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Figure S1. Photographs of Pure Ga and GalP (G-O) on various metal surfaces. (A) (top) Pure liquid gallium wets 
glass, copper, stainless steel, and tungsten, in air. Gallium is difficult to completely remove from the metal surface and 
grey stains of gallium oxide remain. (bottom) GalP (G-O) on the same metal surfaces. There is no wetting or stains 
visible on the surfaces. (B) Two pieces of GalP (G-O) can coalesce by bringing them into contact with gentle 
compression. This experiment was performed on a hotplate at 50 oC. This behavior was observed for all the GalPs 
tested, i.e. with rG-O, diamond, graphite, and silicon carbide. 
 

The putty-like phase is a highly versatile form of Ga that would be ideal for manufacturing applications. In contrast to 

the liquid metal, GalP with incorporated G-O is cleaner to handle owing to its high cohesivity and non-staining 

properties. Grey stains of Ga oxide are usually left on substrates after processing liquid Ga, however this does not occur 

for all GalPs we synthesized. Clean macroscopic materials were easily prepared by common shaping methods including 

cutting, molding, and carving. Pieces of GalP can be joined together simply by bringing them into contact followed by 

gentle compression.  

 



 

Figure S2. Photographs detailing the preparation of GalP (G-O) using plastic labware. (A) Pure liquid Ga and G-
O powder stored in polyethylene containers. Mechanically stirred liquid gallium using Teflon components. An 
oscillating ball mill used after the mechanical stirring to incorporate additional G-O when the viscosity was too high 
for mechanical stirring. (B) Photos showing liquid Ga incorporated with different G-O loading masses; the maximum 
G-O loading is 8.0 wt %. 

 

Because Ga wets silicate glass and readily forms alloys with most metals, we only used plastic labware in the 

preparation of GalP. In a typical experiment, 55.0 g of liquid Ga was added to a Teflon beaker by a plastic syringe or 

dropper and heated to 40 oC. Next, G-O powder was gradually added under mechanical stirring (we also attempted 

dispersion using sonication without success) and a putty-like phase was produced.  

When the mass fraction of G-O exceeded 1.8 wt.%, the liquid turned into a highly viscous slurry. At this mass-fraction, 

the sample viscosity was too high for magnetic stirring to incorporate further G-O. Further incorporation of G-O could 

be achieved by transferring the mixture to an oscillating ball mill with additional G-O. The use of an oscillating ball 

mill allowed the addition of more G-O up to a maximum of 8.0 wt.%, but above 8.0 wt.% GalP (G-O) the material had 

a texture similar to partially dried clay. GalP (G-O) studied in this paper has a composition of 3.6 wt.%. 

 

 



 

 

Figure S3. Customization of GalP (G-O) by molding. (A) A rod (or fiber), a plate (or film) and bulk blocks formed 
from GalP (G-O). All scale bars are 1 cm. (B) SEM images showing the cross sections of a rod and plate made from 
GalP (G-O) and a high-resolution SEM image resolving individual G-O sheets dispersed in the Ga. 

 
GalP-based fibers and rods were made by injecting GalP (G-O) into Teflon tube molds. Plates or films could be easily 

peeled from substrates after the GalP (G-O) had solidified. The diameter and length of the samples could be changed 

over a large range by simply adjusting the mold size, which allows for the customization of GalP (G-O) for a broad 

range of applications. Bulk materials such as cylinders were prepared by filling correspondingly shaped molds with 

GalP (G-O). 

 



 
 
Figure S4. Photographs of Pure Ga and GalP (G-O) on various non-metallic substrates. (A) Liquid Ga usually 
forms globules on non-metallic substrates due to its high surface tension. In contrast, GalP (G-O) can readily spread on 
such substrates, e.g., graphite, Teflon, or graphene oxide. (B) The contact angles of pure Ga on graphite foil, a Teflon 
plate and G-O paper. Due to the favorable interaction between Ga oxide and G-O the contact angle on this substrate is 
lower. Measurements were performed at room temperature and Ga was a liquid during this experiment due to super 
cooling. 
  



 

 
 
Figure S5. Differential scanning calorimetry (DSC) of GalP. (A) GalP (G-O), melting point: 31.9 oC. (B) GalP (rG-
O), melting point: 32.1 oC, and (C) GalP (D), melting point: 32.3 oC. 
  



