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ABSTRACT

With the rapid development of flexible wearable electronic products, their application fields and demands are
increasing, posing new challenges to flexible conductive materials. This paper selected flexible polydimethylsiloxane
(PDMS) as the substrate. In order to enhance the adhesion between the substrate and the metal coating, dopamine
and silanization were used to co-modify its surface. A conductive layer of metallic copper is deposited on its surface
using an inexpensive, easy-to-use electroless plating technique. By optimizing the process conditions, it is found
that a uniform copper layer of about 0.6 pm can be formed on the surface of the substrate by electroless plating
at a constant temperature of 45°C for 30 min with a conductivity of 5556 S/cm. The relative resistance changes
under different deformation conditions, and the I-V curve of the LED circuit is not very different. Therefore, this
paper prepared a flexible conductor with excellent electrical conductivity, high coating adhesion, and good electrical
stability under large-scale deformation.
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1 Introduction

The field of polymer materials has seen a significant expansion in recent years, with polydimethyl-
siloxane (PDMS) emerging as a key player due to its unique properties such as biocompatibility,
flexibility, and chemical stability [1]. PDMS has found applications in various domains, including
microfluidics, sensors, and energy storage devices. However, the inherent hydrophobicity and non-stick
nature of PDMS pose challenges for its direct use in certain applications, particularly those requiring
adhesive properties or electrical conductivity [2]. To address these limitations, surface modification
techniques have been developed to enhance PDMS functionality [3,4].

In this study, we focus on the modification of PDMS substrates to improve their adhesive and
conductive properties through a series of chemical treatments. The literature has shown that dopamine-
based surface modification can render PDMS surfaces more hydrophilic and adhesive. Furthermore,
the introduction of silane coupling agents, such as aminopropyltriethoxysilane (APTES), has been
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demonstrated to enhance the surface’s adhesion and bonding strength. The combination of these mod-
ifications with metal deposition, specifically copper and copper-palladium alloy, has been explored for
applications in flexible electronics and conductive interconnects.

The preparation process of PDMS substrates involves multiple steps, including cleaning, surface
activation, and metal deposition. Ultrasonic cleaning in absolute ethanol and water is a common
preliminary step to remove any contaminants from the PDMS surface. The use of Tris-HCI buffer with
dopamine allows for the formation of a polydopamine layer on the PDMS surface, which can then
be further functionalized with APTES. This process not only improves the surface’s hydrophilicity
but also introduces amine groups that can complex with metal ions, facilitating subsequent metal
deposition.

The literature also highlights the importance of silver activation in the metal deposition process.
Silver ions have been used as catalysts for the reduction of metal ions and the growth of metal
nanoparticles on modified PDMS surfaces [5]. Two common silver activators are employed in this
study: one based on silver nitrate and another utilizing polyvinylpyrrolidone (PVP) as a stabilizing
agent. These activators are crucial for the uniform deposition of copper and the subsequent formation
of a copper-palladium alloy, which enhances the electrical conductivity and durability of the PDMS
substrates.

The electrochemical performance of the modified PDMS substrates is evaluated through oxygen
evolution reaction (OER) and methanol oxidation reaction (MOR) tests. These tests are essential for
assessing the catalytic activity of the metal-deposited PDMS surfaces. Additionally, the mechanical
flexibility and electrical conductivity of the copper-plated PDMS are tested under various deformation
conditions, which is critical for applications in flexible electronics and wearable devices [6,7].

This paper presents a comprehensive study on the modification and characterization of PDMS
substrates for enhanced adhesive and conductive properties. The results contribute to the understand-
ing of PDMS surface modification and its implications in the development of flexible and functional
polymer materials [§].

