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Supplementary Fig. 1 | Hansen solubility parameter (HSP) difference (Ra) versus dielectric constant difference (∆ε) 

between NMF (ε: 182) and various nonsolvents. The grey and red symbols represent the non-printable and printable NMF-

nonsolvent combinations, respectively (see the detailed data and symbol description in Supplementary Fig. 2 and 

Supplementary Table 1, respectively). Hereafter, NMF-BuOH was chosen as the solvent-nonsolvent combination for printing. 

 

 



 

Supplementary Fig. 2 | Comparison of Ag nanocrystal ink printed in linker-ion-containing bath with nonsolvent and 

solvent. a,b, CCD camera images of printed Ag nanocrystal ink in linker-ion-containing BuOH (a) and NMF (b) baths, 

respectively. 

  



Supplementary Fig. 3 | OM images of non-printable and printable NMF-nonsolvent combinations. a–c, Ag nanocrystal 

ink printed in DMSO (a), BuOH (b), and hexane (c) representing non-printable (miscible), printable, and non-printable 

(immiscible), respectively.  

  



 

Supplementary Fig. 4 | Comparison of Ag nanocrystal ink printed in solidification bath with and without linker ions. 

a,b, Optical microscope images of printed Ag nanocrystal ink in solidification bath with (a) and without (b) linker ions, 

respectively after harsh shaking. 

  



 

 

Supplementary Fig. 5 | Optimisation of linking of nanocrystals with the concentration of linker and nanocrystal.  OM 

images showing Ag nanocrystal filaments printed in the Au3+ linker bath with control parameters of linker and 

nanocrystal ink concentrations. 

  



 

 

 

Supplementary Fig. 6 | ζ-potentials of the wet state Ag printed with various metal ion linker molecules. ζ-potential of 

thiomolybdate-capped Ag nanocrystal inks before (black line) and after the exposure to linker baths with Au3+ (red), Pt4+ (blue), 

and Fe2+ (green) metal ions, respectively. 

  



  

Supplementary Fig. 7 | XPS analysis of the Ag nanocrystals printed with various metal ion linker molecules. The printed 

Ag nanocrystals was measured after the supercritical CO2 drying. a,b, Ag 3d (a) and S 2p (b) XPS spectra of thiomolybdate-

capped Ag nanocrystal inks after exposure to linker containing solidification baths with no linker molecule (black), Au3+ (red), 

Pt4+ (blue), and Fe2+ (green) linker molecules, respectively. All XPS spectra were corrected with adventitious C 1s peak at 

284.8 eV.  

  



 

Supplementary Fig. 8 | 3D microprinting set-up. The photograph shows the experimental printing set-up comprising the 

moving stage along the x-, y-, and z-axes, pneumatic pressure controller, CCD camera, and nanocrystal ink. The inset shows 

the micro-pipette nozzle connected to a syringe-type reservoir, and linker containing solidification bath. 

  



 

Supplementary Fig. 9 | Structural analysis of the printed objects. a, Side-view SEM image of the printed 3D lattice cube 

of printed Ag object. b, Cross-sectional SEM image of the printed Ag filaments. c, OM image of the printed Fe3O4 lattice. 

 



 

Supplementary Fig. 10 | Composition and microstructure analysis of printed inorganic nanocrystal-based porous 

materials. a–d, EDS mapping images of the printed 3D lattices of Au (a), FePt (b), Fe3O4 (c), and CdSe (d). e–h, HRSEM 

images of the printed 3D lattices of Au (e), FePt (f), Fe3O4 (g), and CdSe (h). 

  



 

Supplementary Fig. 11 | TEM images of as-synthesised nanocrystals and printed nanocrystals. a–h, TEM images of as-

synthesised Ag (a), FePt (b), Fe3O4 (c), and CdSe (d) nanocrystals and the corresponding printed nanocrystal-based porous 

materials (e–h). For the sample preparation of the printed nanocrystals, thiomolybdate-capped Ag (e), FePt (f), Fe3O4 (g), and 

CdSe (h) nanocrystals were linked with Au3+ (Ag), Pt4+ (FePt), and Fe2+ (Fe3O4 and CdSe), respectively.  

  



 

Supplementary Fig. 12 | High resolution TEM and HADDF-STEM images of the printed Au and FePt nanocrystals. a-

d, HRTEM images of the printed thiomolybdate-capped Au nanocrystals (a-c) linked with Au3+ and thiomolybdate-capped 

FePt nanocrystals linked with Pt4+ (d).    

