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Fabrication of a flexible and stretchable
three-dimensional conductor based on
Au–Ni@graphene coated polyurethane
sponge by electroless plating†
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Flexible and stretchable electronics, which could function properly under different deformations, have

attracted extensive attention recently, due to their widespread application potential. Among them,

flexible and stretchable conductors have played a significant role in bridging stretchable electronics

(e.g., flexible strain sensors and stretchable energy storage devices) and measured targets (e.g., human

motion detection and multifunctional output devices). Although various types of fabrication method for

flexible conductors have been reported, the fabrication of stretchable conductors exhibiting

stretchability, conductive stability, and durability remains a challenge. Here, we developed a flexible and

stretchable three-dimensional (3D) conductor by the electroless plating technique. The prepared flexible

and stretchable conductor combines two strengths including the excellent conductivity of 3D gold–

nickel@graphene coated polyurethane sponge (Au–Ni@GPUS) conductive networks and the flexibility

of casting encapsulated PDMS. The resistance of the conductor ranges from original 2.5 O to 4.0 O

when the applied strain increased from 0% to 30% for the first stretching–releasing cycle. And after

1000 stretching–releasing cycles, the original resistance exhibited a small increase to 3.1 O, while

the resistance under 30% applied strain was 6.0 O which well illustrates the conductive stability and

durability. Besides, the resistance of the conductor is retained even after 1000 cycles of bending

(the bending angle ranges from 01 to 1801) and twisting (the twisting angle ranges from 01 to 1801),

confirming the excellent conductivity of the conductor. Additionally, the fabricated flexible and stretchable

conductor has been successfully applied as a flexible interconnect of light-emitting diodes and a stretchable

mobile phone charging interconnect.

Introduction

Flexible and stretchable conductors that feature both superior
conductivity and large deformation stability have been widely
used in a variety of applications, such as stretchable antennae,1

stretchable transistors,2 stretchable supercapacitors,3,4 electronic
skins,5 and touch panels.6,7 In specific operating systems, the
stretchable conductors are used as not only the vital flexible
interconnects for the devices, but also the essential function
segments for data output. With the purpose of fabricating high-
performance stretchable conductors, several material strategies
have been reported for developing nanomaterial-enabled highly
conductive and stretchable conductors.8–10 One straightforward
and effective method is to integrate highly conductive nano-
materials (e.g., graphene,11–13 carbon nanotubes (CNTs)/
fibers,14–16 and metal nanowires/nanoparticles17–19) with
elastomeric materials (e.g., polydimethylsiloxane (PDMS),20,21
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polyurethane (PU),22,23 spun poly(styrene-block-butadiene-
block-styrene) (SBS),2,24 and Ecoflex25,26), and these nanomaterials
are commonly designed on top of or are embedded inside the
elastomeric materials to form composites. However, in order to
maintain an ingenious balance between mechanical deformability
and electrical performances, the loading of conductive fillers and
elastomeric materials should be controlled strictly during the
fabrication process. For example, the fabrication of a CNT-VHB
4905 composite conductive thin film by using a spraying method
through shadow masks has been reported.27 Although the fabri-
cation process was simple and economical, the super-linear
increased electrical performance with the applied strain of the
obtained material (107 O at 700% strain) affected its application
under various conditions which requires conductive stability.
Moreover, due to the sliding between conductive nanomaterials
when an external strain is applied, the effective contact area of
electrical conduction decreased which directly caused a decrease
in the conductivity of the conductors.

