







    Skip to main content




    
        
        Thank you for visiting nature.com. You are using a browser version with limited support for CSS. To obtain
            the best experience, we recommend you use a more up to date browser (or turn off compatibility mode in
            Internet Explorer). In the meantime, to ensure continued support, we are displaying the site without styles
            and JavaScript.


    




    

    
            

            
                
                    Advertisement

                    
        
            
    
        
            
                [image: Advertisement]
        

    


        
    
                

            
        

    
        
            
                
                    
                    
                    
                        
                        
                            
                                
                                [image: Nature]
                            
                        
                    
                    

                    
                    	
                            
                                View all journals
                            
                        
	
                            
                                Search
                            
                        
	
                            
                                Log in
                            
                        


                

            

        

        
            
                
                    
                        	
                                    
                                        Explore content
                                    
                                
	
                                    
                                        About the journal
                                    
                                
	
                                        
                                            Publish with us
                                        
                                    
	
                                    
                                        Subscribe
                                    
                                


                        	
                                    
                                        Sign up for alerts
                                    
                                
	
                                    
                                            RSS feed
                                    
                                


                    

                

            

        
    


    
    
        
            
                	nature



	letters

	
                                    article


    
        
        
            
            
                
                    	Letter
	Published: 31 July 2017



                    High-temperature crystallization of nanocrystals into three-dimensional superlattices

                    	Liheng Wu1,2, 
	Joshua J. Willis2, 
	Ian Salmon McKay2, 
	Benjamin T. Diroll3, 
	Jian Qin2, 
	Matteo Cargnello2,4 & 
	â€¦
	Christopher J. Tassone1Â 

Show authors

                    

                    
                        
    Nature

                        volumeÂ 548,Â pages 197â€“201 (2017)Cite this article
                    

                    
        
            	
                        22k Accesses

                    
	
                        95 Citations

                    
	
                            145 Altmetric

                        
	
                    Metrics details

                


        

    
                    
                

                
    
        Subjects

        	Molecular self-assembly
	Nanoparticles
	Solid-state chemistry
	Synthesis and processing


    


                
    
    
        
            
                
                    
                        
                    
                
            
            
                
                    A Corrigendum to this article was published on 05 October 2017

                
            
        

    

    
    

                
            


        
            Abstract
Crystallization of colloidal nanocrystals into superlattices represents a practical bottom-up process with which to create ordered metamaterials with emergent functionalities1,2,3. With precise control over the size, shape and composition of individual nanocrystals4,5,6, various single- and multi-component nanocrystal superlattices have been produced, the lattice structures and chemical compositions of which can be accurately engineered7,8,9. Nanocrystal superlattices are typically prepared by carefully controlling the assembly process through solvent evaporation or destabilization2,10,11,12,13,14,15 or through DNA-guided crystallization16,17,18. Slow solvent evaporation or cooling of nanocrystal solutions (over hours or days) is the key element for successful crystallization processes10,18. Here we report the rapid growth (seconds) of micrometre-sized, face-centred-cubic, three-dimensional nanocrystal superlattices during colloidal synthesis at high temperatures (more than 230 degrees Celsius). Using in situ small-angle X-ray scattering, we observe continuous growth of individual nanocrystals within the lattices, which results in simultaneous lattice expansion and fine nanocrystal size control due to the superlattice templates. Thermodynamic models demonstrate that balanced attractive and repulsive interparticle interactions dictated by the ligand coverage on nanocrystal surfaces and nanocrystal core size are responsible for the crystallization process. The interparticle interactions can also be controlled to form different superlattice structures, such as hexagonal close-packed lattices. The rational assembly of various nanocrystal systems into novel materials is thus facilitated for both fundamental research and for practical applications in the fields of magnetics19, electronics3 and catalysis20.
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                    Figure 1: Characterization of palladium nanocrystals and their superlattices.[image: ]


Figure 2: Palladium nanocrystal superlattices formed using different acid ligands.[image: ]


Figure 3: Interparticle interactions responsible for the crystallization process.[image: ]


Figure 4: Programmable crystallizationâ€“dissolutionâ€“recrystallization of superlattices during heatingâ€“cooling cycles.[image: ]
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Extended data figures and tables

