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ABSTRACT  

Artificially grown superstructures from small building blocks is an intriguing subject in 

‘bottom-up’ molecular science and nanotechnology. Although discrete nanoparticles with 

different morphologies and physicochemical properties are readily produced, assembly them 

into higher-order structure amenable to practical applications is still a considerable challenge. 

This report introduces a stepwise heterogeneous approach for coupling colloidal quantum dots 

(QDs) synthesis with self-organization to directly generate quantum chains (QCs). By using 

vulcanized sulfur precursors, QDs are interdigitated into microscale chainlike supracrystals 

associated with oleylamine and oleic acid as structure directing agents. The cooperative nature 

of the QD growth and assembly have been extended to fabricate binary (PbS) and ternary metal 
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chalcogenides (CuInS2) QC superstructures over a range of length scales. In addition, enhanced 

ion and charge transfer performance have been demonstrated which are determined to originate 

from the minimum interparticle distance and nearly bare nanocrystal surface. The process 

reported here is general and can be readily extended to the production of many other metal 

chalcogenide QD superstructures for energy storage applications.  

 
1. Introduction 

 

Nanostructured materials lie at the forefront of the state of the art energy conversion and storage 

technologies because of their excellent mechanical and electrical properties.1-8 Spontaneous 

assembly small building blocks into superstructures with distinct functionality are scientific 

challenges in fundamental science (e.g., the origin of life) and nanotechnologies.9-12 

Elaborately self-organized superstructures from low-dimensional materials could dramatically 

improve their optical-electrical properties as well as providing new collective phenomena 

through long-range ordered interparticle cross-linking.12-16 For instance, the emergence of high 

mobility and conductivity QD solids have triggered tremendous frontier semiconductor studies, 

which map the progression from carrier hopping through localized quantum-confined states to 

band-like charge transport in delocalized and hybridized states.15,17,18 Moreover, the preserved 

nanograin features such as abundant grain boundaries, absolute low volume changes that 

originate from the very small absolute size of the nanomaterials and high surface-to-volume 

ratio are the expected advantages for high-performance energy storage applications.12,14,18-21 

 

Brownian colloidal nanocrystals can self-organize into superlattices through dynamically 

tailoring a range of accessible surface chemical ligands.22 Generally, the self-assembly of pre-

synthesized nanoparticles is reserved for building units which are not linked together via 

covalent bonds but through weak forces such as van der Waals or hydrogen bonding or even 
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hard particle interactions.23 Bottom-up organization of nanocrystals with predefined 

functionality is often driven by both interparticle interactions and the influence of the assembly 

environment.24 For instance, evaporation of carrier solvent, template-patterning, 

electric/magnetic fields inductions or fluid flow patterning are the main approaches for self-

assembling colloidal nanocrystals into sophisticated superstructures.15,16,25-27 However, self-

assembled structures are prone to defects, and it is normally difficult to achieve a high degree 

of order that extends over large areas and quantities, which is the main challenge when 

assembled structures are to be integrated into devices.17 One possible solution is to combine 

the colloidal self-assembly with other existing nanofabrication techniques, such as colloidal 

lithography. However, the particle size and the interparticle space are interdependent variables, 

thus cause them cannot be simply tailored with high patterning capability.28,29 Recently, various 

molecules such as thiols, bipolar surfactants, ammonia sulfides or elemental sulfur have been 

used as effective linkers or reaction media to direct synthesis or connect nanoparticles during 

the initial synthesis process, meanwhile preserve their quantum confinement via the ligand 

substitution or cooperative growth/assembly process.27,30-36 For example, metal oxide 

nanocrystals have been assembled into highly ordered superstructures using oleylamine (OLA) 

and oleic acid (OA) as capping and structure directing agents.27 However, besides the metal 

oxide materials,13,27,37 direct synthesis long-range ordered superstructures using metal sulfide 

as a building block, and their practical device applications, is still lacking within the community. 