 

  



 

Supplementary Fig. 13 | XRD analysis of as-synthesised nanocrystals and printed nanocrystal-based porous materials. 

a–c, XRD patterns of as-synthesised FePt (a), Fe3O4 (b), and CdSe (c) nanocrystals and the corresponding printed nanocrystal-

based porous materials. 

  



 

Supplementary Fig. 14 | Thermogravimetric scans of the printed Au. 

  



 

Supplementary Fig. 15 | Microstructural analysis on the printed filament with different diameters. OM images (a-c), 

low-magnification SEM images (d-f), high-magnification cross-sectional SEM of interior (g-i) and exterior surface (h-j) of the 

Ag printed filaments with the diameters of 12, 23, and 30 µm, respectively. The insets in the panels g-i indicate the analysed 

regions of the printed filaments. 

  



 

Supplementary Fig. 16 | TEM analysis on the Ag printed filament. Cross-sectional TEM images of interior (a) and exterior 

surface (b) of the Ag filament printed with the diameters of 12 µm.   

  



 

Supplementary Fig. 17 | Calculation of df of the printed Ag filaments. a,d,g, TEM images of the fractal structures in the 

Ag printed filaments with the diameters of 12, 23, and 30 µm. b,e,h, Binary images obtained by the TEM image processing of 

the panels a, d, and g. c,f,i, log(P2) vs. log(A) plots of Ag filaments printed with 12, 23, and 30 µm. 

  



 

Supplementary Fig. 18 | Microstructure analysis of the printed Ag filaments with varying solvent (NMF)-nonsolvent 

combinations. a–d, SEM images of Ag filaments printed with ethanol (a), propanol (b), butanol (c), pentanol (d), and hexanol 

(e). f–o, Top views (f-j) and cross-sectional views (k-o) of high-magnification SEM images of Ag filaments printed with 

ethanol (f,k), propanol (g,l), butanol (h,m), pentanol (i,n), and hexanol (j,o). 

  



 

Supplementary Fig. 19 | Fractal dimension calculation of printed Ag filaments with varying solvent (NMF)-nonsolvent 

combinations. a,d,g,j, TEM images of Ag filaments printed with ethanol (a), propanol (d),  pentanol (g), and hexanol (j). 

b,e,h,k, Binary images obtained by image processing of Ag filaments printed with ethanol (b), propanol (e), pentanol (h), and 

hexanol (k). c,f,i,l, log(P2) vs. log(A) plots of Ag filaments printed with ethanol (c), propanol (f), pentanol (i), and hexanol (l). 

 

 

 

 

 



 

Supplementary Fig. 20 | N2 physisorption analysis of the printed nanocrystal-based porous materials. a–d, N2 

physisorption isotherms of printed Ag (a), FePt (b), Fe3O4 (c), and CdSe (d). e–h, Pore size distribution of printed Ag (e), FePt 

(f), Fe3O4 (g), and CdSe (h). 



 

Supplementary Fig. 21 | N2 physisorption analysis of the printed nanocrystal-based porous materials. a–d, N2 

physisorption isotherms of the printed Ag obtained by the ink deposition in the solidification bath containing nonsolvents of 

ethanol (a), 2-propanol (b), 1-pentanol (c), and 1-hexanol (d). e–h, Pore size distribution of the printed Ag obtained by the ink 

deposition in the solidification bath containing nonsolvents of ethanol (e), 2-propanol (f), 1-pentanol (g), and 1-hexanol (h) 



 

Supplementary Fig. 22 | Magnetic property analysis of the as-synthesized nanocrystal and printed Fe3O4 nanocrystal-

based porous material. Temperature-dependent zero-field-cooled (ZFC) magnetization of the as-synthesised and printed 

Fe3O4 nanocrystals, respectively. 

  



 

 

 

Supplementary Fig. 23 | Optical property analysis of the CdSe nanocrystal ink and printed nanocrystal-based porous 

material. UV-Vis absorption spectra of the thiomolybdate-capped CdSe nanocrystal ink, and the printed ones linked with Fe2+ 

before and after supercritical CO2 drying.  

