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Abstract
Graphene decorated with cooper nanostructures were prepared with and without ionic liquid (IL) using different milling 
times. The obtained samples were characterized by Raman, X-ray diffraction (XRD) and transmission electron microscopy 
(TEM), to analyze the effect of the grinding time on the copper particles adhesion to the graphene sheets. Composites of 
silicon with two contents of G/Cu, at two weight ratios, nanostructures were prepared and the crosslinking characteristics 
were analyzed by a rubber process analyzer. The thermal conductivity, electrical resistivity and antimicrobial characteristics 
against E. coli and S. aureus for these silicon/G/Cu composites were determined. It was found that the use of IL enhances 
the G/Cu nanostructures dispersion into the silicon polymer matrix with a noticeable improvement in thermal conductivity 
of 1.12 W/mK for a 7 wt% of G/Cu, a volume electrical resistivity of 4.1 × 1010 Ω cm with 7 wt% of G/Cu nanoparticles and 
antimicrobial response of 4.21 ± 0.11 to E. coli and 5.33 ± 0.11 to S. aureus with 7% of G/Cu nanoparticles. It was determined 
that π–π interactions between graphene and aromatic molecule of IL may be influencing the observed improvement in G/Cu 
dispersion and final composite performance. The novelty of this work is the use of IL to improve the G/Cu NPs dispersion 
into the silicon polymer matrix. This silicon/G/Cu composite could be an option to prepare medical devices for electrotherapy 
or face protection against COVID-19 or other silicon-based devices for medical applications.

Graphic abstract

Extended author information available on the last page of the article

http://orcid.org/0000-0003-2071-4353
http://crossmark.crossref.org/dialog/?doi=10.1007/s13726-021-00980-3&domain=pdf


1340	 Iranian Polymer Journal (2021) 30:1339–1349

1 3

Keywords  Silicon · Graphene · Copper · Ionic liquid · Electrical properties · Antimicrobial properties

Introduction

Polydimethylsiloxane (PDMS), or silicon is commonly used 
for medical applications because of its stretchable and bend-
ing elastomeric characteristics [1, 2]. Some silicon devices 
for medical applications include stretchable electrodes or 
electrosurgical devices [3] in which the thermal and elec-
trical conductivity together with antimicrobial properties 
are very important for their optimal performance. Silicon 
has been recently used for reusable respiratory masks and 
surgical masks respirators for protection against SARS-
CoV-2 virus [4]. The continuous appearance of new threats 
to human health worldwide, such as new types of virus and 
the increasing number of antibiotic resistance bacteria, has 
conducted the research to a new antimicrobial strategy. Gra-
phene can be considered as a single layer of two-dimensional 
carbon atoms with a sp2 bonding in a honeycomb lattice 
structure [5, 6]. It displays excellent mechanical properties, 
high electrical and thermal conductivity, biocompatibility 
and noticeable antibacterial activity [7–9]. Besides its anti-
microbial properties, graphene has demonstrated an antiviral 
activity against other types of coronavirus such as porcine 
epidemic diarrhea virus, when it is used as component of a 
composite material [10]. On the other hand, copper nano-
particles (CuNPs) are recognized as one of the most efficient 
antimicrobial materials [11, 12]. It has been demonstrated 
the outstanding ability of CuNPs to inhibit the growth of 
fungi, bacteria and even many types of viruses [13, 14]. 
Even in the growing threat of the new SARS-CoV-2 virus, 
it has been reported the lower stability of this type of virus 
on the surface of metallic copper compared to plastic or 
stainless steel and other materials [15]. The reported anti-
bacterial mechanism of each nanoparticle is different among 
them. But most of these mechanisms involve the destruction 
of bacterial membrane, creating an oxidative stress response, 
or the microorganism cell membrane damage through elec-
trostatic interactions, which inhibit the synthesis of DNA or 
RNA, or reduce the enzymes production [16–18]. Graphene 
nanoparticles also have been recognized as antimicrobial 
agents because of its scissoring effect acting as s a sharp 
blade, which cause the bacteria membrane damage and irre-
versible electrolytes leakage from the bacteria cell [19, 20]. 
However, to achieve an optimal antibacterial activity of a 
polymer composite, the antibacterial nanoparticles must be 
perfectly dispersed and distributed into the polymer matrix. 
Because of the very small size of the nanoparticles, they 
have an inherent tendency to agglomerate which difficult 
the reaching of a final good dispersion. A good nanopar-
ticle dispersion into the polymer matrix can be improved 
using ionic liquids. Ionic liquids (ILs) can be considered as 