 

Here, we present a simple but effective approach to assemble QDs into one-dimensional (1D) 

quantum chain (QC) superstructure via a stepwise heterogeneous reaction approach. Using this 

method, high-quality lead sulfide (PbS) QDs can be rapidly crosslinked into microscale QCs 

through interdigitation of vulcanized solid sulfur precursors mediated by OLA and OA as 

structure directing agents. This growth method differs significantly from other reported self-
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assembly methods because no new surfactant ligands or solvent evaporation are introduced, 

and the QC superstructure can be produced directly from the colloidal growth process. It is also 

confirmed that our growth strategy can be extended to the growth of other metal chalcogenides 

such as ternary copper indium sulfide (CuInS2). We also demonstrate these chainlike structures 

can be readily applied to practical applications such as lithium-ion batteries (LIB). Owing to 

the minimum lattice stress from extremely small and adjacent crystal boundaries, QC-enabled 

LIB cells show a considerably higher electrochemical Li+
 storage capacity and charge mobility 

than discrete QDs and bulks.  

 

2. Results and discussion  

 

We extend the knowledge of homogeneous QD synthesis3,37-42 to a heterogeneous reaction 

methodology, which enables an in situ rapid self-organization of QDs into chain-like 

superstructures. As illustrated in Fig 1a, isolated QDs firstly interacted with 

hexamethyldisilathiane (bis(trimethylsilyl) sulphide (TMS) to form bridged QDs as 

monomers.30,31 OLA, OA subsequently provide nanoscale reactive vessels for bridged-QDs 

monomers to assembly into metastable mesostructures because the metal-surfactant complexes 

can be readily decomposed at high temperature through an ester elimination process.43,44 In the 

end, QDs mesostructures are interdigitated by solid sulfur precursors through vulcanization 

reaction at elevated temperature, and self-organized into long order QC supercrystals.7,34,35 

Compared to previously reported works,14,37,40 the as-obtained QCs not only maintain typical 

quantum-confined excitonic features but also exhibit a high synthesis yield with a micron 

dimension (Fig. 1b). The decrease of exciton peaks from QDs, bridged QDs to QCs could be 

revealed through absorption spectroscopy analysis (Fig. S1), which demonstrate enhanced 

necking and electronic coupling from long-range ordered QC superstructures.5,6 Typical PbS 

rock-salt cubic crystalline structure45  was determined by characteristic X-ray diffraction 
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(XRD) patterns and, as indexed in Fig. 1c, the attachment of these constituted QDs were found 

preferentially along the <100> axis with more than microns length scales (inset of Fig. 1c).  

 

We carried out high-resolution transmission electron microscopy (TEM) and atomic-resolution 

microscopy (ARM) aberration-corrected high-angle annular dark-field scanning transmission 

electron microscopy (HAADF-STEM) analyses to understand detail morphology and 

microstructures of the as-prepared PbS QCs. False-color HAADF micrographs revealed that 

the PbS nanocrystals were well crystallized into monodispersed QDs (Fig. 2a), bridged QDs 

(Fig. S2a) and micron-length QCs (Fig. 2b). Fig. S2b, and Fig. S2c display the selected-area 

electron diffraction (SAED) patterns, which further manifest the embodied infinitesimal crystal 

domains in the characteristic broad and diffuse electron diffraction ring patterns.46 Typical 

{111} and {200} lattice fringes can be resolved from the as-prepared PbS QDs (Fig. 2b), 

bridged QDs (Fig. S3) and QCs (Fig. 2c and Fig. 2d), which imply that the rock-salt cubic 

nanostructure is well preserved and independent from the shape transformation. Moreover, the 

HRTEM measurement provides additional evidence of the longitude attachment of QDs along 

the <200> direction embodied in the indexed spacing from {200} lattice fringes (i.e., 3.0±0.1 

Å) presented in Fig. 2c, 2d, and Fig. S3.35,45 Indeed, the bonding states of OA on the PbS QD 

surface is different between {111} and {200} planes. OA is just weakly adsorbed on {200} 

surface other than the coordinate bonded {111} planes.8,47 Therefore, as shown in Figure 1a 

and Figure 2, through deliberately enriching the sulfur amount, populations of OA on {200} 

facets (i.e., S-rich QDs) will be reduced which result in the formation of one-dimensional 

structures via <200> oriented attachment.45,48 The QCs provide a high number of grain 

boundaries and a large aspect ratio (e.g., width: length=1: 200) that are beneficial for charge 

transport and ion intercalation into the PbS lattice.19,20,49 It has long been known that under 

ambient conditions, elemental sulfur primarily exists in a six to eight-membered ring form (S6-
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S8) which melts at temperatures around 120oC and undergoes an equilibrium ring-opening 

polymerization of the S6-S8 monomer into a linear polysulfane with diradical chain ends, 

above 160oC.34,50 Thereby, unsaturated metal sulfide species will tend to form new metal-S 

bonding to the adjacent particles to fulfill coordination numbers under the presence of these 

