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Abstract
Gold metallization of 3D printed polymer structures was conducted by a supercritical carbon dioxide (sc‑CO2) assisted electroless plating process. 
Precursor of the Pd catalyst utilized in this study was palladium bis‑hexafluoroacetylacetonate for the high solubility in sc‑CO2. A Ni–P layer was 
first formed on the catalyzed polymer structure as a sacrificial layer for the sequential gold deposition. Electrical resistance of the gold metallized 
3D printed structure was 0.15 Ω and slightly increased to 0.18 Ω after a tape adhesion test. The fracture strength was 47.6 MPa for the sample with 
45 min of the gold deposition time.

Introduction
Additive manufacturing also known as three-dimensional (3D) 
printing technology is a process adopted to create 3D modules 
from digital designs. In the last decade, it has attracted great atten-
tion due to its high degree of freedom and precise resolution on 
complex 3D structure design. Selections of the ink material and 
fabrication duration are considered to be primary focus in this 
research field.[1] Recently, the interests of 3D printing technology 
have been extended to fabrication of various functional electronic 
components,[2] electromagnetics,[3] wearable devices,[4] and bio-
engineering.[5] For applications of 3D printed polymer structures 
in aforementioned technologies, metallization is essential and 
could be realized by approaches of  physical[6] and chemical vapor 
deposition,[7] sputtering,[8] and electroless plating.[9–14]

Electroless plating is considered to be the most ideal process 
among the metallization approaches due to its great capability 
to deposit metal coatings on complex structures and facile prop-
erties manipulating on the deposited metal coating.[15–17] There 
are three core steps in electroless plating, which are pretreat-
ment step, catalyzation step, and metal deposition step. First, 
surfaces of the insulating substrate are cleaned and roughed to 
elevate interactions between the processed substrate and later-
decorated catalyst seeds. Second, catalyst seeds are decorated 
on the substrate surface in the catalyzation step. Last, deposi-
tion process of metals is activated at the catalyst seeds to gradu-
ally cover the entire substrate surface in the deposition step.

In the pretreatment step, roughened substrate surface is 
acquired by using an etching solution, which is not an envi-
ronmentally friendly approach due to the etching solution’s 
toxicity. Also, in the conventional catalyzation step, only a 

limited amount of the catalyst seeds is remained on surfaces 
of the substrate, and this is a critical factor affecting interac-
tion between the deposited metal coating and the substrate. 
Therefore, a catalyzation process utilizing supercritical carbon 
dioxide (sc-CO2) as the solvent is proposed for metallization 
of polymer materials.[14, 18, 19]  CO2 is inexpensive, non-toxic 
and non-polar, and it possesses high self-diffusivity and zero 
surface  tension[20] when it reaches its critical point (7.4 MPa 
and 31°C).[21, 22] These are all beneficial for transferring materi-
als into non-polar polymer structures to improve interactions 
between the metal coating and the substrate. In sc-CO2 cata-
lyzation, organometallic compounds dissolved in sc-CO2 could 
be transferred into the polymer substrate to allow formation of 
catalyst seeds inside the polymer structure.[23] Then, metals 
would form from the catalyst seeds inside the polymer sub-
strate to promote interactions between the metal layer and the 
polymers. Additionally, by the sc-CO2 catalyzation step, the 
pretreatment step is no longer required, and this implies usage 
of environmentally unfriendly solvents could be prevented.

In a previous study, Ni–P metallization of 3D printed poly-
mers is realized by the sc-CO2-assisted electroless plating.[14] 
The electrical resistance of Ni–P metallized 3D-printed square 
pad is 0.03 Ω, and the electrical resistance merely increases to 
0.04 Ω after a tape adhesion test. Regarding the metal layer, 
chemical stability and biocompatibility of gold are all better 
than those of Ni–P. Most importantly, the difference in the duc-
tility between gold and 3D printed polymers is smaller than that 
between Ni–P and 3D printed polymers. These all make gold a 
promising material to be integrated with 3D printed polymers 
toward additive manufacturing of electronic components.
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In this study, gold metallization of 3D printed polymers is 
conducted by the sc-CO2-assisted electroless plating process. 
Palladium bis-hexafluoroacetylacetonate (Pd(hfa)2), an organo-
metallic compound, is chosen as a source of the catalyst for its 
high solubility in sc-CO2. The solubility of Pd(hfa)2 in sc-CO2 
is greater than 3.6 wt% (or 3.15 ×  10−3 mol fraction) at 8.9 MPa 
and 313.2 K.[24] The reliability of gold metallized 3D printed 
polymer is evaluated by tape adhesion test and tensile test.