To overcome the abovementioned problems, several solutions
have been introduced in the stretchable structures. For example,
periodic ‘‘wavy’’ microstructures on elastomeric substrates
by mechanical buckling, which are achieved through the pre-
straining and release process, make the conductive nanomaterials
acquire buckling behaviour and wide-range stretchability.28–30

Because the periodic ‘‘wavy’’ microstructures can increase the
buckling wavelength and decrease the buckling amplitude
when an external strain is applied, the electric resistance
remains unchanged. However, the transfer process of the
complicated nanomaterials is not suitable for large-scale manu-
facturing processes. Other stretchable microstructures, such as
spring structures31 and net-shaped structures,32,33 have also
been developed by using 1D nanomaterials (e.g., CNTs,34 and
metal nanowires23) and different fabrication technologies (e.g.,
template methods,35 electrospinning,36 and dispersing16).
Upon stretching, these structures can accommodate the
applied strain by changing the shape or sliding and rotating
inside themselves.8 Although the stretchable conductors
fabricated using those designed microstructures exhibit some
applications, the required advantages of high stretchability and
stability still make their mass production and pervasive appli-
cation difficult. For example, a CNT/PDMS based stretchable
conductor has been fabricated by stretching–release–buckling
strategies which showed high stretchability up to 100% of its
original length.37 However, the relatively poor electrical proper-
ties which are stable at 3.5 kO within 100% strain limited its
further application.

Compared with the aforementioned stretchable patterns,
three-dimensional (3D) conductive network structures have
drawn significant attention in recent years because these
materials can be fabricated by a lower cost manufacturing
procedure, possess mechanical durability, electrical stability,
and large-scale manufacturing applications.38–40 Among them,
3D graphene-based networks have been further studied due to
their good electrical conductivity, large specific surface area,
and excellent mechanical performance. But some of the graphene
fabrication methods, such as chemical vapor deposition (CVD) on

copper/nickel foam skeletons41,42 and hydrothermal reduction of
graphene oxides,43,44 have limitations and are time consuming.
For instance, three-dimensional porous stretchable and conduc-
tive polymer composites based on graphene networks grown by
CVD and PEDOT:PSS coating have been reported which exhibited
high conductive performance.38 But their complicated and costly
fabrication method makes their mass production and pervasive
application difficult. We recently reported that 3D graphene
sponge fabricated by a repeated absorption–reduction process is
an excellent substrate material with relatively good conductivity
and mechanical performance.45 The 3D graphene sponge was
used for the preparation of crack-based flexible strain sensors
through the electrodeposition method. However, it was not
appropriate for stretchable conductors due to the wide-range of
resistance variations when stretched caused by the derived micro-
cracks. Therefore, we chose another method for the fabrication of
a 3D graphene sponge based stretchable conductor. Electroless
plating, a simple, energy conserving, environmentally friendly and
economical surface treatment technology, has been widely used
in different applications, such as corrosion protection,46 wear-
resistance protection,47 and conductive coatings.48 Furthermore,
compared with the electrodeposition method, no microcracks are
generated during electroless plating,49 therefore the even coating
with excellent conductivity by electroless gold plating fits well with
the fabrication of conductors.

Here, we demonstrated the fabrication of a flexible and
stretchable 3D conductor based on our previous work on 3D
graphene sponge and the advantages of electroless gold plating.
The fabricated conductor exhibited excellent flexibility and
conductive stability within 30% strain. Moreover, 1000 cycles
of stretching–releasing (0% to 30% strain), bending–releasing
(the bending angle ranges from 01 to 1801) and twisting–
releasing (the twisting angle ranges from 01 to 1801),
respectively, confirmed the excellent stable conductivity of the
conductor. The principles of this fabrication method and the
work mechanism of the conductor have been also proposed.
Additionally, the fabricated flexible and stretchable conductor
has been successfully applied as a flexible interconnect of light-
emitting diodes (LED) and a stretchable mobile phone charging
interconnect, indicating their tremendous potential in the field
of flexible electronics.

Results and discussion

The fabrication process is schematically illustrated in Fig. 1.
Briefly, a piece of commercial polyurethane sponge (PUS)
was coated with graphene oxide through the full immersion
method in a vacuum, followed by reduction with hot hydroiodic
acid (HI), forming a graphene coated PU sponge (GPUS). The
above process was repeated for four cycles and a multilayer
graphene coated PU sponge with good conductivity was
obtained. After that, a thin layer of nickel coated GPUS
(Ni@GPUS) was processed by electroless plating. The nickel
layer on the Ni@GPUS material was then substituted by a gold
layer through electroless plating. The thickness of the gold layer
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was increased by the reduction reaction during electroless
plating and a 3D Au–Ni@GPUS conductive material was
obtained. Finally, the Au–Ni@GPUS was poured into PDMS in
a vacuum environment and then cured together, resulting in a
flexible and stretchable conductor. The optical images of the
as-prepared PUS, GPUS, Au–Ni@GPUS, and the flexible con-
ductor are exhibited in Fig. S1 (ESI†).