S6-S8 molecules.30 As exhibited in Fig. 2c, Fig. S4, and Fig. S5, the QCs are composed of small 

polycrystalline nanograins with approximately 4-5 nm widths and micrometer lengths. The 

regular spacing of ca.1 nm (Fig. 2c and Fig.2d) separated each crystal along the length of the 

chain consistent with the presence of an interdigitated layer of S6-S8 sulfur molecules.13,35,51,52 

Further supporting this interpretation are the results through elemental X-ray photoelectron 

spectroscopy analysis (Fig. S6), which show the appearance of an S-rich feature consistent to 

the <200> attached PbS ensemble solids reported elsewhere.45,48 Taken together, the S-rich 

stoichiometry indicates there are negligible Pb dangling bonds exist in QCs structure. However, 

solution-processed PbS QDs usually exhibits lead-rich characteristic35,45, and excess Pb 

dangling bonds are normally passivated by initial, long-chain aliphatic ligands which are 

electronically insulated.53 Therefore, as-proposed cross-linking of discrete QDs by sulfur 

molecules approach could also massively remove the bulky surfactant and enable the 

generation of nearly bare QD surface.54,55 Notably, DNA-like double helix macromolecular 

structure is observed as shown in Fig. 2e which may generate from the side-to-side contact 

between the QCs to effectively decreases the interfacial energy.3,27,56 These intriguing 

structures could provide interesting platforms for programmable constructing artificially chiral 

molecules in artificial protocell and biomimetic studies.9-12 

 

We further employ a ternary Cu-In-S system to test this heterogeneous growth and assembly 

method. Significantly, CuInS2 QDs (Fig. S7) and QC (Fig. 2f) nanostructures were prepared 

with uniform dimensions and morphologies. Fig. 2f, and Fig. S8 show the electron microscopy 
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images (HRTEM and HAADF-STEM) of as-synthesized uniform CuInS2 QCs superstructures 

with the length of above ca. 100 nm. Moreover, HRTEM and HAADF-STEM energy-

dispersive X-ray elemental mapping study further confirmed the highly crystalline and 

stoichiometric nature of these CuInS2 QCs (Fig. S8).  

 

To demonstrate that crosslinked QCs could facilitate a fast charge and ion transport associated 

with the enhanced kinetics of the electrode reaction and mass transfer process, we incorporated 

the as-prepared QDs and QCs as anode materials into benchmark LIB cells (inset of Fig. 3a). 

Butylamine (BAE) has been employed as a conductive ligand to enhance the charge transport 

properties of QDs and QCs (e.g., QDs@BAE, QCs@BAE) through in-situ solution-phase 

ligand-exchange.57,58 Fig. S9a and Figure S9b display the morphologies of ligand-exchanged 

QDs and QCs samples (i.e., QDs@BAE and QCs@BAE). It can be seen that there is no 

significant structural variation after BAE ligand substitution.59 As shown in the voltage profiles 

of the initial cycle (Fig. 3a, Fig. S9c, and Fig. S9d), the QCs@BAE electrodes exhibited higher 

initial discharge (i.e., delithiation) capacities (566.6 mAh g-1) than the QDs@OA (274.5 mAh 

g-1) and QDs@BAE (307.1 mAh g-1); and this initial discharge capacity of QCs@BAE 

electrode is close to the Pb theoretical gravimetric capacity (~582 mAh g-1) and far beyond the 

commercial graphite electrode (~372 mAh g-1).35,38,60,61 The electrochemical reactions of the 

electrodes during the lithiation and delithiation processes were probed by differential capacity 

plots (DCPs) and cyclic voltammetry (CV). In Fig. 3b and the inset, the DCPs extracted from 

the charge-discharge measurement (e.g., first cycle) show the electrochemical reactivity 

difference between QDs and QCs as a function of surface ligands and morphologies. For 

instance, the magnitudes of the oxidation peaks from the QCs@BAE electrodes are larger (~60 

mV) than the rest of samples, which implies QCs@BAE electrodes hold better 

lithiation/delithiation sites and ion transport pathways than discrete QDs or bulk state.49 
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According to previous reports,49,62,63 the CV and DCP peaks presented in Fig. 3b and Fig. S10 

can be attributed to the conversion reaction of PbS into Li2S and metallic Pb, followed by an 

alloying reaction of Pb with lithium: 