 

 
 
Figure S6. Photographs showing the effect of freezing on both GalP (G-O) and pure Ga. (A) GalP (G-O) does not 
exhibit any volume change upon freezing and its molded shape is unchanged. (B) In contrast, the pure Ga forms a 
rounded top due to the high surface tension and expands during freezing, creating the ‘spike’ visible in the ingot (red 
circle). 
 
  



 
 
Figure S7. Chemical characterization of GalP (G-O). (A) Raman spectrum, (B) XRD pattern, and (C) XPS spectrum 
of the as-prepared GalP (G-O).  
 
Raman spectroscopy of the GalP (G-O) showed two strong peaks at 1350 and 1598 cm-1, corresponding to the D and 

G bands of G-O (Fig. S7A). The observed reflections in X-ray diffraction (XRD) matched the ICDD card no: 03‐065‐

2493 for Ga (Fig. S7B). The chemical composition of the GalP (G-O) was investigated using X-ray photoelectron 

spectroscopy (XPS, Fig.S7C). 

  



 
 
Figure S8. Optical microscope and SEM images of GalP (G-O). (A) Optical microscope image of the GalP (G-O). 
The black regions are due to the high optical absorption of G-O. (B) SEM image of the GalP (G-O). (C, D) SEM images 
highlighting the aggregation of G-O when it is added to Ga; (C) A region with well-dispersed G-O in Ga and (D) a 
region with poorly dispersed G-O. 



 
 
Figure S9. Mechanical strength of GalP block, plate and rod. (A) Compressive test of a bulk GalP (G-O) block. 
Inset: compressive test of a bulk pure Ga block. The arrows indicate the deformation of the samples. (B) Tensile testing 
of plates and cylinders made from pure Ga and GalP (G-O). (C) Effect of cold pressing on the mechanical performance 
of an as-prepared GalP (G-O) plate. (D) Comparison of tensile strength and Young’s modulus of GalP (G-O) plates 
pressed under different pressures. 

 

The addition of G-O changed the mechanics relative to their pure Ga counterparts. As shown in Figure S9A, a pure Ga 

block deformed easily with a maximum compressive strength of 3.3 MPa, whereas the corresponding GalP (G-O) block 

had a strength of 10.5 MPa, 3.2 times that of pure Ga.  

Figure S9B compares the tensile strength of a GalP (G-O) cylinder, a pure Ga cylinder, a GalP (G-O) plate, and a 

pure Ga plate. Overall, the cylinders have larger fracture strains but lower strengths than the plates. This is due to the 

work hardening induced by pressing during the plate sample preparation. (48) It is also likely that pressing eliminated 

some of the voids and created a denser material. The tensile strength of the GalP (G-O) plate is 38.3 MPa. It was 

possible to change the strength and fracture strain of our GalP (G-O) plate by adjusting the compressive stress during 

pressing (Fig.S9C). Decreasing the pressing compressive stress from 48 MPa to 7 MPa, decreased the tensile strength 

of the GalP (G-O) plate from 38.3 MPa to 19.8 MPa and the Young’s modulus from 3.5 GPa to 0.7 GPa (Fig.S9D), 

while the fracture strain increased from 2.6% to 6.5%. 



 

Figure S10. Photos showing how the particle size affects the incorporation. (A) silicon carbide, (B) diamond and 
(C) graphite into liquid Ga. When the particle size is large, a non-metallic particle is able to mix with Ga to form a 
putty-like composite.  
 
  



 

 
Figure S11. The mixability of synthetic diamond powders with varying particle sizes (Diamond Technologies, 
Thailand) in liquid Ga. (A) Particle size ranges are as reported by the manufacturer. The 0-6 µm range product was 
non-mixable but the 4-8 µm range product was mixable. (B) Measured size distribution (N≈100, optical microscopy) 
of diamond particles for the advertised 0-6 µm and 4-8 µm diamond particles. 
  



 

Figure S12. SEM images showing how the small particles are wrapped by Ga oxide and form a separate phase 
on Ga surface. (A, B) graphite (77 μm, average lateral size), (C, D) carbon nanotubes (multi-walled, 10 μm, average 
length).  

 
We attempted to prepare GalP by mixing liquid Ga with carbon nanotubes (CNTs, multi-walled, 2-20 μm, Sigma-

Aldrich). However, these CNTs were ‘non-mixable’ and most CNTs were wrapped by the Ga oxide layer and floated 

on the surface of liquid Ga, resulting in two separate phases after mixing. The high curvature of CNTs impart a large 

effective roughness, and we have found that they bundle and entangle, further increasing the surface roughness and 

inhibiting mixing. 