  



 

Supplementary Fig. 24 | Electrical property analysis of the printed Au nanocrystal-based porous material. a–c, I-V 

curves of the printed Au aerogel (a), xerogel obtained by drying under ambient condition (b), and xerogel sample heated at 

600 oC (c). I-V curves were obtained by the van der Pauw method, where a four-point probe placed around the perimeter of 

the samples were connected to a Keithley 2400 instrument. The Au aerogel, xerogel, and heat-treated samples were prepared 

as follows. The aerogel was prepared by the supercritical drying of the as-printed thiomolybdate-capped Au nanocrystal in the 

Au3+ linker bath. The xerogel was obtained by drying of the as-printed sample under ambient environment. The heat-treated 

sample was obtained by the heat-treatment of xerogel sample at 600 oC.  

  



 

Supplementary Fig. 25 | Microstructure analysis of the printed Au aerogel, xerogel, and heat-treated xerogel. a–c, SEM 

images of the printed Au aerogel (a), xerogel (b), and 600 °C heat-treated xerogel (c). d–f, TEM images of the printed Au 

aerogel (d), xerogel (e), and 600 °C heat-treated xerogel (f). g, XRD patterns of the printed Au aerogel, xerogel, and 600 °C 

heat-treated xerogel. h,i, High resolution TEM images of (h) printed Au xerogel and (i) 600 °C heat-treated xerogel. 

  



 

Supplementary Fig. 26 | 3D printing of FePt nanocrystals for the ORR. a,b, CCD camera images of rotating disk electrode 

(a) and FePt nanocrystals directly printed on the rotating disk electrode covering the glassy carbon (b). 

  



 

Supplementary Fig. 27 | Structural analysis on the printed and treated FePt nanocrystals. a–i, SEM (a–c), HRTEM (d–

f) and STEM (g–i) images of as-printed FePt nanocrystals (a,d,g) and the samples after the HCl treatment (b,e,h), and 

subsequent electrochemical activation (c,f,i). 

  



 

Supplementary Fig. 28 | Electrochemical impedance spectroscopy (EIS) analysis. a,b, EIS analysis of FePt nanocrystal 

building blocks, as-printed FePt nanocrystal, HCl-treated, printed FePt nanocrystal, and subsequent electrochemically 

activated sample at 0.9 V vs. RHE in 0.1 M HClO4 saturated with Ar (a) and O2 (b). 

  



 

Supplementary Fig. 29 | Electrocatalytic properties for ORR. a, Cyclic voltammogram (CV) of FePt nanocrystal building 

blocks, Pt/C, FePt/C, and electrochemically activated, HCl-treated, printed FePt nanocrystals (treated printed FePt), The 

catalyst loading amounts were optimized at 20 μgPt cm–2 for Pt/C and FePt/C and at 50 μgPt cm–2 for treated printed FePt. b, 

ORR Tafel plots of Pt/C, FePt/C, and treated printed FePt. Tafel slopes of each curves are given in the plot. c, ECSA values  

before and after the 10000 cycles of ORR accelerated durability test (ADT) in 0.1 M HClO4.  

  



 

Supplementary Fig. 30 | CVs and ORR curves before and after the ORR ADT. a,c,e, CVs of Pt/C (a), FePt/C (c), and our 

treated printed FePt samples (e). ECSA values before and after the ADT are given in the plots. b,d,f, ORR curves of Pt/C (b), 

FePt/C (d), and treated printed FePt (f). E1/2 values before and after the ADT are given in the plots. 

  



 

Supplementary Fig. 31 | Microstructural analysis after the ORR ADT. a,b, TEM images of the treated printed FePt 

samples as coated on the rotating disk electrode (a) and after the ORR ADT (b).  

 

 

 

 

 

 

 

  



Supplementary Table 1 | Hansen solubility parameters (HSPs), HSP difference (Ra), and dielectric constant (ε) of 

solvent and various nonsolvents.  

Material 
ẟt 

(MPa)1/2 

ẟd 

(MPa)1/2 

ẟp 

(MPa)1/2 

ẟh 

(MPa)1/2 
Ra 

Dielectric 

constant (ε) 