 

The redox currents observed at potentials greater than 1.0 V (vs. Li/Li+) are attributed to the 

formation of lithium polysulfide (LixS, up to x=2) and metallic Pb (Equation 1).49,64 The redox 

currents and CV peaks below 1.0 V might be highly related to the subsequent formation of Li-

Pb alloy phases (Equation 2 and 3).49,60,65 As highlighted in Fig. S10, two characteristic anodic 

CV peaks associated with the different amount of Li in the LiyPb alloy can be resolved from 

the potential sweep.65,66 Interestingly, compared to the bulk-state, the redox peaks 

corresponding to the formation of lithium polysulfide were not observed in our CV curves (Fig. 

S10), which may occur due to the QD-mediated fast Li diffusivity for promoting the LiyPb 

alloy formation.49,67 Notably, besides the higher current values from QCs@BAE (i.e., high 

charge mobility), no considerable redox potential difference between the QDs@OA and 

QDs@BAE electrodes was observed, which indicates that BAE ligand-exchange does not 

affect the lithium conversion mechanisms.  

 

Electrochemical impedance spectroscopy (EIS) measurements were performed to understand 

the QC crosslinked framework in facilitating Li conversion and the charge transport kinetics. 

In Fig. 3c and Fig. 3d, EIS spectra for the electrodes, containing two consecutive semicircles 

with the linear region at low frequencies, are revealed after the first and fifth charge-discharge 

cycles.68,69 The insets of Fig. 3c is referred to the equivalent circuit model used to fit the EIS 

experimental profiles.70-72 In general, the high-frequency (HF) semicircle is related to solid 
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electrolyte interphase (SEI) formation process on the electrode material surface, and the mid-

frequency (MF) semicircle reflects the impedance for the charge-transfer reaction at the 

interface between the electrolyte and the electrode material.68,69 In Fig. 3c and d, the radii of 

both HF and MF semicircles in the QDs@OA anode are much larger than those in QDs@BAE 

and QCs@BAE, which reflects that the BAE ligand alleviates the impediments during Li 

transport through the PbS QD ensembles. We found that weaving QDs into micron-length QCs 

can further reduce the magnitude of the MF semicircle, which suggests that the proposed chain 

architecture improves the charge-transfer resistance between PbS and the electrolyte. This 

finding is also supported by the fitted EIS parameters listed in Table S1 as well as our 

theoretical calculations based on HSE06 hybrid density functional theory (Fig. S11). Indeed, 

the decreased resistance values in the QCs@BAE samples originated from the reduced 

interparticle distance and super-small crystal domains. For instance, in our DFT calculations 

(Fig. S11), the conductivity of the PbS QC increases dramatically at a short interparticle 

distance. As schematically illustrated in Fig. 3e and Fig. S11, synthetically, the LIB 

performance enhancement from the as-proposed QCs@BAE structure can be perceived as a 

synergistic effect associated with the QD microscopic crystal domains, and the QC crosslinked 

geometry: i) their ultra-small crystal domains have large surface areas that allow facile charging 

and discharging by shortening the diffusion length for Li-ion transport and high Li 

accessibility;1,73,74 ii) the Li+ diffusivities are ten times higher in the multiple grain boundary 

structures than in the continuing-lattice single crystals (e.g., the bulk state), as Li+ diffuses by 

hopping between defects.67 Therefore, the QC crosslinked textile framework is a preferred 

conducting medium for Li diffusional transport associated with disordered lattice structures 

from infinitesimal QDs and their enriched population of nanoscale boundaries.67 
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To demonstrate the QC nanostructure in improving the mechanical and reversible ion transport 

stability, we systematically investigated the cycle performance of the as-demonstrated LIBs. 

