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Supplementary Figure 1. TEM characterization of hcp AuSSs. (a) Low-magnification 

TEM image of hcp AuSSs synthesized on GO. (b) SAED pattern of a typical hcp AuSS taken 

along the [110]h zone axis. (c) HRTEM image of a typical hcp AuSS.  

Supplementary Fig. 1a shows the typical TEM image of hcp AuSSs with edge lengths of 

100-500 nm. The selected area electron diffraction (SAED) pattern (Supplementary Fig. 1b) 

taken along the [110]h zone axis and the high resolution TEM (HRTEM) image 

(Supplementary Fig. 1c) revealed the lattice spacing of 2.4 Å and 2.3 Å assigned to (002)h 

and (1
_

1 1)h planes, respectively, confirming the hexagonal phase of the as-synthesized AuSSs, 

which is consistent with our previous report
1
.
  

 



 

Supplementary Figure 2. Thickness measurement of hcp AuSSs. (a) TEM image of the 

folded edge of a typical hcp AuSS, indicating the thickness is about 2.3 nm. (b) AFM image 

and step analysis of an hcp AuSS. The measured thickness is ~3.9 nm, which is ~1.6 nm 

larger than that measured in (a) due to the adsorbed oleylamine molecules on the AuSS 

surface
1
.  

 



 

Supplementary Figure 3. EDS analysis of AuSSs after ligand exchange. (a) EDS analysis 

of AuSSs dropped on a copper grid after oleylamine was exchanged by ODT. (b) Bright-field 

STEM image and the corresponding element mapping of a typical AuSS after oleylamine was 

exchanged by ODT, showing Au and S elements. 

 



 

Supplementary Figure 4. XPS analysis of AuSSs before and after the ligand exchange. 

XPS spectra of AuSSs on GO (a) before and (b) after ligand exchange, i.e. oleylamine was 

exchanged by ODT.  

The S2p spectrum in Supplementary Fig. 4b clearly indicates the presence of sulfur after 

ligand exchange. The peak at 163.5 eV can be assigned to thiols bound to the Au surface, as 

well as those adsorbed on GO surface
2
. The peak centered at 168.3 eV is assignable to the 

oxidized sulfur species on GO due to exposure to air
2,3

. We notice that N existed in the 

samples both before and after ligand exchange. This is likely due to the adsorbed amine 

molecules on GO surface that could not be removed by washing in hexane. In addition, some 

amines might react with the functional groups on GO to form imide and amide groups
4,5

. For 

the Au 4f spectra in Supplementary Fig. 4a,b, the doublet at 83.7-87.5 eV can be assigned to 

Au(0), while the doublet at 85.1-88.7 eV can be assigned to Au(I)
6
. The concentration of 

Au(I) before ligand exchange was 10.8 % and increased to 28.2 % after oleylamine was 

replaced by ODT. This is consistent with the fact that after the ligand exchange, Au-S 

bonding was formed.   



 

Supplementary Figure 5. Thickness measurement of fcc AuSS. AFM image and height 

analysis of an fcc AuSS. The measured thickness is ~4.8 nm.  



 

Supplementary Figure 6. The effect of ligand concentration on the ligand exchange of 

AuSSs: relatively low concentration of ODT. Typical TEM images and the corresponding 

SAED patterns of Au nanostructures obtained by the ligand exchange for 5 min with ODT at 

different concentrations: (a-b) 2 mM, (c-d) 5 mM, and (e-f) 10 mM. The SAED patterns of 

the obtained Au nanostructures changed from discontinued rings at CODT = 2 mM (b) to the 

elongated spots arranged in the [100]f zone pattern at CODT = 10 mM (f). 



 

Supplementary Figure 7. The effect of ligand concentration on the ligand exchange of 

AuSSs: relatively low concentration of ODT. Typical TEM images and the corresponding 

SAED patterns of Au nanostructures obtained by the ligand exchange for 5 min with ODT at 

different concentrations: (a-b) 20 mM, (c-d) 50 mM, (e-f) 100 mM, and (g-h) 200 mM. The 

SAED patterns of the obtained Au nanostructures changed to the sharp spots arranged in the 

[100]f zone pattern at CODT ≥ 20 mM (b, d, f and h). 



 

Supplementary Figure 8. Ligand exchange in AuSS solutions with different 

concentrations. (a,c,e,g) TEM images and (b,d,f,h) the corresponding SAED patterns of 

AuSSs after the ligand exchange with different concentrations of AuSSs (the ODT 

concentration in the mixture kept same): (a,b) 1000 μL AuSS dispersion (Au concentration: 

4.6 mM) mixed with 1000 μL ODT solution (50 mM), (c,d) 200 μL AuSS dispersion (Au 

concentration: 23 mM) mixed with 200 μL ODT solution (50 mM), (e,f) 100 μL AuSS 

dispersion (Au concentration: 46 mM) mixed with 100 μL ODT solution (50 mM); (g,h) 25 

μL AuSS dispersion (Au concentration: 92 mM) mixed with 25 μL ODT solution (50 mM).  