Some details on the fabrication process of a flexible
conductor need to be discussed here. First, before electroless
nickel plating, the GPUS should be pre-activated by the sandwich
structure (Fig. S2a, ESI†) designed by us. The GPUS was placed
between two copper foils as a whole, followed by pre-activation
treatment in the PdSO4 solution. There are two reasons for GPUS
to have a designed sandwich structure. First, on the one hand, the
Pd crystal nucleus is an important catalyst that allows the next
electroless nickel plating reaction to take place, so the generated
Pd crystal nucleus in the GPUS skeleton needs the assistance of
copper foil to enable the Pd2+ + Cu - Pd + Cu2+ reaction to
proceed. On the other hand, the copper foil sandwich structure
makes the GPUS fixed and preserves its shape during the next
electroless nickel plating process. Second, the principle of electro-
less nickel plating is the Ni2+ + H2PO2

� + H2O - Ni + H2PO3
� +

2H+ and 6H2PO2
� + 2H+ - 2P + 4H2PO3

� + 3H2 reactions that
take place by the catalysis of the Pd crystal nucleus to H2PO2

�.50

And the thinner nickel layer played the role of the seed in the
growth of Au in the next electroless gold plating. Third, the gold
layer is grown in two steps: the replacement reaction and
the reduction reaction, and the chemical reaction equations are
Ni + 2Au+ - Ni2+ + Au and C6H8O6 + 2Au+ - 2Au + C6H6O6 + 2H+,
respectively.51,52 The replacement reaction decreases the thick-
ness of the nickel layer and it would shutoff when the nickel
surface was completely covered with the gold. And the subsequent
reduction reaction was triggered by the catalysis of gold to
L-ascorbic acid which would thicken the gold layer. Fourth, the
good property of PDMS ensured the flexibility and stretchability of
the conductor.

Malleability is a significant feature of metals. In this work,
we chose Au–Ni as the materials for excellent conductivity due
to the better malleability of gold than nickel while the nickel

layer was used as the seed layer for the development of the gold
layer.53–55 The different degree of metal bonds corresponds to
different malleability. Because of the relatively larger radius of
the metal atoms, the number of valence electrons is relatively
smaller. So, the electrons easily break away from metal atoms
and become free electrons (also called ‘‘delocalized electrons’’)
which no longer belong to any atom. When an external force is
applied, positive metal ions glide without breaking because of
the existence of free electrons around them, resulting in good
malleability of metals.

Fig. 2a shows the SEM image of the original structure of the
commercial PUS. The sizes of porous structures range from
100 to 300 mm and these kinds of structures are beneficial
to the next absorption–reduction process. The surfaces of the
PUS structures are gradually coated with wrinkled multilayer
graphene with increasing absorption–reduction cycles as indi-
cated in Fig. 2b, c and d (1 cycle, 3 and 5 cycles, respectively).
The conductivity of the evolved GPUS improved simultaneously
as the absorption–reduction cycles increased,45 and the GPUS
with good electrical conductivity is a good basis material for the
next electroless plating procedure. Fig. 2e illustrates the SEM
image of the surface of Ni@GPUS fabricated by electroless
nickel plating, and it is observed that the nickel film covers
the GPUS material evenly. Different from our previous work on
the synthesis of nickel based strain sensors by electrodeposition,
no microcracks were observed on the surfaces of the Ni@GPUS
sample when using the electroless nickel plating method, which
could afford uniformity, compactness and consistency features.
Besides, the nonoccurrence of the point discharge phenomenon
during the electroless nickel plating process was also another
important difference between the electrodeposition method and
the electroless nickel plating process. And the obtained Ni@GPUS
sample without microcracks is propitious for the fabrication of
a flexible conductor with stable conductivity. The SEM image
of Au–Ni@GPUS is shown in Fig. 2f, which reveals that the
Ni@GPUS sample was completely covered with gold by two electro-
less gold plating processes. The Au–Ni@GPUS composites exhibit
excellent conductivity and relatively good flexibility which are
encouraging features for the flexible and stretchable conductor.