In Fig. 4a, our QCs@BAE electrode showed significantly stability improvement compared to 

discrete QDs (i.e., QDs@OA and QDs@BAE) and bulk due to the suppressed 

conversion/intercalation-induced stresses and crosslinked geometry.49,67 For instance, the 

QCs@BAE discharge capacity monotonically increased after capacity degradation during the 

first few tens of cycles, which is different from the continuous capacity decrement reported in 

the bulk state.49 Moreover, when the upper cut-off potential was set to 3.0 V, the discharge 

capacity of the QCs@BAE electrode reached 685 mAh g-1 at the 400th cycle, which is five 

times (489%) higher than the reported values from PbS bulk-state (e.g. 140 mA g-1 at the 100th 

cycle) and readily approach to its theoretical limit (i.e. 728 mAh g-1).49,60 In Fig. S12, the 

capacity retention of the PbS QDs and QCs electrode were over 100% at the 400th cycle, which 

is the best record among any reported Pb-based composite electrodes.1,49,60,62 Due to the cross-

linking of QDs in the QCs structure, the charge transfer between each QDs are primarily 

enhanced, which induce relatively smaller capacity retention of QCs compared to QDs samples. 

The average Coulombic efficiency (CE) of the QDs@BAE and QCs@BAE anodes was greater 

than 98% for over 400 cycles (Fig. 4b). Notably, the CE was enhanced after the ligand 

exchange, because the average CE of the QDs@BAE and QCs@BAE electrodes was 

approximately 98%, which is higher than that of the QDs@OA electrode (96%) over 200 cycles 

(Fig. S13). These findings suggest that the surface structure of QC anodes not only well 

preserved during cycling but also facilitate the alloying and dealloying reaction with lithium 

ions. Such promising electrochemical behavior may also be related to lithiation-induced 

reactivation, as observed in other metal chalcogenide materials,9,75 because the preserved PbS 

rock-salt cubic is electrochemically active for lithium insertion, which can be reversibly 

transformed through a diffusionless process.76  
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Furthermore, the QCs@BAE cell was disassembled before (Fig. 4c) and after 400 cycles (Fig. 

4d), and the segments were investigated by high-resolution TEM (HRTEM, Fig. S14) and 

HAADF-STEM microscopy. As illustrated in the high-resolution HAADF-STEM chemical 

mapping results (Fig. 4c, Fig. 4d and Fig. S15) and reconstructed electron-scatter amplitude-

induced contrast images (Fig. S16), QCs@BAE can maintain its original nanoparticle features 

over 400 cycles, which suggests chainlike superstructure play a significant role as a buffer 

medium in suppressing the volume expansion of the Pb atoms.63 It should be noted that the 

aggregation of nanocrystals is also observed which may be caused by the device preparation 

and the formation of SEI layers.77 In Fig. 4e and Fig. S17, the crosslinked QCs@BAE 

framework also shows an enhanced rate capability compared to QD@BAE. Indeed, as 

rationalized in Fig. S18, the QC@BAE anode has a 226 mAh g-1 average discharge capability 

(at a current density of 3000 mA g-1) which is 200% bigger than its bulk (e.g., 159 mAh g-1 at 

a current density of only 720 mA g-1) and discrete QD states (e.g., 108 mAh g-1 at the current 

density of 3000 mA g-1 ).60 These findings indicate that QC superstructures hold great potential 

as a robust platform for reversible ion intercalation.  

 

3. Conclusions 

In summary, uniform metal chalcogenide nanocrystals with highly ordered QC superstructures 

were obtained using a stepwise heterogeneous growth approach. Through the interaction 

between surface ligands, sulfur molecules and inorganic species, well organized chain-like 

supracrystals can be formed. This simple synthetic method has been applied for the fabrication 

of binary and ternary metal chalcogenide QCs with micrometer dimensions which is not easily 

accessible with previously reported synthetic protocols. Meanwhile, novel collective properties 

from the assemblies of these QD building blocks have been systematically investigated through 

electrochemical charge and ion transfer analysis. As promising structure candidates for LIB, 
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QC structure possesses much better ion transport stability (above 400 cycles) and capacity 

compared to bulk (e.g., 500% times enhancement), and discrete-QD counterparts (e.g., 200% 

times enhancement). Additionally, through investigating the pre- and post-cycled LIBs by 

discerning the electrochemical reaction kinetics and the detailed microstructural variations, we 

confirmed the improved electrochemical capacity and durability were derived from the 

preserved nanograin boundaries and QC long-range crosslinked configuration. Such a novel 

superstructure represents a novel concept for the design of complicate nanostructure for high-

performance energy storage applications, as well as open the door for other technologically 

important studies such as optoelectronics, photonics, and bionic science.                                                                                                              