N-methylformamidea 

(NMF) 
30.1 17.4 18.8 15.9 0.0 182 

Dimethyl sulfoxide 

(DMSO) 
26.7 18.4 16.4 10.2 6.5 46.7 

N,N-Dimethylformamide 

(DMF) 
24.9 17.4 13.7 11.3 6.9 37.7 

Acetonitrile 24.4 15.3 18 6.1 10.7 37.5 

N-methyl-2-pyrrolidone 

(NMP) 
23.0 18 12.3 7.2 10.9 33 

Methanol 

(MeOH) 
29.4 14.7 12.3 22.3 10.6 33.6 

Ethanol 

(EtOH) 
26.5 15.8 8.8 19.4 11.1 24.3 

Acetone 19.9 15.5 10.4 7 12.8 20.7 

Isopropyl alcohol 

(IPA) 
23.6 15.8 6.1 16.4 13.1 18.3 

Butanol 

(BuOH) 
23.2 16 5.7 15.8 13.4 17.8 

Pentanol 21.6 15.9 4.5 13.9 14.7 15.3 

Hexanol 20.8 14.1 8.6 12.7 12.6 13.3 

Dichloromethane 

(DCM) 
20.2 18.2 6.3 6.1 16.0 9.08 

Tetrahydrofuran 

(THF) 
19.5 16.8 5.7 8 15.3 7.6 

Ethyl acetate 

(EA) 
18.2 15.8 5.3 7.2 16.4 6.02 

Chloroform 18.9 17.8 3.1 5.7 18.7 4.81 

Toluene 18.2 18 1.4 2 22.3 2.4 

Cyclohexane 16.8 16.8 0 0.2 24.5 2.02 

Octane 15.5 15.5 0 0 31.0 1.95 

Hexane 14.9 14.9 0 0 25.1 1.89 

aSolvent of nanocrystal ink. 



Supplementary Table 2 | The calculated nanocrystal sizes from the XRD pattern using the Scherrer formula. The XRD 

patterns for the calculations were depicted in Fig. 3e and Supplementary Fig. 13. 

 As-synthesised Nanocrystal (nm) Printed nanocrystal (nm) 

Au 4.33 4.93 

FePt 1.56 1.21 

CdSe 2.37 2.81 

Fe3O4 4.13 3.97 

 

  



Supplementary Table 3 | Calculated dp and df of the printed Ag filaments with different diameters.  

Diameter (µm) 𝒅𝒑 𝒅𝒇 

12 1.387 2.572 

23 1.38 2.587 

30 1.396 2.552 

  



Supplementary Table 4 | Calculated dp and df of the Ag printed filaments utilizing different nonsolvents.  

Nonsolvent 𝒅𝒑 𝒅𝒇 

Ethanol 1.409 2.524 

2-propanol 1.406 2.53 

1-butanol 1.387 2.572 

1-pentanol 1.366 2.617 

1-hexanol 1.335 2.682 

  



Supplementary Table 5 | N2 physisorption analysis data for the printed nanocrystal-based porous materials.  

Nanocrystal Linker Nonsolvent 
Surface area 

(m2 g−1) 

SiO2 equivalent 

 surface area 

(m2 g−1) 

Total pore  

volume 

(cm3 g−1) 

Au Au3+ BuOH 54.2 430 0.975 

Ag Au3+ BuOH 116 498 1.31 

FePt Pt4+ BuOH 74.3 452 1.04 

CdSe Fe2+ BuOH 226 541 2.88 

Fe3O4 Fe2+ BuOH 279 596 2.42 

Au-CdSe Au3+ BuOH 132 490 1.55 

Ag Au3+ EtOH 130 558 1.42 

Ag Au3+ 2-Propanol 120 515 1.64 

Ag Au3+ Pentanol 116 498 1.39 

Ag Au3+ Hexanol 112 481 1.30 

 

  



Supplementary Table 6 | Elemental analysis results of the printed Au aerogel, xerogel, and sintered samples obtained 

from the STEM-EDS analysis. Aerogel, xerogel, and sintered samples were obtained through 3D printing followed by 

supercritical drying, ambient drying, and heat-treatment of xerogel sample at 600 oC under H2 atmosphere, respectively. 

Sample Empirical formula 

Aerogel  Au0.83Mo0.04S0.13 

Xerogel Au0.95Mo0.01S0.04 

Heat-treated xerogel Au0.99Mo0.01S0 

  



Supplementary Table 7 | Mo mol% in the as-printed and treated FePt nanocrystals. The as-printed and CO2-dried MoS4
2-

-capped FePt nanocrystals linked with Pt4+ was treated 0.1M HCl solution and subsequent electrochemical activation process.  

Sample Mo mol% 

As-printed FePt 7 

HCl-treated FePt 4 

HCl-treated and electrochemically activated FePt 1 

  



Supplementary Table 8 | Activity comparison table of self-supported Pt-based catalysts. 