Fig. 1 A schematic of the fabrication process of the Au–Ni@graphene flexible conductor.
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The X-ray diffraction (XRD) patterns of graphene oxide
coated PUS (GO-PUS) and GPUS are shown in Fig. 3a. GO-PUS
has a dominant peak (001) centered at 2y = 10.981. After the
absorption–reduction process for four cycles, the GO was
completely reduced by a hot HI solution, and a broad peak
(002) centered at 2y = 23.861 was observed which indicates the
presence of the graphene sheets of the prepared GPUS
sample.56 The XRD patterns of Ni@GPUS and Au–Ni@GPUS
are displayed in Fig. 3b. Because the nickel–phosphorus (Ni–P)
amorphous state materials were generated during the electro-
less nickel plating process, the characteristic peak at 2y = 44.971
corresponds to the broad peak.57 And this result is also

consistent with the Energy Dispersive Spectroscopy (EDS)
analysis as shown in Fig. S3a (ESI†). The diffraction peaks for
the Au–Ni@GPUS sample observed at 2y = 38.101, 44.351,
64.461, and 77.601 correspond to (111), (200), (220), and (311)
characteristic planes which are assigned to Au, respectively.58

Besides, the EDS analysis of Au–Ni@GPUS (Fig. S3b, ESI†) also
demonstrates the Au coated sample by electroless gold plating.
To clarify the thickness of Au and Ni layers, cross section
mapping was introduced to measure the two different layers.
From Fig. 3c, it can be seen that the thickness of the Au layer is
315–350 nm and that of the Ni layer is 250–275 nm. Because the
Ni layer was displaced by Au and further electroless plating
thickened the Au layer, the Au layer became thicker than the
Ni layer which is beneficial for the flexible conductor as Au
has excellent malleability. Furthermore, in order to verify the
abovementioned principle, we tested the electrical stability
of Ni@GPUS and Au–Ni@GPUS based flexible conductors,
respectively, which were encapsulated by PDMS in equivalent
situations. From Fig. 3d, it is observed that the electrical
conductivity of the Au–Ni@GPUS sample remains stable when
the strain increased from 0% to 30%, while that of the
Ni@GPUS sample varies significantly. Therefore, Au–Ni@GPUS
is an appropriate material for the fabrication of a flexible
conductor.

To further testify the properties of Au–Ni@GPUS as a flexible
and stretchable conductor, we studied the resistance variations
of the Au–Ni@GPUS flexible conductor in different deforma-
tion states, such as stretching, bending, and twisting. Here, R0

is the initial resistance of the Au–Ni@GPUS flexible conductor
and DR/R0 represents the resistance variations as a function of
different applied tensile strains and bending/twisting degrees.
The schematic diagram of a tension measurement setup
is illustrated in Fig. 4a, and the electrical performance of the

Fig. 3 (a) XRD patterns of the GPUS and GO-PUS samples. (b) XRD
patterns of the Ni@GPUS and Au–Ni@GPUS samples. (c) The mapping of
the cross section of the Au–Ni@GPUS sample. (d) The electrical perfor-
mance of the Ni@GPUS and Au–Ni@GPUS based flexible conductor
samples when stretched; the inset shows the images of the two samples.

Fig. 2 (a) SEM image of the original PUS. (b–d) SEM images of GPUS with different absorption–reduction cycles (1 cycle, 3 and 5 cycles, respectively).
(e) SEM image of the Ni@GPUS sample. (f) The surface SEM image of the Au–Ni@GPUS sample.
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Au–Ni@GPUS flexible conductor was measured using a uni-
versal testing machine and the output signals were processed
by the compulogic system. As shown in Fig. 4b, the DR/R0

remains stable in the first stretching process when an external
tension is applied from 0% to 30%. After 1000 stretching–
releasing cycles, the DR/R0 still remains stable within 10%
strain and slightly increases from 10% strain to 30% strain
which still meets the requirements of a flexible conductor.