 
4. Experimental section 

4.1. The growth of binary PbS QDs and bridged QDs  

The synthesis of PbS QDs can be found in previous reports.3,35,38,45 For the bridged PbS QDs, 

hexamethyldisilathiane (bis(trimethylsilyl) sulphide (TMS, 250 µL) was dissolved in ODE (6.4 

mL) in a two-neck flask under vacuum. After 2 h, the TMS solution was switched to an Ar 

atmosphere at room temperature. The TMS solution was swiftly injected into the freshly 

prepared PbS QD solution, and the reaction flask was maintained at room temperature. The 

raw reaction solution was purified by adding a mixture of hexane and acetone, followed by 

centrifugation at 8000 rpm. Then, the nanocrystals were washed twice by dissolving in hexane 

and precipitating with ethanol (1/10, v/v). Finally, the bridged PbS QDs were dried into a 

powder for LIB device fabrication and subsequent QC formation. 

4.2. The growth of binary PbS QC supracrystals 

Fifty milligrams of the bridged PbS QDs were dispersed into 6 mL trioctylphosphine together 

with 1 mmol sulfur flakes and rapidly injected into a hot diphenyl ether (15 mL) solution that 

contained OLA (0.5 mL) and OA (2 mL) at 200 °C. After heating for 10 seconds, the reaction 

mixture was quenched to room temperature using a water bath. Then, the PbS QCs were 
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washed twice by dissolving in hexane and precipitating with ethanol (a vortex mixer was used 

for dispersing). Finally, the PbS QCs were dried into a powder for LIB device fabrication and 

characterization. 

4.3. The growth of ternary CuInS2 QDs and QC supracrystals 

The synthesis of CuInS2 QDs is adapted from previous reports.50,59,77,78 For the synthesis of 

CuInS2 QCs, fifty milligrams of the CuInS2 QDs were dispersed into 6 mL trioctylphosphine 

together with 1 mmol sulfur flakes and rapidly injected into a hot diphenyl ether (15 mL) 

solution that contained OLA (0.5 mL) and OA (2 mL) at 200 °C. After heating for 10 seconds, 

the reaction mixture was quenched to room temperature using a water bath. Then, the CuInS2 

QCs were washed twice by dissolving in hexane and precipitating with ethanol (a vortex mixer 

was used for dispersing). Finally, the CuInS2 QCs were dried into a powder for further 

characterizations. 

4.4. In situ ligand exchange  

The PbS-bridged QDs or QCs were dispersed in BAE and stirred under inert conditions for 

three days. The BAE dispersion was decanted into centrifuge tubes, and an excess amount of 

anhydrous isopropanol was added into the centrifuge tubes to precipitate the corresponding 

nanocrystals (40:1 isopropanol: BAE solution, v/v). Then, these solutions were centrifuged at 

8000 rpm for 10 min. The supernatants were decanted, and the precipitated nanocrystals were 

dried into a powder for further utilization. 

4.5. LIB fabrication  

The battery fabrication was analogous to previous reports with some slight adjustments.49,60 A 

slurry was made by mixing active materials (i.e., PbS QDs@OA, PbS QDs@BAE or PbS 

QCs@BAE), Super P as the conductive agent, and polyamide-imide (PAI) as the binder at a 

mass ratio of 6:2:2 in an N-methylpyrrolidone (NMP) solvent. The LIB anodes were fabricated 

by coating the slurry onto a 10-μm-thick copper foil and then were dried in a vacuum oven at 
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120 °C for 12 h. This electrode was punched into disks and assembled in an argon-filled glove 

box with Li metal foil as the counter electrode to form a 2032-type coin cell together with a 

porous polyethylene membrane (Celgard 2400 membrane) as the separator. A 1 M LiPF6 

solution dissolved in a mixed solvent of ethylene carbonate (EC) and diethyl carbonate (DEC) 

(1:1 v/v) was used as the electrolyte.  

4.6. Electron microscopy analysis 

Scanning transmission electron microscopy (STEM) and energy-dispersive X-ray spectroscopy 

(EDX) elemental mapping images were obtained by employing an atomic-resolution (ARM), 

aberration-corrected HAADF-STEM JEOL ARM-200F at 200 kV (cold field emission source, 

Cs probe corrected). The TEM, high-resolution transmission electron microscopy (HRTEM) 

and SAED images were captured by a JEOL JEM-3000F field emission gun TEM at 300 kV 

with a camera length of 255.8 mm.  