Experimental
3D printing
The 3D printer (MARS 2 PRO MONO LCD MSLA resin 3D 
printer) and photopolymer resin (Standard LCD UV-Curing 
Photopolymer Rapid Resin for 3D Printers) were purchased 
from Elegoo Inc. The resin was composed of phenolic epoxy 
resin (40–50 wt%), 6-hexanediol diacrylate (20–40 wt%), color 
pigment (2–5%), and 1-hydroxycyclohexyl phenyl ketone (3–5 
wt%). UV light at λ = 405 nm was used as the light source in 
photopolymerization of the resin. For the tensile test, a dog-
bone shaped structure was prepared. A schematic diagram of 
the dog-bone shaped structure is provided in Fig. 1(a).

Catalyzation
A commercial catalyzation solution (Okuno Chemical Indus-
tries Co., Ltd.: ICP Accera KCR) was used to catalyze the 3D 
printed polymer structures to be used as comparison treated by 
the sc-CO2 catalyzation. For the conventional catalyzation step 
(CONV), the experimental conditions were 30°C and 30 min. 
For the sc-CO2 catalyzation step, the sc-CO2 equipment was 
provided by Japan Spectra Company. The reaction cell was 
constructed by stainless steel 316 with polyether ether ketone 
coating on the inner wall, and the inner volume was 50.0 ml. 
More details of the sc-CO2 equipment were addressed in a pre-
vious study.[18] The 3D printed polymer structure and 50 mg 

of palladium bis-hexafluoroacetylacetonate (Pd(hfa)2, Sigma-
Aldrich) were placed in the reaction cell. After sealing the reac-
tion cell properly, liquidized  CO2 was pumped into the reaction. 
The pressure was controlled at 15 MPa, and the temperature 
was at 70.0°C. The catalyzation time was 1.0 h.

Metal deposition
After the catalyzation step, the catalyzed 3D printed polymer 
structures were immersed into a Ni–P electroless plating solu-
tion (Okuno Chemical Industries Co., Ltd: Top Nicoron VS-LF) 
for 3.0 min at 70.0°C. The Ni–P plating solution is composed 
of nickel chloride (9 wt%), sodium hypophosphite (12 wt%), 
complexing agent (12 wt%), and ion-exchanged water (67 
wt%). In electroless plating of gold,[18] decoration of less noble 
metals on the catalyzed substrate is required to be used as the 
sacrificial material before deposition of gold. And, Ni–P was 
chosen as the sacrificial material in this study. In addition, a 
sensitization step by immersing the Ni–P decorated 3D printed 
polymer structures in a 0.1 mM  KAuCl4 (99.995%, Sigma-
Aldrich) solution for 1 h at 30.0°C was conducted. Then the 
Ni–P decorated/KAuCl4 sensitized/3D printed polymer struc-
tures were placed in a commercially available gold electroless 
plating solution (MATEX Japan Co., Ltd.: Non-Cyanide Elec-
troless Solution, and the solution contained 2 g/L of Au with 
pH at 7) for 15.0 min, 30.0 min and 45.0 min at 65°C to cover 
the entire surface with gold.

Characterization
Surface morphologies and cross-section of the gold metallized 
3D printed polymer structures were observed by a scanning 
electron microscope (SEM, HITACHI: S-4300SE). The thick-
ness of the gold layer was determined through observing the 
cross-section, and the thickness of at least five locations was 
obtained and averaged to be used as the reported thickness. 
Crystal structures and phase of the gold metallized 3D printed 

Figure 1.  (a) A schematic design of the 3D printed dog-bone structure and (b) images of the 3D printed dog-bone structures after the gold 
deposition step.
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polymer structures were identified by X-ray diffraction (XRD, 
Rigaku: Ultima IV). The electrical resistance was examined by 
a four-point probe (Mitsubishi Chemical Analytech Co., Ltd.: 
MCP-T37). Intactness of the gold layer on the 3D printed poly-
mer structures was investigated by a tape adhesion test.[14, 18] 
The tape adhesion test was conducted by firmly sticking a piece 
of 3 M Scotch® tape onto the gold metallized sample surface 
with a 1 kg load. After removing the load and peeling the tape 
off the sample surface in sequence, the electrical resistance 
was measured again. The tape adhesion test was conducted 
three times using different samples prepared under same condi-
tions to provide a reliable result. The tensile test was conducted 
by a universal testing machine (Shimadzu Corp.: Autograph 
Instron–type AG-500NI). The electrical resistance of the dog-
bone shaped structure was monitored by an electrical resist-
ance meter (HIOKI E.E. CORPORATION.: RM3544) during 
the tensile test to determine the fracture point. Also, a video 
(Canon: HFR32) was taken during the tensile test.