Besides, when the Au–Ni@GPUS flexible conductor was bent
from 01 to 1801 for 1000 cycles (the definition of the bending
degree is shown in the inset graph in Fig. 4c), the invariability
of DR/R0 demonstrates the electrical stability of the conductor.
Furthermore, the twisting states had virtually no effects on the
electrical stability of the Au–Ni@GPUS flexible conductor even
after 1000 twisting–releasing cycles under 01 to 1801 twisting
degrees (Fig. 4d). There are two factors that contribute to the

Fig. 4 (a) A schematic of the tension measurement setup. (b) The relative resistance changes of the Au–Ni@GPUS flexible conductor during the 1st
stretching and 1000th stretching process; the inset images show the flexible conductor under 0% strain and 30% strain. (c) The relative resistance
variations of the Au–Ni@GPUS flexible conductor during the 1st bending and 1000th bending process; the inset images are the definition of bending
degree, 901 and 1801 pictures, respectively. (d) The relative resistance changes of flexible conductors during the 1st twisting and 1000th twisting process;
the inset images show the flexible conductor under different twisting degrees (01, 901 and 1801, respectively).

Fig. 5 Work mechanisms of the Au–Ni@graphene flexible conductor under different deformations. (a and e) The original structure and the structure
when the applied strain released, respectively. (b–d) The structure when stretching, bending and twisting, respectively.
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good performance of the Au–Ni@GPUS flexible conductor.
First, the 3D Au–Ni@GPUS conductive material with excellent
conductivity possesses good malleability and relative flexibility
due to the coated Au layer and the PUS substrate which all
endow the flexible conductor with the ability to adapt to
the deformations when a strain is applied. Second, PDMS
integrated with the Au–Ni@GPUS conductive material has
become a whole flexible conductor material because the cast
and cured PDMS under vacuum conditions permeated every
hole of the porous structures. Therefore, the good stretchability
and resilience properties of PDMS have transferred to the
Au–Ni@GPUS flexible conductor which ensured the electrical
stability of the conductor under different applied strains.

The excellent electrical stability of the Au–Ni@GPUS flexible
conductor in different deformation states shows its great appli-
cation potential in flexible and stretchable electronic devices.

A schematic diagram of the work mechanism of the
Au–Ni@GPUS flexible conductor during different deformations
is shown in Fig. 5. The original Au–Ni@GPUS material
possesses a 3D porous structure coated Au layer as the outer-
most layer (Fig. 5a). Because the encapsulation process was
carried out in a vacuum, the PDMS permeated every pore of the
structure and was cured in a vacuum oven. When the PDMS was
cured, the PDMS coated every skeleton of the Au–Ni@GPUS
material and ensured the stability of the material. In addition,
PDMS also provides vital features to the conductor, such as
high flexibility and stretchability. When an external strain is
applied, the Au–Ni@GPUS flexible conductor was in stretching,
bending and twisting states, respectively (Fig. 5b–d). The structure
of the Au–Ni@GPUS flexible conductor bend to the strain
direction according to different deformations. Here, there are
two necessary factors that contribute to the electrical conductivity
and stability during the three deformations. First, the good
malleability of Au is an important element to maintain the
congruent deformation of the 3D Au–Ni@GPUS material with
applied strain. And this can also be confirmed from Fig. 3d, and
the relative electrical signal of the Au–Ni@GPUS conductor almost
remained stable during the stretching process compared with that
of the Ni@GPUS material. Second, the entire Au–Ni@GPUS
material is filled with cured PDMS, providing excellent stability
and flexibility to the entire material. The structure of the
Au–Ni@GPUS conductor deformed with PDMS when external
strain applied while without destructive structure happened.
Different from our previous work, no microcracks were generated
when using the electroless plating method due to its good
homogeneity, uniformity and simultaneity and this also ensures
stable conductivity during the deformation process. Finally, when

Fig. 6 (a and b) Optical images of the LED lights under original length and
30% strain of the Au–Ni@GPUS flexible conductor. (c and d) Optical
images of the Au–Ni@GPUS flexible conductor as a charging interconnect
under 0% and 30% strain.