2 Materials and Experimental Section
2.1 Experimental Materials

Polydimethylsiloxane (PDMS, 0.65 cSt (25°C), Aladdin, Shanghai, China), copper sulfate
pentahydrate (CuSO,- 5H,0, >98.0%, Aladdin), formaldehyde (HCHO, >98.0%, Aladdin), disodium
EDTA dihydrate (C,,H;N,Na,O;-2H,0, >99.0%, Aladdin), sodium hydroxide (NaOH, >98.0%,
Macklin, Shanghai, China), ethylene glycol (C,H,O,, >98.%, Aladdin), methanol (CH;OH, >99.5%,
Aladdin), ethanol (C,H;OH, >99.5%, Aladdin), sodium borohydride (NaBH,, >98.0%, Aladdin),
ammonium persulfate, (NH,),S,0;, >98.0%, Aladdin) polyvinylpyrrolidone K30 ((C;H,NO),,
Aladdin), tris(hydroxymethyl) aminomethane (C,H;;NO;, >99.9%, Aladdin), dopamine hydrochlo-
ride (CsH,,CINO,, >98%, Aladdin), (3-Aminopropyl)triethoxysilane (CoH,; NO;Si, >99.9%, Aladdin),
potassium sodium tartrate tetrahydrate (C,H,O,KNa-4H,0, >99.9%, Aladdin), hydroxide potassium
(KOH, >95.0%, Macklin), silver nitrate (AgNO;, >99.0%, Aladdin).

2.2 Experimental Instruments and Test Instructions

The experimental equipment used in this study, along with their manufacturers and model
numbers, are listed in Table 1.
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Table 1: Experimental equipment, manufacturers and models used in the study

Experimental instrument Model Manufacturer

Scanning electron microscope SU70 Hitachi, Ltd., Tokyo, Japan

Multi-function X-ray diffractometer ~ SmartLab Rigaku Corporation, Tokyo, Japan

Plasma cleaner PDC-32G-2 Harrick Plasma, New York, USA

Heating magnetic stirrer DF-101S Shanghai LiChenBangXi
Instrument Technology Co., Ltd.,
Shanghai, China

Electrochemical workstation CHI600E Shanghai Chenhua Instruments
Co., Ltd., Shanghai, China

Fourier transform infrared Nicolet 6700 Thermo Fisher Scientific,

spectrometer Massachusetts, USA

Contact angle meter CSCDIC-350 Dongguan Shengding Precision
Instrument Co., Ltd., Dongguan,
China

Insulation resistance tester VC480C+ Shenzhen WeiXite Technology Co.,
Ltd., Shenzhen, China

Air-circulating drying oven DHG-9023A Shanghai Yiheng Scientific
Instrument Co., Ltd., Shanghai,
China

Adhesion tester (cross-cut tester and ~ Scotch600 3M Company, Shanghai, China

3M tape)

Four-point probe surface resistivity Laucas PRO4-6000 Signatone, California, USA

tester

Scanning Electron Microscope (SEM)

Scanning electron microscope is the main instrument for microstructure analysis. It is often
combined with energy dispersive X-ray spectroscopy (EDS) for elemental analysis and is widely used
in materials, metallurgy, mineralogy and biology. In this study, a field emission scanning electron
microscope (SU70) produced by Hitachi was used, along with an accompanying X-ray spectrometer,
to analyze the surface morphology, coating thickness and element content of the material. In order
to prevent the local charge caused by poor sample conductivity from affecting the secondary electron
imaging, all test samples were sprayed with gold before the test, and the processing time was 60 s.

X-ray Diffractometer (XRD)

The X-ray diffractometer is mainly used for phase identification and can accurately determine the
crystal structure of materials. This study used the SmartLab series multi-function X-ray diffractometer
from Rigaku Corporation, with a testing angle range of 10° to 90° and a testing speed of 10°/min, to
analyze whether metallic silver particles were produced after plasma treatment during the silver ion
catalysis stage under a focused beam.

Fourier Transform Infrared Spectrometer (FT-IR)

The Fourier Transform Infrared Spectrometer is a non-dispersive infrared absorption spectrome-
ter, and infrared spectroscopy is mainly used for qualitative analysis of chemical bonds and functional
groups in molecules, also known as molecular vibration-rotation spectra. This study used a Fourier
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Transform Infrared Spectrometer (Nicolet 6700) produced by Thermo Fisher Scientific, mainly to
compare the changes in vibration peak positions and heights in the infrared spectra before and after
dopamine and silane modification of the PDMS substrate, and to analyze the grafting situation of
functional groups.

Contact Angle Meter

The contact angle meter is mainly used to measure the contact angle between liquids and solids to
evaluate the wetting performance of the solid interface to the liquid. In this study, a contact angle
meter (CSCDIC-350) manufactured by Dongguan Shengding Precision Instrument Co., Ltd. was
used. By adding 6 uL of deionized water droplets to the PDMS substrate interface and observing
and measuring the angle between the droplet and the solid interface after the droplet stabilizes, the
change in hydrophilicity of the material before and after dopamine modification was tested.