Extended Data Figure 1 In situ SAXS characterization of Pd nanocrystals during the synthesis.
a, A photograph of the in situ reaction setup at Beamline 1-5 of SSRL at SLAC National Accelerator Laboratory. The inset shows a photograph of the custom-made flask reactor. To obtain optimized signal-to-noise ratio for SAXS measurements, the thickness of the two flat glass windows in the reactor is set to be 0.5â€‰mm and the distance between two windows is 4â€‰mm. b, One-dimensional SAXS data of 1-octadecene solvent in the flask reactor at different temperatures used for background subtraction. c, One-dimensional SAXS patterns of the in situ synthesized Pd nanocrystals before superlattice formation. The increase of scattering at low q is due to the formation of nanocrystals. We detect the onset of nanocrystal formation at about 203â€‰Â°C and this reaction point is set as time 0 (0â€‰s). d, Time-resolved one-dimensional SAXS patterns of the Pd superlattices. With increased reaction time, the diffraction peaks shift to lower q, suggesting the lattice expansion caused by the increased size of individual Pd nanocrystals. In the meantime, peak intensities increase as the size of nanocrystals increase. All the patterns shown here are not background-subtracted. e, Reaction temperature versus time during the in situ experiment. All experiments discussed in this work show similar reaction temperature profiles. (a.u., arbitrary units.)


Extended Data Figure 2 Quantitative analysis of the SAXS data.
a, One-dimensional background-subtracted SAXS patterns of the in situ synthesized Pd nanocrystals before the formation of superlattices. Coloured plots are experimental results and black lines represent the corresponding fits. The SAXS intensity and fits are scaled for clarity. b, Number-weighted size distribution of the Pd nanocrystals from quantitative analysis. c, Quantitative comparison of the form factor from dispersed nanocrystals in solution at 66â€‰s and 77â€‰s. At 77â€‰s, clear scattering peaks appear at qâ€‰=â€‰0.102â€‰Ã…âˆ’1, 0.117â€‰Ã…âˆ’1, 0.166â€‰Ã…âˆ’1, 0.196â€‰Ã…âˆ’1, 0.204â€‰Ã…âˆ’1, which are indexed to the (111), (200), (220), (311), (222) diffraction planes of f.c.c. structure. The concentration of dispersed nanocrystals decreases by about 90% within 11â€‰s owing to their assembly into f.c.c. superlattices. d, Representative structure factor S(q) of the formed superlattices at 88â€‰s. The S(q) value is calculated by dividing the I(q) value by the form factor of the nanocrystals. The peak positions correspond well to a f.c.c. lattice. e, Change of the lattice parameter with reaction time. f, Change of the (111) peak intensity of the f.c.c. superlattices as the volume (size) of an individual Pd nanocrystal increases during the post-assembly growth. The increased diffraction intensity is due to an increase in the number of scattered electrons by the growing nanocrystals. g, Change of lattice parameter of the final superlattices with temperatures during the cooling process. The lattice parameter is almost constant during a wide range of temperatures, indicating that the temperature has negligible effect on the f.c.c. lattice constant.


Extended Data Figure 3 Size characterization of the final Pd nanocrystals synthesized from different acid ligands.
a, Hexanoic acid; b, oleic acid; c, 2-hexyldecanoic acid. (i), TEM images of the final Pd nanocrystals. The final nanocrystals are re-dispersed in hexane after oleylamine treatment. (ii), Two-dimensional SAXS patterns of the final Pd nanocrystals dispersed in hexane. (iii), Background-subtracted one-dimensional SAXS data of the final Pd nanocrystals (black plots) and their corresponding fits (red lines). (iv), Size distribution of the Pd nanocrystals obtained from TEM characterization (histogram and red lines) and SAXS fits (blue lines, normalized to the same maximum of the red line). The sizes from TEM are 8.0â€‰Â±â€‰0.3â€‰nm (a), 6.7â€‰Â±â€‰0.2â€‰nm (b), and 6.0â€‰Â±â€‰0.3â€‰nm (c). The sizes from SAXS analysis are 8.1â€‰Â±â€‰0.4â€‰nm (a), 6.8â€‰Â±â€‰0.4â€‰nm (b), and 6.1â€‰Â±â€‰0.3â€‰nm (c), which are in good agreement with TEM measurements.