Fig. 7 (a–c) Optical images of the Au–Ni@GPUS flexible conductor as a stretchable LED interconnect when bending at 901 and 1801, and twisting at
1801, respectively (the applied voltage was 2V). (d–f) Optical images of the Au–Ni@GPUS flexible conductor as a stretchable smart cellphone charging
interconnect when bending at 901 and 1801, and twisting at 1801, respectively (the applied voltage was 2V).
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the applied strain is released as in Fig. 5e, the structure of the
Au–Ni@GPUS material restored to its initial state.

The practical applications of the Au–Ni@GPUS flexible con-
ductor were also studied, as shown in Fig. 6. A light-emitting
diode (LED) lamp was installed in the conductive path which is
connected to the Au–Ni@GPUS flexible conductor. The LED
lamp was turned on when the Au–Ni@GPUS flexible conductor
remained in its original length (without strain) and the applied
voltage was 2V (Fig. 6a), and it still maintained its brightness
when the applied strain was up to 30% (Fig. 6b). The dynamic
circulatory testing video of the LED lamp is shown in the ESI,†
Video S1. With the rapid development of smart cellphones,
there is a great demand for adaptive flexible and stretchable
charging interconnects. Therefore, here, we demonstrated
the embedded Au–Ni@GPUS flexible conductor as a part of
charging interconnects and charging smart cellphones when
stretched. And the designed circuit diagram is shown in
Fig. S2b (ESI†). From Fig. 6c, it can be seen that the smart
cellphone was charging normally when the Au–Ni@GPUS
flexible conductor in its original length. As the applied strain
increased to 30% as in Fig. 6d, the charging status remained
stable without any variation which manifested the stable per-
formance of the Au–Ni@GPUS flexible conductor as a flexible and
stretchable charging interconnect for smart devices. Besides, for a
further explanation of the stability of the flexible conductor, the
video of several stretching–releasing cycles when charging a smart
cellphone is shown in the ESI,† Video S2.

We also investigated the LED lamp turning on test and
smart cellphone charging test when the Au–Ni@GPUS flexible
conductor was kept at different bending and twisting degrees,
and the Au–Ni@GPUS flexible conductor was connected in
series in the closed circuit. From Fig. 7a and b, we can see that
the LED lamp turned on when the Au–Ni@GPUS flexible
conductor was bent at 901 and 1801. When it was twisted at
1801 (Fig. 7c), the LED lamp still remains switched on without
any fading of brightness. Similarly, the successful realization
of smart cellphone charging when the Au–Ni@GPUS flexible
conductor is in different deformation states (bending degrees
of 901 and 1801, and a twisting degree of 1801) is shown in
Fig. 7d–f, respectively. Through a series of application tests, it
has been proved that the fabricated Au–Ni@GPUS flexible
conductor could be used to connect rigid device components
as a stretchable interconnect. Furthermore, the high electrical
conductivity and excellent mechanical stability give the
Au–Ni@GPUS flexible conductor great application potential
when integrated with other flexible devices.

Conclusions

In conclusion, a flexible and stretchable 3D conductor has been
developed by the electroless plating technique. Au–Ni@graphene
coated PU sponge serves as a skeleton structure to interconnect
into a 3D flexible network, leading to high electrical conductivity
and excellent flexibility. The Au–Ni@GPUS flexible conductor
exhibits a 3D porous microstructure, good stretchability and

durability, and excellent electrical properties, resulting in its
huge potential for applications such as stretchable interconnects
and flexible charging interconnects. It is believed that the out-
standing electromechanical properties of the flexible conductor
are due to the PDMS assisted and robust 3D networks of the
Au–Ni@GPUS materials that provide a stable and interconnected
conductive pathway. Besides, the electroless plating technique is
a simple, scalable, and low-cost strategy, which is beneficial for
the large-scale production of this kind of flexible conductor.
We believe that such a 3D flexible and stretchable conductor
holds great application potential in stretchable next-generation
electronics.