Adhesion Tester

The adhesion tester, also known as the cross-cut tester, is manufactured according to 1S02409-
1992 and is suitable for GB/T9286-98, BS 3900E6/ASTM D3359. The tape used is the Scotch600 series
produced by 3M Company. In this study, the coating was grid-patterned and penetrated to evaluate
the adhesion effect of the coating separation from the PDMS substrate, thereby assessing the changes
in adhesion before and after dopamine and silane modification.

Electrical and Electrochemical Performance Testing

The insulation resistance tester used in this study is the VC480C+- series tester produced by Shen-
zhen WeiXite Technology Co., Ltd., which is used to measure the change in relative resistance under
different stretching conditions. The four-point probe surface resistivity tester produced by Signatone
was used to determine the sheet resistance and conductivity of the PDMS substrate after chemical
copper plating. Subsequently, the CHI600E series electrochemical workstation produced by Shanghai
Chenhua Instruments Co., Ltd. was used to test its electrochemical performance under different
conditions of oxygen evolution reaction (OER) and methanol electrocatalytic oxidation (MOR), as
well as the I-V characteristic curves of the LED circuit under different bending angles. During the
electrochemical performance testing, a Cu-PDMS electrode (working electrode), a platinum plate
(counter electrode), and a Hg/HgO electrode (1M KOH solution) [reference electrode] were used as
a conventional three-electrode system, and a 0.5 M/L methanol solution and a 1 M/L potassium
hydroxide solution without methanol were used as the electrolyte, respectively.

2.3 Experimental Content

The PDMS prepolymer and curing agent were thoroughly mixed in a weight ratio of 10:1 and
put into a vacuum desiccator to degas to remove air bubbles, and then the mixture was dropped into
pre-cleaned polypropylene plates and sugar cubes and spin-coat on the screw groove, and then carry
out the second degassing treatment to remove the bubbles generated again during the transfer process,
and let it stand at room temperature for half an hour, then put it into an oven at 80°C for more than
2 h, and after it is fully cured, carefully peel off the PDMS film and spiral PDMS, and dissolve the
sugar cubes in deionized water. Finally, the fabricated PDMS substrate is cut into the desired size to
obtain PDMS flat film, spring-like PDMS, and sponge-like PDMS. The specific preparation process
is shown in Fig. | below.

The PDMS prepolymer and curing agent are fully mixed with a mass ratio of 10:1 and then put
into the vacuum dryer for the first step of vacuuming to remove the bubbles in the PDMS mixture.
Then the mixture is dropped onto the pre-cleaned polypropylene plate, sugar block and screw groove
[9], and the second step is to vacuum and stand at room temperature for half an hour for the second
degassed treatment, to remove the bubbles generated again during the transfer process, and then bake
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in the oven at 80°C for more than 2 h, after it is fully cured. The PDMS film and spiral PDMS were
carefully removed to obtain the PDMS flat film and spring-shaped PDMS. The cured sugar block
was dissolved in deionized water for the third step, and finally removed and dried in the fourth step
to obtain spongy PDMS. The PDMS base was cut to the required size, and finally the PDMS plane
film, spring PDMS and sponge PDMS were obtained [10]. The specific preparation process is shown
in Fig. la-c.
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Figure 1: Schematic diagram of the preparation process of PDMS substrate (a) PDMS flat film; (b)
sponge PDMS; (c) spring PDMS

Put the PDMS substrate into absolute ethanol and water for ultrasonic cleaning for 15 min, and
then put the PDMS substrate into Tris-HCI buffer (2 mg of dopamine per ml, pH 8.5), Placed on a
magnetic stirrer in the dark and stirred for more than 12 h. After the reaction, the substrate was cross-
washed with ethanol and water twice and placed in a vacuum drying oven at 40°C for vacuum drying.
The dopa-modified PDMS substrate was soaked in anhydrous ethanol (95%) solution containing
2%wt APTES for 30 min. Then dry in an oven at 110°C for 20 min [11].