Results and discussion
Surface appearances of the 3D printed dog-bone shaped struc-
tures after the gold deposition step are provided in Fig. 1(b). 
The original color of the photopolymer resin is grey. The con-
ventional catalyzation treated sample remained the color of 
the photopolymer resin after the gold deposition step, and this 
revealed unsuccessful metallization of the 3D printed poly-
mer structures. On the other hand, the gold metallization was 
successful for the sc-CO2 catalyzed samples, which showed 

metal-like golden color after the gold deposition step. The 
results suggested the conventional catalyzation was ineffective 
in decoration of Pd catalyst seeds on the 3D printed polymer 
structure, hence, the gold deposition was not possible for the 
conventional catalyzation treated sample.

X-ray diffraction patterns of the as-printed polymer struc-
ture is provided in Fig. 2(a). Signals at around 2θ = 20° were 
contributed by the solidified photopolymer resin. After deco-
ration of Ni–P on the sc-CO2 catalyzed sample [Fig. 2(b)], a 
broad peak at signals at around 2θ = 45° was observed, and this 
suggested presence of amorphous Ni–P, which is commonly 
acquired in Ni–P obtained by electroless plating.[25] After the 
gold deposition, the XRD patterns are shown in Fig. 2(c) to 
(e). Signals at around 2θ = 40°, 45°, 65°, 78° and 83° could be 
assigned to face-centered cubic (FCC) crystal structure of gold 
(JCPDS card No 46-1043). In Fig. 2(c), contributions from the 
photopolymer resin were obvious, and the two FCC gold peaks 
at 2θ = 40° and 45° were not that sharp, which is suggested to be 
influenced by the amorphous Ni–P, in the 15.0 min gold metal-
lized sample. As the gold deposition time increased to 30.0 min 
and 45.0 min, relative intensities of the photopolymer resin 
gradually decreased, and influences of the amorphous Ni–P 
became less observable. These findings suggested an increasing 
trend of the amount of gold deposited on the sample.

Surface conditions of the gold metallized samples were 
evaluated from the SEM images shown in Fig. 3(a) to (c). 
In Fig. 3(a), surfaces of the 15.0 min sample were covered 
with many tiny particles, and these particles were believed to 
be gold. Some portion of the surface showed a darker color 
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Figure 2.  XRD of (a) 3D printed polymer structure, (b) Ni–P decorated and sc-CO2 catalyzed sample, and gold metallized 3D printed poly-
mer structure with (c) 15.0 min, (d) 30.0 min and (e) 45.0 min of the gold deposition time.
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than the color of the tiny particles, and this was suggested to 
be regions still not covered with gold. As the gold deposition 
time increased to 30.0 min, sizes of the particles increased, and 
the entire surface was covered with the particles as shown in 
Fig. 3(b). In Fig. 3(c), the average size of the particles did not 
change much, but boundaries of the particles became less obvi-
ous as the gold deposition time extended to 45.0 min.

Examples of the cross-sectional images used to determine 
the gold layer thickness are provided in Fig. 3(d) to (f). The 
gold layer thickness reached 0.48 ± 0.11 μm after 15.0 min of 
the gold deposition time, and it thickened to 0.92 ± 0.12 μm 
and 1.23 ± 0.26 μm as the gold deposition time prolonged to 
30.0 min and 45.0 min, respectively. An increase in the gold 
layer thickness corresponded well with the relative XRD signal 
intensity [Fig. 2(c) to (e)] and surface condition [Fig. 3(a) to 
(c)] results, which the amount of gold on the sample increased 
following an increase in the gold deposition time. The relation-
ships between the gold deposition time, gold layer thickness and 
gold growth rate were plotted and shown in Fig. 4(a). The gold 

growth rate in the first 15.0 min interval of the gold deposition 
time was calculated to be 0.032 μm/min, and the gold growth 
rate gradually decreased to 0.029 μm/min and 0.021 μm/min 
for the second and third 15.0 min interval, respectively, of the 
gold deposition time. Reduction of the gold growth rate was 
suggested to be a result of a decrease in the concentration of 
reactive species in the gold electroless plating solution.

