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The development of metal-filled polymer (MFP) materials is an 
independent direction of modern polymer and materials science, 
inasmuch as the above materials are in high demand in various 
fields of science and technology through a combination of the 
properties of flexible polymer matrices and metals. A broad 
variety of MFPs includes electrically conductive materials, 
catalytic and photocatalytic systems, bioactive systems, 
biomedical materials (involving antibacterial and antiviral 
materials, systems for the targeted drug delivery, biosensors, 
etc.), photoactive systems and gas sensors, etc.1–10 However, in 
general, the production of MFP as a combination of metals and 
polymers in a single system is challenged by the problems of  
the compatibility between thermodynamically incompatible 
components and phase segregation. Conventional processes of 
producing MFPs include two main approaches: (1) ex situ 
introduction of highly dispersed metals (nanoparticles) into 
melts or polymer solutions or during the polymer synthesis with 
subsequent molding into fibers or films and (2) in situ 
incorporation of metals via the reduction of metal ions from salts 
as precursors to a zero-valence state using redox agents or 
elevated temperatures within the polymers (gels and melts).7,11,12 

This paper presents an alternative facile, cost-effective and eco-
friendly approach for  preparation of the MFP materials via in situ 
electrolytic reduction of copper salts to the metallic copper directly 
within a porous polymer matrix (PET films), thus providing the 
formation of a robust unified metal–polymer system. Mesoporous 
PET matrices (thickness of 100 microns) were prepared by the 
deformation of  PET films in the presence of a physically active 
liquid environment (n-butanol) to various tensile strains (strain 
rate of 1 mm min–1) via the mechanism of classical crazing. At low 
tensile strains e (below the yield point), deformation of the PET 
films is accompanied by the nucleation of crazes with their unique 

fibrillar-porous structure according to the Rayleigh–Taylor 
meniscus instability mechanism (Figure 1, inset).13–17 The 
resultant structure of the polymer samples is composed of 
alternating crazes and regions of the bulk polymer between them. 
As the tensile strain e rises, craze tip advance and craze thickening 
come into play, and the overall porosity gradually increases (from 
25% at e = 50% to 45% at e = 150%). Volume fraction of the 
porous crazes is growing, and the bulk polymer is consumed via a 
gradual transformation into the oriented fibrils in accordance with 
the surface drawing mechanism.14,16 In the case of the classical 
crazing, the pore size (the distance between the neighboring 
fibrils) is independent of the tensile strain and is equal to 3 nm.

In situ electrolytic reduction of copper ions within the porous 
PET matrices has been performed as follows: porous PET films 
with fixed dimensions have been placed onto the cathode (graphite 
electrode) of the electrolytic cell [Figure 1(a)], and direct current 
(DC) has been applied (DC density of 900 mA cm–2). The plexiglass 
container has been filled with a solution of copper sulfate 
CuSO4 · 5H2O (15 g of salt per 100 ml of water and 5 ml of ethanol). 
The current density on the cathode was 2–20 mA cm–2. The solution 
was topped by the copper anode [Figure 1(a)]. The duration of the 
reduction was 1 h. After electrolysis, the samples have been carefully 
washed with the running distilled water and dried in vacuum under 
isometric conditions until a constant weight was attained.

The reduction of the copper ions into the metallic copper 
proceeds according to the following scheme: 

CuSO4 = Cu2+ + SO4
2–  

	 Cathode: Cu2+ + 2e–→ Cu0  
	 Anode: Cu0 – 2e–→ Cu2+

The X-ray diffraction patterns of the MFPs were collected 
using an URD-6 diffractometer (CuKα irradiation, wavelength 
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l = 1.54 Å). The peaks [Figure 1(b)] were identified using the 
reference tables of interplanar distances.18 Two scattering 
maxima at angles 2q = 43.6–43.8° and 2q  = 50.7–51° correspond 
to the pure copper and the first maximum at 2q = 35.5–35.7° – to  
copper(i). All the diffraction peaks appeared to be in a good 
agreement with the standard crystal lattice of face-centered 
copper (JCPDS No. 040836). No peaks indicating the presence 
of impurities in the system have been observed. The intensity of 
the peaks corresponding to pure copper was much higher than 
those related to Cu+. This fact clearly indicates the predominant 
reduction copper ions to pure copper (Cu0) under the selected 
conditions. As the tensile strain rises, the intensity of the copper-
assigned peaks increases, thus indicating the growth in the degree 
of loading. This evidence has been supported by the gravimetric 
measurements. According to the calculations of the Sherrer 
equation, the mean dimensions of crystallites are 2–4 nm. 
Figure 2 depicts the degree of loading plotted against the tensile 
strain of the porous polymer film. With the tensile strain raising, 
the content of the reduced copper in the PET matrix markedly 
increases and reaches the maximum level at e = 150–200% 
(Figure 2), which is in good agreement with the porosity/tensile 
strain dependence.

Structure of the thin-film MFP composite materials was 
studied by scanning electron microscopy (SEM). Figure 3 shows 
the SEM micrographs of the PET samples with various tensile 
strains after the copper reduction (the film surface facing the 
anode and the cathode and the fractured surface visualizing the 
inner structure of copper-containing MFP).

At low tensile strains (e = 25%), the reduced copper within 
the fibrillar-porous space of crazes exists as small-sized platelets 
which are seen on the anode- and cathode-faced surfaces and 
within the bulk. As the tensile strain increases to 125% (porosity 
is 45%), the degree of loading also increases, and copper particles 
are organized into a layered structure with their long axis along 
the fibrils. As is seen, at higher magnifications, copper exists in 
the platelets as individual grains or clusters and occupies the 
entire thickness of the film, and percolation threshold is achieved. 
Copper is also seen to be deposited as a thin conductive layer on 
the film surface. As a result, the MFP becomes electrically 

conductive, and its specific electrical conductivity virtually 
approaches that of pure copper (50 MSm m–1).

To summarize, this approach allows the preparation of the 
thin-film copper-containing MFPs based on PET with a 
controlled degree of loading (up to ultrahigh loading) in a facile, 
cost-effective, eco-friendly and reagent-free mode via electrolytic 
reduction of copper ions within the mesoporous polymer 
matrices. The as-prepared MFPs can be used as electro- and 
thermally conductive and antibacterial materials owing to the 
pronounced bactericidal effect of copper. 

The research was carried out within the project ‘Modern 
Problems of Chemistry and Physical Chemistry of 
Macromolecular Compounds’ (State Assignment no. 
AAAA-A21-121011990022-4).
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Figure  1  (a) Schematic representation of an electrolytic cell for the in situ 
reduction of copper ions within the porous PET film  and (b) the diffractogram 
of the copper-filled MFP based on porous PET with various tensile strains. 
Inset: SEM micrograph of the porous PET film with discrete crazes. 
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Figure  2  Copper content in the PET-based MFP vs. tensile strain of the 
PET film (butanol; classical crazing). Experimental error is 2–3%. 

Figure  3  SEM micrographs of PET films after copper deposition: (a), (d), 
(g) from the anode side, (b), (e), (h) fractured surface and (c), (f), (i) from 
the cathode side. The tensile strain of the PET film: (a), (b), (c) e = 25%, (d), 
(e), (f) e = 50% and (g), (h), (i) e = 125%. 
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