Nr. Catalyst 

PGM 

loading 

(μgPGM 

cm−2) 

ECSA 

(m2 

gPGM
−1) 

E1/2 

(V) 

SA0.9V 

(mA 

cmPGM
−2) 

SA0.9V 

(A 

mgPGM
−1) 

Reference 

 FePt_MoS4_Pt_HCl_Act 50 52.1 0.947 0.97 0.50 This work 

 20 wt% Pt/C (commercial) 20 73.9 0.900 0.41 0.3 This work 

r1 PtPd nanotubes 40 15.2 0.84 0.78 0.11 1 

r2 PtPdCu nanotubes 20 49.6 0.9 0.68 0.33 2 

r3 O-Pt3Co nanowires 55 20.1 0.93 1.56 0.31 3 

r4 Meso-PtNi_2 135 15.7 0.9 0.7 0.11 4 

r5 
Intermetallic FePt 

nanotubes 
70 35.0 0.88 0.41 0.14 5 

r6 NiPt 2D nanoframes 35 5.3 0.92 5.80 0.203 6 

r7 Mesoporous Pt nanosphere 167 21.6 0.92 0.34 0.07 7 

r8 Pt skeletal nanotubes - 21.1 0.92 0.99 0.21 8 

r9 Pt double gyroid thin films 40 38.2 0.87 0.81 0.31 9 

r10 Pt membranes 200 40.8 - 0.28 0.16 8 

 

  



Supplementary Table 9 | Comparison of this work with other additive manufacturing methods for creating 3D porous 

lattice structures. 

Printing method Materials 
Printing 

resolution 

Specific 

surface 

area 

(m2 g−1) 

Pore size Reference Remark 

Digital light 

processing 

Ag, Ni, 

CuNi, 

CuNiCoFe, 

and W-Ni 

40 μm N/A 
Determined from 

printed structure 
10 

Incorporation of metal 

precursors into printed 

hydrogel followed by 

calcination and reduction 

process. 

Digital light 

processing 

Ni-P, 

alumina 
10–500 μm N/A 

Hollow filament 

with wall thickness 

100 nm–2 μm 

(Ni-P) 

40–210 nm  

(alumina) 

11 

Electroless plating of metal 

or atomic layer deposition 

of alumina onto printed 

polymer followed by 

thermal decomposition of 

polymer template. 

Two-photon 

lithography 
Alumina 2.6 μm N/A 

Hollow filament 

with wall thickness 

100 nm–2 μm 

(Ni-P) 

12 

Two-photon lithography of 

photoresist Au/Ti silicon 

followed by atomic layer 

deposition, FIB milling, and 

O2 plasma. 

Two-photon 

lithography 
Carbon 

261–679 nm 

(98% volume 

shrinkage) 

N/A 
Determined from 

printed structure 
13 

Two-photon lithography of 

photopolymers followed by 

pyrolysis in a vacuum at 

900 °C. 

Two-photon 

lithography 
Ni-Si 2.6 μm N/A 

Determined from 

printed structure 
14 

Two-photon lithography of 

photopolymers followed by 

sputtering Ni layer and 

followed by deposition of 

Si by PECVD process.  

Two-photon 

lithography 
ZnO 250 nm N/A 

Determined from 

printed structure 
15 

Two-photon lithography of 

zinc-ion containing aqueous 

photoresin and subsequent 

calcination at 500 °C. 

Laser-based nano 

printing 

Quantum 

dots 
77 nm N/A 

Determined from 

printed structure 
16 

Light induced desorption of 

surface thiolate ligands 

from quantum dots 

resulting bonding between 

the particles.  

Stereolithography SiC 250 μm N/A 

Porosity came from 

building block 

materials of 

mesoporous silica 

nanoparticle.  

10–150 nm 

17 

Stereolithography of 

graphene-silica composite 

followed by the pyrolysis. 

Direct ink writing Ag 1-30 μm N/A 
Determined from 

18 Direct ink writing of 

concentrated nanoparticle 



printed structure inks. 

Direct ink writing Alumina > 200 μm N/A 

Mesopores  

(23.7 μm) in the 

filament  

19 

Foam ink containing 

bubbles printed and 

followed by sintering 

process. 

Direct ink writing Alumina 330-840 μm N/A 

Micro- and 

mesopores in the 

filament and 

macropores 

determined from 

printed structure 

20 

Foam ink containing both 

alumina and carbon 

(porogen) particles printed 

and followed by sintering 

process. 