Extended Data Figure 4 Characterization of ex situ templated growth using superlattices of 9.6-nm Pd nanocrystals.
a, TEM image of the templated superlattices. b, TEM image of the dispersed Pd nanocrystals after treatment with oleylamine. The histogram (inset) shows the Pd nanocrystals to be 9.6â€‰Â±â€‰0.4â€‰nm. c, d, SEM images of different domains of the templated superlattices showing different morphologies and facets. e, SEM image of a representative superlattice after the templated growth. f, TEM images of the disperse Pd nanocrystals after the templated growth. The inset histogram shows the nanocrystal size to be 11.9â€‰Â±â€‰0.5â€‰nm.


Extended Data Figure 5 SAXS characterization of the Pd nanocrystals and their superlattices synthesized using oleic acid as the surfactant.
a, Representative two-dimensional SAXS patterns at different reaction time showing the transition from diffuse scattering to well defined scattering rings. b, Background-subtracted one-dimensional SAXS patterns of the in situ synthesized Pd nanocrystals before the formation of superlattices. The coloured plots are experimental results and the black lines are their corresponding fits. c, One-dimensional SAXS patterns of the Pd nanocrystal superlattices during the in situ experiment. The peak positions show characteristics of f.c.c. structure with the ratios qn/q1â€‰=â€‰1, [image: ], [image: ], [image: ] and 2. The shifts of these peaks to lower q indicate lattice expansion by the growth of individual nanocrystals. d, Number-weighted size distribution of the Pd nanocrystals from quantitative analysis of the real-time SAXS data shown in b. e, Kinetics of the growth of Pd nanocrystals and their crystallization into superlattices over reaction time. Error bars result from the fits to the SAXS data.


Extended Data Figure 6 SAXS characterization of the Pd nanocrystals and their superlattices synthesized using 2-hexyldecanoic acid as the surfactant.
a, Representative two-dimensional SAXS patterns at different reaction times. b, Background-subtracted one-dimensional SAXS patterns of the in situ synthesized Pd nanocrystals before the formation of superlattices showing experimental results (coloured plots) and corresponding fits of nanocrystal form factor (black lines). c, One-dimensional SAXS patterns of the Pd nanocrystal superlattices during the in situ experiment with continuous shifts of the f.c.c. diffraction peaks. d, Number-weighted size distribution of the Pd nanocrystals from quantitative analysis of the SAXS data in b. e, Kinetics of the growth of Pd nanocrystals and their crystallization into superlattices over reaction time. The branched acid-capped nanocrystal superlattices are less stable at 280â€‰Â°C and show an equilibrium state of about 30% nanocrystal in isolated form. Error bars result from the fits to the SAXS data. f, Comparison of the SAXS patterns of the final superlattices in solution at 280â€‰Â°C and 50â€‰Â°C. After cooling down to 50â€‰Â°C, the dispersed nanocrystals recrystallized, as shown by the disappearance of scattering at low q from the form factor of the nanocrystals. Two additional peaks at 0.090â€‰Ã…âˆ’1 and 0.101â€‰Ã…âˆ’1 appear, owing to the formation of h.c.p. lattices. g, TEM image of small domains of the superlattices obtained at room temperature. In addition to large three-dimensional f.c.c. superlattices (see Fig. 2c and d), some small h.c.p. lattices are obtained from the recrystallization of the dispersed nanocrystals during the cooling process.


Extended Data Figure 7 Surface characterization of the final Pd nanocrystals synthesized using oleic acid as the surfactant.
a, FT-IR spectra of the as-synthesized Pd nanocrystals showing the absence of C=O stretching mode at about 1,707â€‰cmâˆ’1 and the appearance of OCO stretching vibration at about 1,377â€‰cmâˆ’1, indicating oleic acid bonding on the surface. b, Enlarged FT-IR spectra of a in wavenumbers 2,600â€“3,100â€‰cmâˆ’1. The CH-stretching vibration of the alkyl group in oleic-acid-capped Pd nanocrystals are shifted to lower wavenumbers owing to the loss of conformational freedom by bonding on Pd nanocrystal surface. c, FT-IR spectra of the oleic acid ligands on Pd nanocrystals after different washing cycles. After the second wash, the alkyl group intensity drops substantially, indicating that most of the oleic acid is stripped off by the washing step owing to the weak bonding between oleic acid and the Pd nanocrystals. d, FT-IR of the Pd nanocrystals after oleylamine treatment. Even after four washing cycles, the oleylamine-capped nanocrystals are still well dispersed and the FT-IR spectrum shows strong CH-stretching vibrations.