 



 

Supplementary Figure 9. Chemical structures of oleylamine (OAM) and various kinds 

of thiols used for the ligand exchange process, i.e. n-alkane thiols (red) including 

1-octadecanethiol (ODT), 1-dodecanethiol (DDT), 1-octanethiol (OT), and 1-propanethiol 

(PT), hydrophilic thiols (green) including 11-mercapto-1-undecanol (MUDO), 

6-mercapto-1-hexanol (MHO), 11-mercaptoundecanoic acid (MUDA) and 

3-mercaptopropionic acid (MPA), aromatic thiol (purple) like benzeneethanethiol (BET), and 

dithiol (blue) of  1,6-hexanedithiol (HDT) (blue).  



 

Supplementary Figure 10. TEM analysis of AuSSs after ligand exchange with various 

thiol molecules. Typical TEM images and the corresponding SAED patterns of AuSSs 

obtained after the ligand exchange with different thiols listed in Supplementary Fig. 9: (a) 

DDT , (b) OT, (c) PT, (d) MUDO, (e) MHO, (f) MUDA, (g) MPA, (h) BET and (i) HdT. 



 

Supplementary Figure 11. TEM analysis of fcc Au@Ag square sheet obtained by using 

NaBH4 as reductant. (a) Bright-field TEM image of a typical fcc Au@Ag square sheet, 

which was obtained by using NaBH4 to reduce AgNO3. (b) The corresponding SAED pattern 

along the [001]f zone axis of the fcc Au@Ag square sheet shown in (a), coexisting with the 

diffraction rings of GO. (c) HRTEM image and (d) the corresponding FFT pattern of the 

as-prepared fcc Au@Ag square sheets.  

 



 

Supplementary Figure 12. EDS analysis of fcc Au@Ag square sheets. A typical 

STEM-EDS spectrum of fcc Au@Ag square sheets with an average atomic ratio between Au 

and Ag measured as 1:1.4.  



 

Supplementary Figure 13. EDS analysis of fcc Au@Ag square sheets. (a,c) 

HAADF-STEM images and (b,d) the corresponding STEM-EDS line scanning profiles of the 

selected fcc Au@Ag square sheets. 



 

Supplementary Figure 14. XPS spectra of fcc Au@Ag square sheets on GO. (a) Au 4f, (b) 

Ag 3d and (c) N 1s spectra. The peak at 398.9 eV can be assigned to the un-ionized amine 

groups bound to fcc Au@Ag square sheet surface
7,8

. The peaks at 399.6 and 400.9 eV can be 

assigned to imide and amide groups, respectively
4,5

, which are probably derived from the 

reactions between the functional groups of GO and the amines. 

 

 



 

Supplementary Figure 15. Cross-sectional analysis of fcc Au@Ag square sheet. (a) 

Bright-field and (b) dark-field STEM images of the cross-section of a typical fcc Au@Ag 

square sheet. c, STEM-EDS line scanning profiles of the cross-section shown in (a). d-f, 

HAADF-STEM image and the corresponding STEM-EDS elemental mappings of the 

cross-section of the fcc Au@Ag square sheet.  



 

Supplementary Figure 16. Cross-section analysis of another fcc Au@Ag square sheet. (a) 

Bright-field TEM image, (b) HRTEM image and (c) the corresponding FFT pattern of a 

typical cross-section of fcc Au@Ag square sheet.  

 



 

Supplementary Figure 17. Thickness measurement of hcp AuSS and fcc Au@Ag square 

sheet. Bright-field TEM images of (a) a typical folded hcp AuSS with a thickness of 1.8 nm, 

and (b) a typical folded fcc Au@Ag square sheet with a thickness of 4.2 nm. The Moiré 

fringes observed in (b) are caused by the folding of fcc Au@Ag square sheet.   



 

Supplementary Figure 18. TEM analysis of fcc Au@Ag sheet obtained at low 

concentration of AgNO3. (a) Bright-field TEM image and (b) the corresponding SAED 

pattern of a typical irregular-shaped fcc Au@Ag sheet synthesized at a low concentration of 

AgNO3. (c-d) HRTEM images of the marked areas in (a). (e) HAADF-STEM image and (f-g) 

the corresponding STEM-EDS elemental mapping of a typical irregular-shaped fcc Au@Ag 

sheet. 