Direct ink writing SiOC 250 μm N/A 

Nanoscale porosity 

within each 

filament is 

generated by block 

copolymer and 

macropores 

determined from 

printed structure 

21 

Nanoscale porosity is 

generated within each strut 

by block copolymer 

templating followed by 

photopolymerization and 

pyrolysis. 

Direct ink writing 

Yttria 

stabilized 

zirconia 

1.4 mm N/A 
Determined from 

printed structure 
22 

Embedded 3D printing 

followed by microwave 

activated curing and 

subsequent removal of 

sacrificial support matrix  

Direct ink writing PDMS 5 mm N/A 
Determined from 

printed structure 
23 

Rotational multi material 

3D printing 

Wet 3D printing 

Ag, Au, 

FePt, CdSe, 

Fe3O4, and 

multi 

materials 

7–44 μm 

54–279 

(SiO2 

equivalence 

430–596) 

Micro–

macropores in the 

filament 

This 

work 

Direct solidification of 

nanocrystals followed by 

supercritical CO2 drying 

process. 

 

 

 

 

 

  



Supplementary Table 10 | Comparison of this work with other additive manufacturing methods for producing 

microporous or mesoporous materials. 

Printing method Materials 
Printing resolution 

(μm) 

Specific surface 

area 

(m2 g−1) 

Reference 

Direct ink writing Graphene 400 82 24 

Direct ink writing Graphene/polymer 250 N/A 25 

Direct ink writing Graphene/MnO2 400 27 26 

Direct ink writing Graphene/ZnV2O6@Co3V2O8 100–400 800–810 27 

Direct ink writing Graphene/carbon nanotube 250 N/A 28 

Direct ink writing Graphene oxide 100–400 N/A 29 

Direct ink writing Graphene 60–250 212 31 

Direct ink writing Graphene/Ni0.33Co0.66S2 N/A 117 31 

Direct ink writing Graphene/Cu 100 193 32 

Direct ink writing Graphene 250 704–1066 33 

Direct ink writing Graphene/polypyrrole 200 786 34 

Direct ink writing SiO2 327 751 35 

Direct ink writing SiO2 840–1200 261–378 36 

Direct ink writing SiO2-silk fibroin 350 311–798 37 

Direct ink writing SiC 470 N/A 38 

Stereolithography SiC 250 N/A 39 

Direct ink writing Cellulose/polymer 410 N/A 40 

Direct ink writing Cellulose 800 N/A 41 

Direct ink writing Cellulose 300 N/A 42 

Direct ink writing Cellulose 840 N/A 43 

Direct ink writing Au 200 N/A 44 

SLA SiC 250 N/A 45 

SLA PEGDA/CNF N/A N/A 46 

Wet 3D printing 
Ag, Au, FePt, CdSe, Fe3O4, and multi 

materials 
7–44 

74–279 

(SiO2 equivalence 

326–596) 

This 

work 

 

  



Supplementary Table 11 | Ink formulation conditions for the printed nanocrystal-based materials. 

Printed 

nanocrystals 

Nanocrystal ink 

concentration 

(mg mL−1) 

Linker ions and 

concentrations 

(mM) 

Nanocrystal ink: linker 

ion solution  

volume ratio 

Supercritical CO2 

drying time. 

(hours) 

Au 50 Au3+ / 1 1:80 3–6 

Ag 25 Au3+ / 1 1:80 3–6 

FePt 45 Pt4+ / 1 1:80 3–6 

CdSe 50 Fe2+ / 1 1:80 3–6 

Fe3O4 70 Fe2+ / 1 1:80 3–6 

 

  



Supplementary discussion 

Microstructural analysis of the printed filaments with different diameters 

The comprehensive investigation into the interplay between reaction and diffusion is of utmost 

importance in enhancing the fundamental understanding of the curing mechanism of nanocrystals in 

our 3D printing process and facilitating enhanced controllability for multiscale porosity. Accordingly, 

we conducted the meticulous microstructural analyses on both internal and external structures of three 

sets of the printed Ag filaments with different diameters with the transmission electron microscopy 

(TEM), scanning TEM (STEM), and scanning electron microscopy (SEM). To observe the interior of 

the printed filament, the cross-sectional SEM analysis was conducted on the fractured surfaces of the 

filaments. The optical microscopy (OM) and low-magnification SEM images (Supplementary Fig. 15a-

e) show the printed and CO2-dried filaments with precisely controlled diameters of 12, 23, and 30 µm. 