The following two commonly used and chemically stable silver activators are used in this paper:

1. Add 0.17 g of silver nitrate to a mixed solution of 10 g of ethanol and ethylene glycol (the
weight ratio of the two is 2:1), and place it on a magnetic stirrer to stir for more than 20 min
until the silver nitrate is completely dissolved. The solution becomes clear and transparent, and
it is formulated to obtain a colourless and clear silver ion catalytic liquid. Then, the sponge-like
PDMS was completely immersed in the silver ion catalytic solution, stirred on a magnetic stirrer
for 3 min, and immediately after the timing was over, the sample was clipped out and placed
in a plasma cleaner for 3 min. Repeat this operation twice so that both sides of the substrate
undergo plasma treatment, and finally wash twice with water and ethanol alternately. Put it
into a 40°C vacuum drying oven for vacuum drying for two to four hours, and then put it into
the copper plating solution for copper plating.

2. First, 0.315 g of polyvinylpyrrolidone K30 (PVP) was added to 10 mL of ethylene glycol and
sonicated for 20 min to make the PVP evenly dispersed. Then 0.17 g of silver nitrate was
weighed and added to 10 mL of ethylene glycol. It was dissolved under constant temperature
magnetic stirring at 30°C. Then, the uniformly dispersed PVP ethylene glycol solution was
added to the silver nitrate solution and kept at 30°C under constant temperature stirring for
20 min to fully mix the two. Finally, 20 mL of ethylene glycol solution containing 0.1 g of
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sodium borohydride (NaBH,) was prepared and added to the above-mixed solution at an
average rate of 55 drops/min. The nano-silver activation solution was obtained by reacting at
30°C under constant magnetic stirring for one hour. Then, the nano-silver activation solution
was kept at a constant temperature of 50°C, and the PDMS flat film and the spiral PDMS were
completely immersed in the silver activation solution for 6 min. Immediately after the timing,
the sample was clamped out, and the silver activation solution was rinsed with deionized water.
Then, it was placed in the copper plating solution for copper plating [12,13].

The copper plating solution is prepared from two A and B solutions and is currently being used.
First, 15 g/L sodium hydroxide (NaOH), 15 g/L potassium sodium tartrate (KNaC,H,0,.4H,0),
15 g/L copper sulfate pentahydrate (CuSO,.5H,0) and 20 g/L Disodium EDTA-2Na (EDTA-2Na) was
added to the aqueous solution in order and mixed, placed on a magnetic stirrer and stirred until clear
and transparent to obtain copper plating solution A, and liquid B is an aqueous solution containing
0.95% formaldehyde (HCHO). Before starting the reaction, keep liquid A at a constant temperature,
pour liquid B into liquid A, put in the sample after mixing, and take it out after a certain reaction
time. Wash twice with water and ethanol alternately, and put it into a vacuum drying oven at 40°C for
vacuum drying. In order to improve the electrochemical performance of the copper-plated samples,
the copper-plated samples were put into 6 mL of palladium chloride solution (concentration of 10
Mm/L). The reaction was carried out at room temperature for 24 h. After the reaction, the obtained
product was washed twice with water and ethanol and then placed in a vacuum drying oven at 40°C
to vacuum dry and form a copper-palladium alloy [9,14].

3 Results and Discussion

After the PDMS substrate to be modified is put into the reaction solution during the dopamine
self-polymerization reaction, the dopamine monomer can adhere to the surface of the PDMS substrate
through the catechol group and gradually self-polymerize to form a dense polydopamine film, the
polydopamine film has rich functional groups [15,16], such as hydroxyl and amino groups, so it has
strong bonding properties, APTES can undergo a dehydration condensation reaction with the exposed
hydroxyl groups of the polydopamine layer, uniformly disperse on the PDMS surface, and expose
amino groups that can be linked to silver ions [5,17]. Therefore, the copper plating layer can also be
uniformly deposited on the surface of the PDMS substrate after the subsequent electroless copper
plating reaction. The specific process is shown in Fig. 2, in which the reaction mechanism of the
polydopamine layer and the silane coupling agent is reported by Yuan et al. [18].