 

Supplementary Figure 19. EDS analysis of irregular-shaped fcc Au@Ag sheets. A 

typical STEM-EDS spectrum of irregular-shaped fcc Au@Ag sheets with an average atomic 

ratio between Au and Ag of 1:0.3.  

 



 

Supplementary Figure 20. EDS analysis of hcp/fcc Au@Ag square sheets. A typical 

STEM-EDS spectrum of hcp/fcc Au@Ag sheets with an average atomic ratio between Au 

and Ag of 1:1.5.  

 



 

Supplementary Figure 21. Elemental analysis of hcp/fcc Au@Ag square sheet. (a) 

HAADF-STEM image and (b,c) the corresponding EDS mapping of a typical hcp/fcc 

Au@Ag square sheet.  

 



 

Supplementary Figure 22. EDS analysis of hcp/fcc Au@Ag square sheets. (a,c) 

HAADF-STEM images and (b,d) the corresponding STEM-EDS line scanning profiles of 

typical hcp/fcc Au@Ag square sheets.  

 



 

Supplementary Figure 23. Cross-sectional analysis of hcp/fcc Au@Ag square sheet. (a,b) 

High-resolution bright-field and the corresponding dark-field STEM images of the 

cross-section of a typical hcp/fcc Au@Ag square sheet cut along the [001]h or [111]f direction. 

(c) The corresponding FFT pattern of the area marked in (b). (d-g) HAADF-STEM image 

and the corresponding STEM-EDS elemental mappings of the cross-section of a typical 

hcp/fcc Au@Ag square sheet. (h) HAADF-STEM image of the cross-section of a typical 

hcp/fcc Au@Ag square sheet. Inset: The corresponding electron energy loss spectroscopy 

(EELS) mapping of Ag.  



 

Supplementary Figure 24. XPS spectra of hcp/fcc Au@Ag square sheets on GO. (a) Au 

4f, (b) Ag 3d and (c) N 1s spectra.  

The peak at 398.9 eV can be assigned to the un-ionized amine groups bound to hcp/fcc 

Au@Ag square sheet surface
7,8

. The peaks at 399.6 and 400.9 eV can be assigned to imide 

and amide groups, respectively
4,5

, which are probably derived from the reactions between the 

functional groups of GO and the amines. 

 



 

Supplementary Figure 25. Cross-section analysis of another hcp/fcc Au@Ag square 

sheet. (a) Low-magnification and (b-c) high-resolution TEM images of a typical 

cross-section of hcp/fcc Au@Ag square sheets cutting along the [001] or [111]f direction. d, 

The corresponding FFT pattern of the HRTEM image in (c). We can clearly distinguish the 

core-shell structure of hcp/fcc Au@Ag square sheets from (b), in which the center dark area 

is Au (heavier atom) while the outside light areas are Ag (lighter atom).   



 

Supplementary Figure 26. Dark-field TEM analysis of hcp/fcc Au@Ag square sheet. (a) 

Bright-field TEM image and (b) the corresponding SAED pattern of a typical hcp/fcc 

Au@Ag square sheet. c, Dark-field TEM image collected with the (1
_

1 0)h refection as marked 

in (b). By comparing (a) and (c), dark strips showing in (c) are attributed to the non-hcp 

domains.   



 

Supplementary Figure 27. Preparation of cross-section samples. Schematic illustration on 

how to prepare cross-sections of hcp/fcc Au@Ag square sheets. 



 

Supplementary Figure 28. Schematic illustration of ligand exchange induced phase 

transformation of hcp AuSS to fcc AuSS. This process can be realized via the relative 

sliding of adjacent (002)h planes in opposite directions (as indicated by the arrows in the 

top-left image, along with the simultaneous expansion of inter-plane spacing of (110)h planes 

and contraction of inter-plane spacing of (002)h planes. The similar process has been 

observed in phase transition of CdSe and GaN nanostructures
9-11

. 

 



 

Supplementary Figure 29. TEM analysis of hcp/fcc Au@Ag square sheet obtained by 

using octylamine as reductant. (a) Bright-field TEM image of a typical hcp/fcc Au@Ag 

square sheet, which was obtained by using octylamine as the reductant. (b) The 

corresponding SAED pattern along the [110]h/[101]f zone axis of the hcp/fcc Au@Ag square 

sheet shown in (a). (c) HRTEM image of the hcp/fcc Au@Ag square sheet.  

 



 

Supplementary Figure 30. TEM analysis of fcc Au@Ag square sheet obtained by using 

dioctylamine as reductant. (a) Bright-field TEM image of a typical fcc Au@Ag square 

sheet, which was obtained by using dioctylamine as the reductant. (b) The corresponding 

SAED pattern along the [100]f zone axis of the fcc Au@Ag square sheet shown in (a). (c) 

HRTEM image of the fcc Au@Ag square sheet. 
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