4.7. LIB characterization 

The CV and EIS measurements were performed using a VSP-300 potentiostat (Bio-Logic). The 

cycle performance was tested using coin cells on a battery testing system (BaSyTec Cell Test 

System) in a voltage range of 0.01-3 V vs. Li/Li+ at a current density of 72.8 mAg-1. The rate 

capability test was carried out in a voltage range of 0.01-3 V vs. Li/Li+ at current densities of 

150, 300, 1500, and 3000 mA g-1. 

4.8. Powder XRD and XPS 

XRD analysis was carried out using a Bruker D8 Advance powder diffractometer employing 

Cu Kα radiation (=0.15406 nm) and an LYNXEYE XE detector. XPS analysis was performed 

on a Thermo Fisher Scientific K-Alpha XPS instrument equipped with a micro-focused 

monochromatic Al X-ray source. Data acquisition and analysis were performed with Thermo 

Scientific Advantage software. Peak fitting (Lorentzian/Gaussian (L/G) 30%) was applied 

following the removal of a Smart background. The normalized atomic percentages were 
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determined from the peak areas of the elemental central peaks detected on the survey scan 

following the background subtraction and application of thermosensitive factors.  

Acknowledgements  

This work was supported by the European Research Council (ERC Horizon2020 No. 685758), 

the Engineering and Physical Sciences Research Council (EPSRC, EP/P027628/1) and Basic 

Research Program through the National Research Foundation of Korea (NRF, MSIT-NRF-

2017R1A2B2012847). B.H. would like to acknowledge EPSRC (EP/K040375/1) for funding 

the 'South of England Analytical Electron Microscope' used in this research.  

Appendix A. Supporting information 

Optical absorption spectra, advanced electron microscopy (TEM, HRTEM, SAED, HAADF-

STEM, EDX Mapping), XPS analysis of QDs, bridged-QDs, QCs, and pre/post cycled LIB 

electrodes; charge/discharge capacities, coulombic efficiency, CV, DFT calculations of 

chainlike QDs, capacity retention, rate capability data; and fitting data from EIS spectroscopy; 

are provided in Fig. S1 to Fig. S18 and Table S1. 
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Fig. 1. a) A reaction scheme of the overall process for the spontaneous assembly QDs into QC 

supracrystals. b) TEM image showing ordered chains of PbS QCs. Scale bar = 100 nm. c) X-

ray diffraction patterns of as-prepared PbS QDs, bridged QDs and QCs. Inset is the HAADF-

STEM image of QCs. Scale bar = 1um. 
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Fig. 2. a) TEM images of the as-prepared PbS QDs, scale bar = 10 nm. Inset is the HRTEM 

image taken from [001] zone axis, scale bar = 1 nm. b-d) ARM HAADF-STEM false color-

scale images of the QCs, the insets of (c) are the fast Fourier transform nanopattern (top) and 

enlarged STEM image (bottom). e) Two QD chains that coil around each other to form a double 

helix DNA-like macromolecules. f) HRTEM (left panel) and ARM HAADF-STEM image and 

elemental mapping images of as-prepared CuInS2 QDs (right top panel) and QCs (right bottom 

panel). The inset is the elemental profile line scan of QCs, and the scale bar in the HAADF-

STEM images is 2 nm and 20 nm respectively.  
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Fig. 3. Demonstrations of the QC-enabled LIB capacity enhancement and electrode reaction 

kinetics under different time domains. a) Voltage profiles and a photograph of as-prepared QC 

LIB cells and b) DCPs of the QDs@OA, QDs@BAE and QCs@BAE electrodes for the first 

cycle at 72.8 mAg-1 between 0.01–3 V. Nyquist plots of the first lithiated c) and fifth lithiated 

d) cycles on the QDs@OA, QDs@BAE, and QCs@BAE electrodes. e) Cross-section 

schematic shows the proposed charge and ion transport mechanisms in QC structure which 

enables facile charge propagation within QC and fast ion transfer through QDs domains. 
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Fig. 4. a) Discharge capacity cycle performance and b) CE extracted from the QDs@OA, 

QDs@BAE and QCs@BAE electrodes. c, d) Schematic illustration and HAADF-STEM 

elemental mapping image of the QCs@BAE electrode segments before and after 400 cycles. 

e) Voltage profiles of QDs@BAE and QCs@BAE at current densities of 150, 300, 1500 and 

3000 mA g-1.  
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