3.1 Morphology Analysis

Fig. 3 shows the appearance and morphological changes of PDMS at different reaction stages
during electroless copper plating on the surface of PDMS substrate. Fig. 3a—c shows the detailed
preparation processes of Cu-PDMS flat film, spongy Cu-PDMS and spring-like Cu-PDMS, respec-
tively. In this paper, the polydimethylsiloxane substrates of different stages are named PDMS, PDA-
PDMS, APTES-PDMS, Ag"-PDMS, and Cu-PDMS, respectively. It can be seen from the figure that
the surface of PDA-PDMS modified by dopamine is uniformly covered with a layer of brown film,
namely polydopamine; however, the surface of Ag*-PDMS after plasma treatment has a metallic
lustre, which may be because some silver ions are reduced to the silver element by plasma during the
treatment [19].
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Figure 2: Dopamine and silylation modification principle: (a) Dopamine monomer self-polymerizes
on the surface of PDMS to form polydopamine; (b) APTES hydrolysis; (c) polydopamine and APTES
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Figure 3: Changes in the appearance and morphology of PDMS in different reaction stages (a) PDMS
flat film; (b) sponge-like PDMS; (c) spring-like PDMS

3.2 Wettability and Function Group Analysis

In order to confirm the formation of the hydrophilic dopamine layer on the surface of PDMS
substrate and the increase of hydroxyl content, we tested the change of contact angle before and after
PDMS substrate modification [20,21], as shown in the contact angle test diagrams in Fig. 4a.b, The
hydrophilicity of the PDMS substrate surface modified by dopamine was improved, and the contact
angle decreased from 113° 4 1° to 95° £ 1°. This further confirmed the formation of a polydopamine
film on the surface of the PDMS substrate and the increase in the hydroxyl content [22,23]. In order to
further confirm the existence of hydroxyl and amino groups on the modified PDMS surface, infrared
spectrum analysis was carried out. As shown in Fig. 4c, by comparing the infrared vibration peaks of
PDMS, PDA-PDMS, and APTES-PDMS, it can be found that the modified PDMS substrate has a
broad peak in the range of 3000-3500 cm™'. The formation of this broad peak is due to the increase
of hydroxyl groups; the vibration peaks near 1508 and 1630 cm™' are exactly the band positions of
the secondary amine in the infrared spectrum, which correspond to the groups shown in the reaction
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principle one by one, combined with the brown film formed on the surface of PDA-PDMS and the
contact angle analysis, it can be seen that it is indeed polydopamine. Therefore, it was proved that
dopamine and APTES formed a covalent bond with the PDMS substrate and successfully grafted
on the surface of the PDMS substrate. Fig. 4d is the X-ray diffraction pattern of Ag"-PDMS after
plasma treatment. Diffraction peaks appear at four different positions with 2Theta of 38.11°, 44.28°,
64.43°, and 77.47°, which correspond to the silver in the metallic state at (111), (200), (220) and
(311), respectively. This result confirms the formation of elemental silver on the surface of the PDMS
substrate [24]. Also, it confirms that the metallic lustre of Ag™-PDMS in the change of appearance
and morphology is silver.
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Figure 4: (a) Contact angle images of the PDMS; (b) contact angle images of the PDA-PDMS; (¢)
fourier transform infrared spectra of PDMS, PDA-PDMS, and APTES-PDMS; (d) XRD peaks of
Ag"-PDMS after plasma treatment

3.3 Electroless Copper Plating Process

In order to find the most suitable reaction time and temperature, copper-plated samples were
prepared from 10 to 35 min and 30°C to 55°C in this paper. From Fig. 5al-a5, it can be seen from
the SEM images under different copper plating times that the electroless plating time is too short, and
the copper layer is too thin. It cannot completely cover the surface of the PDMS substrate, and the
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continuity is poor. With the increase of the electroless copper plating time, the copper layer gradually
covered the entire surface until the time increased to 30 min, and the resistance value did not change
significantly after continuing to prolong the reaction time [25]. Therefore, the optimal copper plating
time was determined to be 30 min [26]. At the same time, as shown in Fig. 5b, by comparing the
average resistance of each sample at the same distance (1.3 cm), the optimal reaction temperature for
electroless copper plating is 45°C [27-29].

£ 1 —+— Average resistance
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Tempreture (T)

Figure 5: SEM images of different copper plating times (45°C) (al) 10 min; (a2) 15 min; (a3) 20 min;
(a4) 25 min; (a5) 30 min; (a6) double formaldehyde; (b) relative average resistance change at different
copper plating temperatures

After finding the best reaction conditions, this paper also did experiments on the effect of different
silanization modification times and different formaldehyde dosages on the effect of copper plating
[30]. After testing, it was found that the resistance value of the three-time silanization modification
was the lowest, which was 80 mS2, and the atomic percentage of the copper element was as high as
67.23%, which was 6.3 percentage points higher than that of the one-time silanization sample [31].
However, the copper layer is easy to peel off, and its resistance changes greatly after a few days of
placement. The possible reason is that the increase in silanizations will cause the PDMS surface groups
to generate clusters [32]. Although it is easy to complex more silver ions in subsequent reactions and
then chemically deposit metallic copper, the content of metallic copper increases, which the percentage
of copper atoms can prove, but the bonding force with the substrate will decrease. Therefore, it showed
excellent electrical conductivity initially but was not long-lasting.