The cross-sectional SEM images of the internal region of the filaments (Supplementary Fig. 15f-h) 

reveal that all samples exhibited the highly porous feature of interconnected nanocrystal networks 

throughout the entire region. Notably, no apparent differences in microstructures were observed 

concerning porosity and pore characteristics among the various samples. Similarly, the outer surface of 

the filament (Supplementary Fig. 15f-h) displayed microstructures consistent with the corresponding 

internal structures. To delve deeper into the microstructural characterization, we employed TEM 

analysis on the cross-sectional sample prepared using a focused ion beam, specifically for the 13 µm 

filament. We further characterised the microstructures of internal and external regions of the filament 

with 13 µm by the TEM analysis on the cross-sectional sample prepared using a focused ion beam 

(Supplementary Fig. 16). TEM images of both the internal and external regions of the filament 

demonstrated interconnected nanocrystals forming porous networks, with no substantial differences 

observed between the two regions.  

 

  



Mass fractal dimensions of the printed filaments with different diameters 

 To conduct a more in-depth quantitative analysis of the microstructures, we proceeded to calculate the 

mass fractal dimension (df) of the printed filament. The mass fractal dimension is a well-established 

parameter utilized for characterising fractal structures, including aggregates and agglomerates resulting 

from colloidal suspensions of particles47. Assuming that an aggregate with the gyration radius of Rg 

consists of N identical particles with the radius of a, the df is defined by the following equation, 

 𝑁 = 𝑘𝑓 (
𝑅𝑔

𝑎
)
𝑑𝑓

                                                                      (1) 

where kf is the fractal pre-factor which varies typically between 1 and 1.2, depending on the fractal 

dimension itself. The aggregates displayed highly diverse fractal structures, influenced by varying 

aggregation conditions and mechanisms. The interplay of interactive forces, encompassing attractive 

and repulsive forces, dipolar interaction, and gravity, alongside parameters such as particle 

concentration, size, and size dispersity, collectively determined the internal fractal structures.  

 The df serves as a valuable quantitative tool for comprehending the formation mechanism of aggregates, 

particularly in scenarios where the interplay between diffusion and reaction dynamics of particles plays 

a pivotal role. For instance, in the absence of repulsive forces among particles, they rapidly aggregate 

upon contact, a phenomenon termed diffusion-limited cluster aggregation (DLCA). Conversely, in the 

presence of a repulsive potential, only a fraction of collisions leads to particle aggregation, a process 

referred to as reaction-limited cluster aggregation (RLCA). In these distinct aggregation regimes, the 

clusters exhibit differing df; however, the precise transition values remain elusive owing to the inherent 

complexity of colloidal systems. 

 To determine the df of the printed filaments with the diameters of 12, 23, and 30 µm, we conducted the 

TEM image processing for i) the calculation of two-dimensional (2D) fractal dimension (dp) by plotting 

area (A) vs perimeter (P) of fractal structures and ii) the calculation of df using the relationship between 

df and dp
48-50 (Supplementary Fig. 17). All TEM images employed for the image processing were 

included in the revised Supplementary Information and comprehensive computational details are 

provided in the Method section of the revised manuscript.  

 The TEM images effectively illustrate the fractal structures of nanocrystal networks in all samples. The 

computed df values for each sample were found to be remarkably similar, ranging from 2.55 to 2.59 

(Supplementary Table 3). This observation indicates that the fractal structures within the printed 

filaments were formed under uniform conditions, independent of their respective diameters. Moreover, 

the df values are in the range of the RLCA. Consequently, it can be inferred that the nanocrystal 

solidification reactions play a crucial role as the rate-determining step in the solidification of 

nanocrystals within our printing system, rather than the diffusion of nanocrystals toward each other.  



This further implies that the nonsolvent diffusion to nanocrystals upon ink deposition occurs rapidly 

enough not to impede the curing of the interior of the printed structure. These findings are in alignment 

with the SEM analysis results, revealing analogous microstructures in both the interior and exterior 

regions of the filaments, regardless of their diameters. These results strongly suggest the homogeneity 

of microstructures in the printed filaments, irrespective of their diameters. This homogeneity highlights 

the reliability and consistency of our 3D printing process, reinforcing the potential for precise control 

over multiscale porosity in the resulting nanocrystal structures. 