Extended Data Figure 8 Characterization of the Pd nanocrystals synthesized with a 1:10 molar ratio of oleic acid:TOP and their superlattices.
a, One-dimensional SAXS patterns of the Pd nanocrystals in solution during the synthesis. All nanocrystals are well dispersed in the solution during the entire synthesis, showing only the form factor of dispersed nanocrystals in the SAXS data. b, Representative one-dimensional background-subtracted SAXS patterns at different reaction time (coloured plots) and their corresponding fits (black lines). c, Evolution of nanocrystal size over reaction time obtained from SAXS fits. Error bars result from the fits to the SAXS data. d, TEM image of the final Pd nanocrystals. e, Size distribution of the as-synthesized nanocrystals from TEM characterization (histogram and red line, 6.0â€‰Â±â€‰0.3â€‰nm) and SAXS measurement (blue line, 6.2â€‰Â±â€‰0.4â€‰nm). f, SAXS patterns of the obtained Pd nanocrystals after synthesis at 100â€‰Â°C with and without adding extra oleic acid ligands. Adding extra oleic acid caused the assembly of Pd nanocrystals. g, Energy-dispersive X-ray spectroscopy spectra of the Pd nanocrystals synthesized before and after adding extra oleic acid in the nanocrystal solution. The P:Pd atomic ratio decreases from 0.19 to 0.12 after adding extra oleic acid, indicating less coverage of TOP on the nanocrystal surface. h, Schematic of the dissolution-crystallization of nanocrystal superlattices upon thermal cycling. i, One-dimensional SAXS data showing the dissolution of the superlattices during the heating process. j, One-dimensional SAXS data showing the recrystallization of the Pd nanocrystals into superlattices during the cooling process. k, Plot of the fraction of unassembled nanocrystals as a function of temperature during heating (red squares) and cooling (blue dots) cycles.


Extended Data Figure 9 Characterization of Fe nanoparticles and their superlattices formed during synthesis at 180â€‰Â°C.
a, Representative background-subtracted one-dimensional SAXS patterns (coloured plots) of the Fe nanoparticles in solution during the synthesis before the formation of superlattices and their corresponding SAXS fits (black lines). b, Representative background-subtracted one-dimensional SAXS patterns of Fe nanoparticles in solution after the formation of f.c.c. superlattices. The diffraction peaks shift to smaller q, confirming postgrowth of Fe nanoparticles inside the superlattices. c, A typical structure factor of the superlattices at 880â€‰s. The structure factor corresponds well with a f.c.c. lattice. d, Kinetics of the growth of Fe nanoparticles and their crystallization into f.c.c. superlattices over reaction time. Error bars result from the fits to the SAXS data. e, TEM image of a representative f.c.c. superlattices of Fe nanoparticles. The inset shows the final dispersed Fe nanoparticles. f, SEM image of a representative f.c.c. superlattice. g, Interaction potential between two Fe nanoparticles as a function of interparticle separation. Here Tâ€‰=â€‰453â€‰K is the reaction temperature. The solid plots are the sum of van der Waals attraction and steric repulsive, while the dotted plot is the sum of van der Waals attraction, steric repulsion and magnetic dipoleâ€“dipole interaction. Here d represents the diameter of the Fe nanocrystals.


Extended Data Figure 10 Characterization of ex situ synthesized PbTe nanocrystals and their superlattices.
a, SEM image of a representative superlattice of cubic PbTe nanocrystals formed in 1-octadecene at 160â€‰Â°C. Inset shows a photograph of the superlattice precipitates in 1-octadecene after the synthesis without any purification. b, TEM image of a representative superlattice loaded directly on a Cu TEM grid. c, TEM image of the PbTe nanocrystals from their hexane dispersion after purification. The inset shows a photograph of PbTe nanocrystals dispersed in hexane. d, Size histogram of PbTe nanocrystals obtained from c, showing the PbTe nanocrystal size to be 14.8â€‰Â±â€‰2.1â€‰nm.