In contrast, the conductivity and stability of the copper-plated samples modified by one-time
silanization were the best. It can be seen from (a6) in Fig. 5 that increasing the amount of reducing
agent formaldehyde will make the coverage of the copper layer lower [33]. The possible reason is that
the increase of the reducing agent concentration will cause the reaction to become too intense so that
most of the copper ions are reduced to copper elements in the solution but not deposited on the surface
of the PDMS substrate [34].

As can be seen from the surface morphology of Fig. 6al,a2, copper is uniformly and tightly
attached to the surface of the PDMS substrate in the form of particles, without any gaps, so that the
PDMS substrate constitutes a connected conductor. EDS spectrum of Fig. 6b,c shows that the copper
plating layer’s copper atomic percentage accounts for up to 60.93% of the three main elements of
copper oxycarbon, and the average thickness of the copper layer is 0.6 pum, which provides a theoretical
basis for its electrical [35]. At the same time, the average resistance of the conductor at a distance of
1.3 cmis around 0.2 €, its square resistance is 1499.6 m<2, and the conductivity is 5556 S/cm measured
by a four-probe surface resistance tester.
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Figure 6: Cu-PDMS at (al) 10 um; (a2) SEM topography of 2 um; (b) SEM corresponding energy
spectrum; (c¢) thickness of copper layer at 2 um scale

Using a 100-grid knife to cut and penetrate the coating in a grid pattern, and divide the four 1 x
0.6 cm? substrates into 60 equal areas (6 x 10, each small grid is 1 mm). Then the coating surface is
tightly glued with 3M tape, and then it is peeled off, and the adhesion effect of the coating separating
from the substrate is observed after a single adhesion test of the coating and the substrate. As can be
seen from Fig. 7 the adhesion between the untreated PDMS substrate and the coating treated only
with dopamine or silanization is not good, which is not conducive to practical application. However,
the PDMS substrate modified by dopamine and silanization has high adhesion between the coating
and only a little surface copper layer peeling off. At the same time, the ultrasonic washing method
was also used to compare the weight change of the substrate before and after ultrasonic washing for
30 min, the weight loss rate of the co-modified PDMS substrate was calculated to be about 0.3%,
both of which proved that the dopamine and silanization modification can significantly improve the
bonding force between the silver coating and the PDMS substrate surface [36].

substrate (before test) tape substrate {afbertest}

I — G — |
- — . —
il — E—

Figure 7: Digital photos of the substrate (before the test)-tape-substrate (after test) (a) PDMS; (b) only

dopamine-modified PDMS; (c) silanized-modified PDMS only; (d) PDMS modified with dopamine
and silanization

3.4 Electrochemical Performance

It can be seen from Fig. 8a that the onset potential of Cu-PDMS in the electrocatalytic oxygen
uptake reaction is around 1.55 voltage vs. reversible hydrogen electrode (V vs. RHE). In contrast, the
onset potential of the electrocatalytic MOR is around 1.35 V vs. RHE [37,38]. Then, the current density
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of the electrode rises sharply. At the same time, it can be seen from the figure that the MOR potential
at the same current density is small, and the current density at the high potential is large, which proves
that the MOR activity of copper hydroxide is higher than that of OER [39]. Subsequently, to roughly
compare the electrochemical area of the electrodes, this paper uses the electric double-layer method
for comparison [40]. The relationship between the current density difference of the electrode material
and the scan rate is calculated by the cyclic voltammetry curve, and it can be seen that the electric
double-layer capacitance value is proportional to the electrode’s electrochemical active surface area
(ECSA) [39]. Therefore, we can see that the electrochemically active surface area of the Cu-PDMS
electrode is small, so we need to increase the electrochemically active surface area of the electrode. In
this paper, the method of ion replacement is used to form a copper-palladium alloy on the surface of
the electrode [41,42]. It can be seen from the physical image that the surface of the electrode is covered
with a layer of silver-white metallic lustre. Combined with the energy spectrum, it can be seen that
the palladium ions successfully pass through the copper particles to form a copper-palladium alloy.
By comparing Fig. 8e, it can be seen that the electrochemically active surface area of Cu-Pd-PDMS
electrode is significantly higher than that of Cu-PDMS, which enhances the catalytic performance of
the electrode [43].
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Figure 8: (a) Comparison of oxygen evolution reaction (OER) and methanol oxidation reaction
(MOR) properties of Cu-PDMS; (b) Physical image and energy spectrum of Cu-Pd-PDMS; (c, d)
Cyclic voltammetry curves of Cu-PDMS and Cu-Pd-PDMS measured in the region of 0.91-1.02 V vs.
RHE; (e) Double layer charging current densities of Cu-PDMS and Cu-Pd-PDMS samples