 
  



 

Figure S13. XPS spectra of a Ga oxide layer on the surface of a liquid Ga droplet. (A) (left) Photograph showing 
the presence of a thin gallium oxide skin on the surface of a liquid Ga droplet and (right) an SEM image showing the 
presence of the gallium oxide which appears wrinkled under electron imaging. In this image 3 G-O sheets are attached 
to the oxide layer. B-D) XPS spectra from the surface of the GalP (G-O): (B) Ga 3d region (C) O 1s region, and (D) C 
1s region. 

 

SEM (Fig. S13A) was also used to evaluate the possible presence of Ga2O3 regions because oxidized regions have been 

reported to appear wrinkled or rippled (49). In the Ga 3d XPS spectrum (Fig. S13B), the peak at 18.6 eV corresponds 

to metallic gallium (Ga0), and the peak at 20.7 eV is due to the Ga3+ valence state in Ga2O3 (50). The O 1s spectrum 

(Fig. S13C) was deconvoluted into two peaks, a high intensity peak centered at 531.7 eV and a low intensity peak at 

533.5 eV. It has been reported that the O 1s peak in Ga-oxide occurs at ~531 eV, and is characteristic of the O bonding 

with the highest oxidation state of Ga (Ga3+). The less intense contribution at ~533.5 eV is attributed to either carbonyl 

(oxygen bonded to carbon) or hydroxyl (oxygen bonded to hydrogen) groups (5).The C 1s spectrum (Fig. S13D) shows 

four peaks at 284.6, 285.6, 286.9, and 288.2 eV corresponding to C=C, C-C, C-O, and C=O associated with the presence 

of G-O in the composite (51).  



 
 
Figure S14. Scanning transmission electron microscope (STEM) images of GalP (D, ≈11 µm) with EDS elemental 
mapping showing the interface of the diamond particle and gallium. The dark field image shows the interfacial 
region between the bulk Ga and the diamond particle has a thin (≈4.6 nm) layer of bright contrast. STEM-EDS mapping 
of this region shows it has the highest concentration of oxygen, suggesting the particles are incorporated inside the Ga 
bulk wrapped by a gallium oxide skin. Specimens for these images were prepared by FIB.  
 
 
  



 

 
Figure S15. Lower magnification STEM images GalP (D, ≈11 µm) with overlays of STEM-EDS elemental 
mapping. Specimens for these images were prepared by a dimpling grinder.  



 
 
Figure S16. Illustration of the preparation of GalP (G-O). (A) Schematic of the mechanism of the formation of 
GalP (G-O). (B) Photos showing liquid gallium transitioning from a liquid to a thick slurry, and to a malleable putty. 
The metallic putty is highly processable and versatile, it can be molded into a variety of shapes. 
 
 
  



 

 
 
Figure S17. Effect of filler volume on the formation of GalP. (A) Estimated minimal and maximum filler loading 
for various particles to form the stable GalPs. (B) Illustration showing as the filler volume increases, gallium-skin 
behavior dominates and the GalP bulk is an interconnected network of liquid gallium and its associated oxide skin 
between filler particles. 
  



 
 
Figure S18. Eutectic putty prepared by mixing G-O with EGaIn, EGaSn and Galinstan. The high malleability 
allows them to be kneaded to the “In”, “Sn” and “IS” letters shown. All scale bars are 2 cm. 

 

Eutectic gallium putties were prepared by mixing EGaIn, EGaSn, and Galinstan with G-O. We also attempted the same 

control experiment that we used for pure Ga; attempting to mix G-O with Ga eutectics in an inert and moisture free 

environment. As for pure Ga, they did not mix, indicating that the oxide layer is necessary for mixing. Based on prior 

studies (cited in main text), there is every reason to assume that gallium oxide formation at the surface of the 3 eutectics 

is similar to that for pure gallium, and then through the mixing process, this "skin" of gallium oxide is constantly mixed 

into the interior.  

  



 
 
Figure S19. Mechanical strength of eutectic gallium putties. (A, B) Tensile and compressive stress-strain curves of 
“eutectic gallium putty” plates made from GaIn, GaSn and Galinstan putty and G-O. (C) Comparison of maximum 
compressive and tensile strengths of GLM putties made from G-O. 