Methods
Materials

Commercial polyurethane sponges (PUS, one millimetre in
thickness) were purchased from Chengxing Hong Co., Shenzhen,
China. Graphene oxide (GO) and NiSO4�6H2O were purchased
from Sinopharm Chemical Reagent Co., Ltd, China. Na2S2O8,
PdSO4, H2SO4, NaH2PO2�H2O, sodium acetate trihydrate,
L-ascorbic acid and sodium citrate were purchased from Aladdin
Co., Shanghai, China. Na3Au(SO3)2 was purchased from
Changzhou Chemical Research Institute Co., Ltd, China. Na2SO3,
N(CH2PO3H2)3 and Na3C6H5O7�2H2O were purchased from Wei
Lian Fine Chemical Co., Ltd, China. PDMS prepolymer and the
curing agent were supplied as two-part liquid component kits
from Dow Corning (Sylgard 184). Polytetrafluoroethylene moulds
were purchased from Shenzhen Huaxin Plastic Products Co.,
Ltd, China.

Preparation of the Au–Ni@graphene coated PUS
(Au–Ni@GPUS) material

Graphene coated PUS (GPUS) was synthesized by the repeated
absorption–reduction method according to our previous
report.43 The obtained GPUS was cut into pieces 40 mm long
and 10 mm wide. Before electroless plating, the GPUS was
placed between two copper foils forming a sandwich structure.
Then it was micro-etched in an acid solution (30 g L�1 Na2S2O8,
pH = 1.5, 5 min) and activated in an activating solution (20 ppm
PdSO4 and 13 mL L�1 H2SO4) for 10 min. After each of these
pre-treatment steps, the GPUS was washed with deionized
water. The GPUS was immersed in the electroless nickel plating
solution (25 g L�1 NiSO4�6H2O, 30 g L�1 NaH2PO2�H2O, 10 g L�1

sodium citrate, 30 g L�1 sodium acetate trihydrate, pH = 4.6,
80 1C, 5 min) to perform electroless Ni deposition. Ni coated
GPUS (Ni@GPUS) was obtained and washed with deionized
water. Then the Ni@GPUS was immersed in an Au immersion
bath (2 g L�1 Na3Au(SO3)2, 38 g L�1 Na2SO3, 20 g L�1

N(CH2PO3H2)3, pH = 7.0, 80 1C, 20 min), in which the replace-
ment reaction takes place. Finally, the Au coated Ni@GPSU was
immersed in the electroless Au plating solution (2 g L�1

Na3Au(SO3)2, 20 g L�1 Na2SO3, 10 g L�1 Na3C6H5O7�2H2O,
1 g L�1 C6H8O6, pH = 6.9, 50 1C, 30 min) to perform electroless
Au deposition, during which the reduction reaction takes place
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to get a thicker gold layer. After being washed with deionized
water and dried, gold and nickel coated GPUS (Au–Ni@GPUS)
was obtained. During the electroless procedure, the plating
solutions were agitated using rotating magnetic stirrer.

Preparation of the Au–Ni@GPUS flexible conductor

A piece of Au–Ni@GPUS 40 mm long and 10 mm wide was used for
the fabrication of the flexible conductor. A slice of Au–Ni@GPUS
was first connected with copper wires using silver paste and cured
at 80 1C for 1 h. After the conductive silver adhesives were
completely cured, the Au–Ni@GPUS was infiltrated with PDMS in
a 10 : 1 (base/curing agent) ratio in a polytetrafluoroethylene (PTFE)
mold and degassed in a vacuum oven for 1 h followed by curing at
80 1C for 3 h. After curing PDMS, a 3D Au–Ni@GPUS flexible
conductor was obtained.
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