The as-prepared Cu-PDMS film is a conductor interconnect to light up a light-emitting diode
(LED). The I-U characteristic curves of the LED circuit are measured in four different twisted
states: the original state twisted at 90°, twisted at 180°, and twisted at 270° to evaluate the electrical
stability of Cu/PDMS film. As shown in Fig. 9b, the I-V characteristic curves under different twisted
morphologies almost overlap, and the maximum current reaches 19.2 mA; the small bulb can emit
light normally, and the brightness has almost no change, which proves that the resistance of the Cu-
PDMS sponge-like sample hardly changes at all. Fig. 9c shows the SEM morphology after distortion.
There are few fracture surfaces and good continuity on the surface, indicating that the material has
excellent anti-distortion effect. At the same time, in order to test the change of resistance value
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under different stretching ratios, we also adopted the Cu-PDMS substrate with spring structure,
stretched from the original state (2 cm) to 10 times (20 cm), and measured its resistance. As can be
seen from Fig. 9d,g, conductor resistance slightly increases and electrical performance decreases with
the continuous increase of tensile ratio [44]. However, the relative resistance change rate remained
within 0.4, proving that the silver-copper layers were still connected and not completely broken [45].
Fig. 9h shows the relative resistance change of 5000 cycles under 800% tensile state, indicating that
the combined modification of dopamine and silanization can effectively improve the stability of the
resistance change of the flexible copper electrode [46,47]. The resistance value can still change in a
stable range under multiple tensile deformation.
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Figure 9: (al-a4) The effect diagrams of Cu-PDMS in the original state, twisted at 90°,180° and
270° as a conductor interconnection to light up LED dots; (b) I-V characteristic curves of LED
circuits under different deformation conditions; (¢) SEM morphology of Cu-PDMS conductor;
(d); relative resistance changes of the prepared springs under different tensile conditions; (e) the
original state (2 cm) resistance of the spring; (f) the effect of lighting up the LED dots as conductor
interconnections; (g) I-V characteristics of LED circuit under different deformation conditions; (h)
Normalized resistance of spring-like Cu-PDMS with different cycles under 800% tensile deformation



JPM, 2025, vol.42, no.1 137

4 Conclusion

In this paper, silver catalysis was used to electroless copper plating on the surface of PDMS,
and the preparation process was optimized. Then, the modification results, coating adhesion, and
conductor properties were studied using various characterization methods. The main conclusions are
as follows: The PDMS substrate was co-modified by polydopamine and silanization. The surface of
the PDMS substrate was found to contain a large number of hydroxyl and aminopropyl groups by
the analysis of the apparent morphology, contact Angle changes, and infrared spectroscopy, and the
coating was tightly adsorbed on the PDMS substrate compared with that before modification. In the
process of electroless plating and process optimization, it is concluded that the conductor with excellent
performance can be prepared at 45°C for 30 min, and the best silanization modification is once. The
optimal dosage of reducing agent formaldehyde is 0.95% of copper plating solution B. Subsequently,
through a variety of characterization methods, it was measured that the average thickness of the
coating of the conductor was 0.6 um, the conductivity was 5556 S/cm, and the relative change value
of the resistance and the I-V curve of the LED circuit almost did not change under the condition of
large proportion of stretching and bending, proving that the prepared sample had good conductivity.
And it can still maintain excellent electrical properties under large proportion deformation.
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