 

The eutectic gallium putties have a similar processability to GalP (G-O) and can be pressed into different shapes for 

different functions. We fabricated plates and cylinders from these putties by solidifying them at -80 oC and tested them 

at -50 to -40 oC. The EGaSn putty showed the best performance with a maximum compressive strength of 24.5 MPa 

and tensile strength of 15.7 MPa. The respective values for EGaIn are 8.6 MPa and 2.2 MPa and for Galinstan 0.5 MPa 

and 0.3 MPa.  

 

 
 
 
  



 
 
Figure S20 Photos showing the volume changes of GalP (G-O) putty plate and cylinder while being heated. (A) 
two GalP (G-O) plates. (B) a cylinder. All the scale bars are 2 cm. 
  



 
Figure S21. Thermogravimetric analysis coupled with mass spectrometry (TGA-MS) of GalP (G-O). The results 
show that the thermal expansion is caused by the release of water vapor, carbon monoxide, and carbon dioxide. 
  



 
 
Figure S22. Optical photos showing a piece of GalP (G-O) was heated at different temperatures and a Ga/rG-O 
foam was turned into a putty by grinding. (A) A piece of GalP (G-O) without molding was heated at different 
temperatures under flowing Ar. The rG-O separated from Ga when the heating temperature was above 700 oC. (B) The 
Ga/rG-O foam can be ground to viscous GalP (rG-O) putty at elevated temperature. (C) Tensile stress-strain curves of 
GalP (rG-O) putty at room temperature. 
  



 
 

 
 
Figure S23. GalP (rG-O) putty used as an EMI and UV shielding coating. (A) Schematic of the mechanism of EMI 
and UV shielding by GalP (rG-O) coating. (B) Photos showing a piece of commercial A4 paper with GalP (rG-O) 
coating. The coated paper is flexible and it can be folded or rolled. 
  



 
 
Figure S24. Tensile stress of a GalP (rG-O) coated A4 paper and EMI SE of GalP (G-O) with different thickness. 
(A) Stress-strain curves of A4 paper and A4 paper coated with a 10 μm-thick GalP (rG-O) coating; (B) EMI SE of GalP 
(G-O) with different thickness; compared with GalP (rG-O), the GalP (G-O) had a lower EMI SE because of the lower 
conductivity of G-O.  
  



 
 

Figure S25. SEM images, thermal conductivities and diffusivities of GalP (D). (A, B) SEM images of GalP (D170 
µm) at different magnifications; (C, D) Thermal conductivities and diffusivities of GalP (D) with different sized 
diamond particles. D11, D170, D250 and D250 represent diamond particle with average sizes of 11, 170, 250 and 250 
μm, respectively.  
 
The thermal conductivities of each sample are shown as below: 

  



 
Figure S26. Temperature change of the stainless-steel heater as a function of the heating time and total thermal 
resistance of GalP (D) samples. (A) Temperature change of a heat source with attached heat sink (measured at the 
heat source) as a function of time with the TIM consisting of GalP (D) of varying particle sizes. Although GalP (D) 
with larger particle sizes show higher thermal conductivity and diffusivity (Figure S25), the larger particles protrude 
from the GalP (D) creating roughness and air gaps at the heat source – heat sink interface in turn decreasing performance 
as a TIM; (B) Total thermal resistance of GalP (D) samples. 
 
 
 
 
  



Table S1. Comparison of EMI shielding performance for various materials. 

 
 
 
  

Material 
Thickness 

[mm] 
EMI SE in X band 

[dB] 
SSE 

[dB cm
3
g

-1
] 

SSEt 

[dB cm
2
g

-1
] 

Ref. 

Cu foil 3.1 90 10 32 [52] 

Ni foil / 82 9.2 / [52] 

Stainless steel foil 4 89 11 28 [52] 

Ag foil 0.01 58 5.6 5576 [53] 

Al foil 0.05 63 23.2 4630 [53] 

Graphene film 0.0084 20 / / [54] 

Graphene/PEI foam 2.3 11 38 165 [55] 

rGO/PU foam 2 20 663 3316 [56] 

rGO/PI foam 0.8 21 75 937 [57] 

rG-O/GalP (rG-O) film 0.02 66 49.6 24812 This work 



 

Table S2. Thermal conductivity of various commercial TIM materials. 
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