expanded size. Alternatively, DA molecules can polymerize 
quickly under alkaline condition, and the resultant PDA frameworks 
can conversely stabilize the multi-shelled nanostructure during the 
self-assembly process via - bonding. As agitation is adopted, the 
shearing flow drives the lamellar micelles to layer-by-layer dynamical 
self-assembly around the spiral axis, resulting in the spiral multi-
shelled nanostructure from the inside out (fig. S19 and movie S2). 

Fig. 6. Kinetics analyses of the potassium storage behaviors for the chiral MCN electrode. (A) CV curves at various scan rates from 0.2 to 2.0 mV s−1, (B) determination 
of b values using the relationship peak current and scan rate, (C) separation of the capacitive and diffusion currents at a scan rate of 1.0 mV s−1, and (D) contribution ratio 
of the capacitive and diffusion-controlled charge versus different scan rates.
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Therefore, the multi-shelled PDA nanospheres can be realized 
owing to the formation of a delicately dynamic balance between 
bending energy and layer-to-layer interactions during the self-
assembly process (55). Fourier transform infrared spectroscopy 
spectra show that the catechol and amino groups of DA were oxi-
dized to quinone and secondary amine groups during the synthesis 
process, resulting in the PDA frameworks (fig. S20). The solid-state 
13C nuclear magnetic resonance spectrum further reveals that the 
PDA frameworks are primarily consisted of 5,6-dihydroxyindoline 
and 5,6-indoleindoline units (fig. S21). The circular dichroism 
spectrum assisted with ultraviolet-visible spectrum shows a clear 
peak centered at 280 nm, which ascribes to the adsorption signal of 
colloidal PDA, confirming the formation of chiral nanostructures 
(fig. S22). Only positive signals can be observed under both clock-
wise and anticlockwise stirrings, indicating that the spiral nano-
structure is independent of the stirring direction. This is because 
the formed multi-shelled nanostructure is a scroll-like nanosphere 
with a central axis. The tilting experiments further verify the spiral 
multi-shelled nanostructure from different viewing angles (fig. 
S23). In addition, a MATLAB program was developed, which 
can well simulate the spiral multi-shelled nanostructure (fig. S24), 
further demonstrating that the proposed spiral nanostructure is 
geometrically possible.

The superior rate capability and excellent cycle stability are 
mainly attributed to the unique spiral nanostructures and chemical 

properties of the spiral MCNs. The nanoscale particle size and hol-
low structure enable the shortened K ion diffusion lengths and offer 
plentiful storage active sites for K ion storage. Meanwhile, the spiral 
multi-shelled structure not only facilitates the continuously transfer 
of charges and ions to the whole carbon matrix but also contributes 
to buffer the mechanical stress/strain and volume change caused 
by the K ion insertion/extraction, especially in the cases of large 
current density and long cycling process. Besides, the micro-/
mesopores existed in the thin shells and large interlayer spacings 
are highly permeable for comprehensive electrode/electrolyte 
contact externally and internally. In addition, the high content of N 
doping can bring more surface defects and edges of graphene layers 
that can improve K ion adsorption and therefore results in fast ki-
netics and high capacities.

In summary, uniform MCNs with well-defined porosity and 
unique chiral architecture have been fabricated via a lamellar micelle 
spiral self-assembly approach. This approach features the introduc-
tion of shearing flow to drive the lamellar micelles continuously 
self-assembled into stably spiral multi-shelled nanospheres with 
clasp ring at end. Furthermore, the micellar structure in this syn-
thesis can be on-demand and systematically tuned by manipulating 
the hydrophobic/hydrophilic ratio of surfactants, which results in the 
controllable mesostructures from single-porous, to radially oriented, 
to flower-like, and to multi-shelled nanospheres. Impressively, the 
resultant spiral MCNs show small particle size (~150 nm), large 

Fig. 7. Schematic illustration of the formation mechanism for the mesoporous carbon nanospheres with diverse architectures. A series of mesoporous carbon 
nanospheres were prepared using various triblock copolymers with different hydrophobic/hydrophilic ratios as templates: (A) F108, (B) F127, (C) P105, and (D) P123.
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surface area (~530 m2 g−1), high pore volume (~1.0 m3 g−1), abundant 
N content (~6.2 wt %), thin shell thickness (~13 nm), and unprece-
dented chiral architecture. As a result, the MCNs deliver excellent 
rate capability (134 mA·hour g−1 at 5 A g−1) and long-term cyclic 
stability (112 mA·hour g−1 at 2 A g−1 after 500 cycles) for KIBs. We 
believe that this work not only presents a multifunctional platform 
toward synthesis of novel nanostructures for advanced applications 
but also provides new and foundational knowledges on micelle-
directed self-assembly and chemistry.

MATERIALS AND METHODS
The spiral multi-shelled mesoporous carbon nanospheres were fab-
ricated by a lamellar micelle spiral self-assembly approach (see Sup-
plementary Materials and Methods for detailed synthetic process). 
Briefly, Pluronic P123 (PEO20PPO70PEO20), TMB (C9H12), and DA 
hydrochloride (C8H11NO2·HCl) were stirred in a water/ethanol 
mixture with a designed mass ratio. Then, ammonium hydroxide 
was added to induce the polymerization of the DA precursor and 
assembly into the mesostructured PDA nanospheres. Last, carbon-
ization of the freeze-dried polymer nanospheres in N2 atmosphere 
could lead to the formation of spiral MCNs with interesting chiral 
architecture.

SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at https://science.org/doi/10.1126/
sciadv.abi7403
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