The electrical resistance of the 15.0 min sample was 0.70 Ω, 
and it reduced to 0.28 Ω and 0.15 Ω, indicating an improved 
electrical conductivity, as the gold deposition time extended to 
30.0 min and 45.0 min, respectively. After the tape adhesion 
test, the electrical resistances slightly increased to 0.83 Ω, 0.35 
Ω and 0.18 Ω for the 15.0 min, 30.0 min and 45.0 min sam-
ples, respectively. The results are summarized in Fig. 4(b). The 
conductive properties are tabulated in Table S1. Generally, the 
electrical resistance remained at a low level after the tape adhe-
sion test, and this demonstrated the strong interaction between 
the gold layer and the 3D printed structure by the sc-CO2 cata-
lyzation in metallization of 3D printed polymer structures.

(e) Au 30 min (f) Au 45 min

(b) Au 30 min (c) Au 45 min(a) Au 15min

(d) Au 15 min

Figure 3.  Surface conditions of the gold metallized 3D printed polymer structures prepared with (a) 15.0 min, (b) 30.0 min and (c) 45.0 min 
of the gold deposition time, and cross-sectional view of the samples with (d) 15.0 min, (e) 30.0 min, and (f) 45.0 min of the gold deposi-
tion.
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Figure 4.  Plots of (a) the gold deposition time versus the gold layer thickness and gold growth rate, (b) the gold deposition time versus the 
electrical resistance, and (c) the gold layer thickness versus the two fracture strengths (σF and σF,Au).
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The fracture strength (σF) of the as-printed dog-bone shaped 
structure was 23.0 MPa. After the gold metallization, the fracture 
strength increased to 34.9 MPa for the 15.0 min sample, and the 
fracture strength reached 39.7 MPa and 47.6 MPa as the gold 
deposition time increased to 30.0 min and 45 min, respectively. 
The engineering stress-engineering strain curves for each sample 
are provided in Fig. S1. A video showing the tensile test and the 
engineering stress-engineering strain curves used to determine 
the fracture strength is provided as a supplementary video. Fig-
ure 4(c) shows the relationship between the gold layer thickness 
and the fracture strength. In general, strengthening of the 3D 
printed structure was obtained by depositing more gold on the 
sample. The fracture strength of pure gold is 120 MPa,[26] which 
is much larger than the fracture strength then the as-printed 
dog-bone shaped structure. Therefore, it was expected to see an 
increase in the fracture strength after the gold metallization.

In a further analysis on the contribution of the metallized 
gold to the fracture strength, a value of the fracture force 
divided by the area of the metallized gold in the cross-section 
( σF,Au ) was calculated as indicated in the following equation:

A plot of the gold layer thickness versus the σF,Au is pro-
vided in Fig. 4(c). A decreasing trend was observed follow-
ing an increase in the amount of gold metallized onto the 3D 
printed structure. In mechanical characterization of small-sized 
metal-based materials, the mechanical strength is reported to be 
dependent on the size of the sample used in the mechanical test, 
which is known as the sample size effect.[27] Usually, a smaller-
is-stronger is reported when reducing the sample size from 
bulk-size to micro-scale or smaller. The higher σF,Au obtained 
as the gold layer thickness decreased is to some extend similar 
to the smaller-is-stronger phenomenon in the sample size effect.

Conclusion
Additive manufacturing of gold metallized 3D structures was 
demonstrated in this study. Complete gold metallization of the 
3D printed structures was realized by sc-CO2-assisted electro-
less plating. The sc-CO2 was employed as a solvent to pro-
mote interaction between the Pd catalyst and surfaces of the 3D 
printed structures in the catalyzation step, and this eventually 
contributed to the complete gold metallization. Thickness of the 
gold layer reached 0.48 μm after 15.0 min of the gold deposi-
tion time, and the thickness was elevated to 1.23 μm as the gold 
deposition time increased to 45.0 min. The electrical resistance 
showed a negative correlation with the gold deposition time. 
The sample with 15.0 min of the gold deposition time showed 
the electrical resistance at 0.70 Ω, and it was reduced to 0.15 Ω 
when the gold deposition time was extended to 45.0 min. For 
the 45.0 min sample, the electrical resistance slightly worsened 
to 0.18 Ω. In addition, the strengthening was observed in the 
gold metallized samples, and the highest fracture strength was 
47.6 MPa for the 45.0 min sample. In conclusion, the gold 

σF,Au =

The forcewhen fracture occurs

Cross - seciontal area of the gold in the sample

metallized 3D printed structures reported in this study are 
promising materials toward electronic components by the low 
electrical resistance, resistant again the tape adhesion test, and 
promoted tensile fracture strength.
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