PowerPoint slides
PowerPoint slide for Fig. 1

PowerPoint slide for Fig. 2

PowerPoint slide for Fig. 3

PowerPoint slide for Fig. 4




Rights and permissions
Reprints and permissions


About this article
[image: Check for updates. Verify currency and authenticity via CrossMark]       



Cite this article
Wu, L., Willis, J., McKay, I. et al. High-temperature crystallization of nanocrystals into three-dimensional superlattices.
                    Nature 548, 197â€“201 (2017). https://doi.org/10.1038/nature23308
Download citation
	Received: 11 November 2016

	Accepted: 16 June 2017

	Published: 31 July 2017

	Issue Date: 10 August 2017

	DOI: https://doi.org/10.1038/nature23308


Share this article
Anyone you share the following link with will be able to read this content:
Get shareable linkSorry, a shareable link is not currently available for this article.


Copy to clipboard

                            Provided by the Springer Nature SharedIt content-sharing initiative
                        








            


            
        
            
                This article is cited by

                
                    	
                            
                                
                                    
                                        Real-time monitoring of CdTe quantum dots growth in aqueous solution
                                    
                                

                            
                                
                                    	P. F. G. M. da Costa
	L. G. MerÃzio
	A. S. S. de Camargo


                                
                                Scientific Reports (2024)

                            
	
                            
                                
                                    
                                        Crystallization of binary nanocrystal superlattices and the relevance of short-range attraction
                                    
                                

                            
                                
                                    	Emanuele Marino
	R. Allen LaCour
	Christopher B. Murray


                                
                                Nature Synthesis (2023)

                            
	
                            
                                
                                    
                                        Nanocluster superstructures assembled via surface ligand switching at high temperature
                                    
                                

                            
                                
                                    	Grayson Johnson
	Moon Young Yang
	Sen Zhang


                                
                                Nature Synthesis (2023)

                            
	
                            
                                
                                    
                                        Surface-ligand-induced crystallographic disorderâ€“order transition in oriented attachment for the tuneable assembly of mesocrystals
                                    
                                

                            
                                
                                    	Bum Chul Park
	Min Jun Ko
	Young Keun Kim


                                
                                Nature Communications (2022)

                            
	
                            
                                
                                    
                                        Observation of ordered organic capping ligands on semiconducting quantum dots via powder X-ray diffraction
                                    
                                

                            
                                
                                    	Jason J. Calvin
	Tierni M. Kaufman
	A. Paul Alivisatos


                                
                                Nature Communications (2021)

                            


                

            

        
    

            
                Comments
By submitting a comment you agree to abide by our Terms and Community Guidelines. If you find something abusive or that does not comply with our terms or guidelines please flag it as inappropriate.



                
                    
                    

                

            
        





    
        

        
            
                

    
        
            
                
                Access through your institution
            
        

        
            
                
                    Buy or subscribe
                
            

        
    



            

            
                

    
        
        

        
        
            
                
                Access through your institution
            
        

        
            
                Change institution
            
        

        
        
            
                Buy or subscribe
            
        

        
    



            

        
    


    
        Editorial Summary
Nanoparticles grown with their superlattices
Nanoparticles can be ordered into superlattice structures that mimic the ordering of atoms in crystalline lattices. These superlattices could harness the unique properties of their nanocrystal components. Matteo Cargnello and colleagues report the synthesis of nanocrystals directly coupled with the rapid growth of superlattices of the nanocrystals at high temperatures, as observed by small-angle X-ray scattering. Subsequent electron microscopy revealed micrometre-sized three-dimensional superlattices composed of monodisperse nanocrystals. Tuning the composition of the ligands on the surface of the nanocrystals was instrumental in controlling superlattice formation. The authors saw that as the nanocrystals continued to grow within the lattice, the lattice also expanded. Three different materials systems all demonstrated superlattice formation in this way. Furthermore, both face-centred-cubic and hexagonal close-packed lattices were achieved by manipulating the reaction temperature.

show all

    

    
    
        
            
                Associated content

                
                    
                    
                        
                            
    
        
            
                
                    No need to wait
                

                
	Kun Liu
	Eugenia Kumacheva



                
    
        
            Nature Materials
        
        News & Views
        
        
            01 Sept 2017
        
    


            

        

    


                        

                    
                
            
        

        
    

    

    
        
            
                
                    
                        
                            Advertisement

                            
    
        
            
                [image: Advertisement]
        

    


                        