 

 



Surface treatment and electrocatalytic activity of the printed porous materials 

 To afford clean surfaces, we removed the excess metal ion linker and surface ligands in printed 

materials via acid treatment in 0.1 M HCl solution and subsequent electrochemical cycling activation 

in 1.0–1.5 V (vs. RHE). The degree of the surface cleanliness was evaluated by the elemental analysis 

to monitor the content of Mo with the Energy dispersive X-ray spectroscopy (EDS) since the MoS4
2- 

ligand was strongly coordinated to the surface of FePt nanocrystals. As the Pt disintegration is 

suppressed within this potential range51, the Mo content was significantly reduced down to 1% 

(Supplementary Table 7). The scanning electron microscopy (SEM) images after these post-treatments 

demonstrated the well-preservation of macroscopic porosity in microstructures (Supplementary Fig. 

27a-c). The high-resolution transmission electron microscopy (HRTEM) and scanning TEM images 

reveals that these treatments didn’t affect the nanostructural characteristics of materials (Supplementary 

Fig. 27d-i). The electrochemical impedance spectra (EIS) at 0.9 V (vs. RHE) of the samples showing 

the smallest semicircle among the Nyquist plots of the electrochemically activated samples also 

suggested significant improvement in the charge transfer by removal of the inactive surface ligands and 

linkers blocking the catalytic surfaces (Supplementary Fig. 28). 

 The impacts of post-treatments were corroborated by the electrocatalytic evaluation52. In catalysts’ 

cyclic voltammograms (CVs) (Supplementary Fig. 29a), the as-printed FePt nanocrystals showed only 

marginal current densities. In contrast, after the two-step treatments of HCl treatment and 

electrochemical activation, the FePt with clean surface (treated printed FePt) exhibited characteristics 

of Pt-based catalysts, including adsorption/desorption peaks of H and OH adsorbents. Owing to the 

well-preserved nanostructures, the clean FePt could highly expose Pt catalytic surfaces, despite the 

absence of catalyst supports. The electrochemically active surface area (ECSA) of the treated printed 

FePt self-supported catalysts was 52.1 m2 gPt
–1, which is comparable to those of commercial carbon-

supported Pt nanoparticles (Pt/C; 73.9 m2 gPt
–1), as well as carbon-supported FePt nanoparticles having 

the same composition (FePt/C; 57.2 m2 gPt
–1). The ORR polarisation curves (Fig. 3k) clearly revealed 

a much higher ORR activity of the treated printed FePt than that of the as-printed FePt nanocrystals. 

Notably, it exhibited a higher half-wave potential (E1/2) at 0.947 V than those of FePt/C (0.914 V) and 

Pt/C (0.900 V). Tafel plots also confirmed that the treated printed FePt exhibited the highest kinetic 

current density at all potential regions (Supplementary Fig. 29b). The considerably smaller Tafel slope 

achieved in the treated printed FePt (46 mV dec−1; vs. 51 and 61 mV dec−1 for FePt/C and Pt/C, 

respectively) suggests a much faster ORR kinetics. The ORR mass activity at 0.9 V (vs. RHE) (MA0.9V) 

of the treated printed FePt (0.50 A mgPt
–1) was greater than those of FePt/C (0.47 A mgPt

–1) and Pt/C 

(0.30 A mgPt−1), achieving the technical target of US Department of Energy (0.44 A mgPt
–1). 

Importantly, the ECSA and MA0.9V of the treated printed FePt surpass those of Pt-based self-supported 

ORR catalysts reported to date (Fig. 3l and Supplementary Table 8). 



 Moreover, the 3D interconnected contiguous nanostructure of printed materials mitigated the 

dissolution and agglomeration of individual nanocrystals, enabling excellent ORR durability of the 

treated printed FePt53. After 10000 accelerated durability test (ADT) cycles, the treated printed FePt 

retained 92.7% of original ECSA, much higher than those of FePt/C (58.4%) and Pt/C (76.9%) 

(Supplementary Fig. 29c, and 30a, c, e). In the ORR polarisation curves before and after the ADT, they 

nearly preserved its initial ORR polarization curve, whereas other catalysts underwent significant 

activity loss (Supplementary Fig. 30b, d, f). Consequently, the treated printed FePt retained 89.8% of 

its initial MA0.9V, whereas FePt/C (36.7%) and Pt/C (37.2%) showed inferior durability (Fig. 3m). 

Finally, TEM images after the ADT showed the size and shape of nanocrystals to be virtually identical 

with those before the ADT, corroborating the excellent durability of our sample (Supplementary Fig. 

31). 
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