                    

                

            

            

            

        

    






    
        
            
                Explore content

                	
                                
                                    Research articles
                                
                            
	
                                
                                    News
                                
                            
	
                                
                                    Opinion
                                
                            
	
                                
                                    Research Analysis
                                
                            
	
                                
                                    Careers
                                
                            
	
                                
                                    Books & Culture
                                
                            
	
                                
                                    Podcasts
                                
                            
	
                                
                                    Videos
                                
                            
	
                                
                                    Current issue
                                
                            
	
                                
                                    Browse issues
                                
                            
	
                                
                                    Collections
                                
                            
	
                                
                                    Subjects
                                
                            


                	
                            Follow us on Facebook
                            
                        
	
                            Follow us on Twitter
                            
                        
	
                            
                                Subscribe
                            
                        
	
                            Sign up for alerts
                            
                        
	
                            
                                RSS feed
                            
                        


            

        
    
    
        
            
                
                    About the journal

                    	
                                
                                    Journal Staff
                                
                            
	
                                
                                    About the Editors
                                
                            
	
                                
                                    Journal Information
                                
                            
	
                                
                                    Our publishing models
                                
                            
	
                                
                                    Editorial Values Statement
                                
                            
	
                                
                                    Journal Metrics
                                
                            
	
                                
                                    Awards
                                
                            
	
                                
                                    Contact
                                
                            
	
                                
                                    Editorial policies
                                
                            
	
                                
                                    History of Nature
                                
                            
	
                                
                                    Send a news tip
                                
                            


                

            
        

        
            
                
                    Publish with us

                    	
                                
                                    For Authors
                                
                            
	
                                
                                    For Referees
                                
                            
	
                                
                                    Language editing services
                                
                            
	
                                Submit manuscript
                                
                            


                

            
        
    



    
        Search

        
            Search articles by subject, keyword or author
            
                
                    
                

                
                    
                        Show results from
                        All journals
This journal


                    

                    
                        Search
                    

                


            

        


        
            
                Advanced search
            
        


        Quick links

        	Explore articles by subject
	Find a job
	Guide to authors
	Editorial policies


    





        
    
        
            

            
                
                    Nature (Nature)
                
                
    
    
        ISSN 1476-4687 (online)
    
    


                
    
    
        ISSN 0028-0836 (print)
    
    

            

        

    




    
        
    nature.com sitemap

    
        
            
                About Nature Portfolio

                	About us
	Press releases
	Press office
	Contact us


            


            
                Discover content

                	Journals A-Z
	Articles by subject
	Protocol Exchange
	Nature Index


            


            
                Publishing policies

                	Nature portfolio policies
	Open access


            


            
                Author & Researcher services

                	Reprints & permissions
	Research data
	Language editing
	Scientific editing
	Nature Masterclasses
	Research Solutions


            


            
                Libraries & institutions

                	Librarian service & tools
	Librarian portal
	Open research
	Recommend to library


            


            
                Advertising & partnerships

                	Advertising
	Partnerships & Services
	Media kits
                    
	Branded
                        content


            


            
                Professional development

                	Nature Careers
	Nature 
                        Conferences


            


            
                Regional websites

                	Nature Africa
	Nature China
	Nature India
	Nature Italy
	Nature Japan
	Nature Korea
	Nature Middle East


            


        

    

    
        	Privacy
                Policy
	Use
                of cookies
	
                Your privacy choices/Manage cookies
                
            
	Legal
                notice
	Accessibility
                statement
	Terms & Conditions
	Your US state privacy rights


    





        
    
        [image: Springer Nature]
    
    © 2024 Springer Nature Limited




    

    
    
    







    

    



    
    

        

    
        
            


Close
    



        

            
                
                    [image: Nature Briefing]
                    Sign up for the Nature Briefing newsletter â€” what matters in science, free to your inbox daily.

                

                
                    
                        
                        

                        
                        
                        
                        

                        Email address

                        
                            
                            
                            
                            Sign up
                        


                        
                            
                            I agree my information will be processed in accordance with the Nature and Springer Nature Limited Privacy Policy.
                        

                    

                

            


        


    

    
    

        

    
        
            

Close
    



        
            Get the most important science stories of the day, free in your inbox.
            Sign up for Nature Briefing
            
        


    









    [image: ]







[image: ]