semi-organic salts with good thermal and chemical stability, 
electrical conductivity, extremely low-vapor pressure, and 
nonflammable properties. ILs have been used to enhance the 
dispersion and stabilization of graphene and graphene oxide 
nanoparticles [21, 22]. Graphene nanosheets are a promising 
support material for metal nanoparticles to yield outstanding 
composites with high surface area, thermal and electrical 
properties as well as antimicrobial activity [23]. Decorating 
graphene nanosheets with copper nanoparticles incorporated 
into a silicon polymer matrix may produce nanocomposites 
with advanced antimicrobial characteristics [24]. Several 
reported works of composites using graphene doped with Cu 
nanoparticles have demonstrated that Cu nanospheres can be 
bonded to the G nanosheets surfaces by the charge-transfer 
interaction and physisorption [25–27]. This is because of 
the presence of some graphene imperfections such as polar 
hydroxyl or oxidized groups on the graphene surface [28]. 
In this work, graphene decorated with copper nanoparticles 
were dispersed into a silicon matrix using ionic liquid to 
obtain composites with enhanced thermal, electrical and 
antimicrobial characteristics. The novelty of this work is the 
noticeable improvement in G/Cu NPs dispersion into the 
silicon polymer matrix using IL. These composites represent 
a good option to prepare silicon-based devices for medical 
applications. Finally, to our knowledge, this is the first time 
that IL is used to improve the G/Cu NPs dispersion into 
silicon polymer matrix.

Experimental

Materials

Silicon elastomer Ecoflex 00-30 was obtained from Smooth-
on, which was used as received. It consists of two compo-
nents: a base prepolymer and a curing agent (in a 1:1 mix 
ratio). The graphene nanoparticles used in this study were 
from Cheap Tubes, Inc; with average particle thickness 
of 4 nm and lateral extension of 400–500 nm. The copper 
nanoparticles were from Nanostructured Amorphous Mate-
rials, Inc; with average particle diameter of 35 nm. 1-Hexyl-
3-methylimidazolium hexafluorophosphate with molecular 
formula C10H19F6N2P and molecular weight of 312.24, from 
Sigma-Aldrich was used as ionic liquid (IL). Finally, the 
ethylene glycol and methanol used were from J. T. Baker 
and Sigma-Aldrich, respectively.
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Nanocomposite manufacturing

The preparation of graphene decorated with Cu NPs was 
carried out via high-energy mechanical mixing, in a SPEX 
8000M Mixer/Mill. In a typical milling procedure, the stain-
less steel milling balls were introduced into the Teflon flask, 
along with 50 g of the graphene-copper mix, plus 2 mL of 
ethylene glycol and milled for the specific milling time of 
3, 5 and 7 h. After this time, G–Cu NPs were washed with 
methanol to eliminate the excess of ethylene glycol. Then, 
the NPs were separated by centrifugation and dried at 80 °C 
for 24 h. The IL was incorporated into the dried G/Cu NPs 
using an agate mortar for 15 min of milling time until a 
homogeneous consistency was obtained. Silicon/G–Cu 
composites were prepared in an Xplore micro compounder 
at 25 °C and 100 rpm for 1 h. Samples with and without 
using IL were prepared. Two different graphene–copper 
ratios (70–30 and 50–50) of the copper-decorated graphene 
nanoparticles were each added to the silicon at two different 
concentrations; 3 and 7 wt%.

Characterization of composites

The XRD patterns of the products were obtained using a 
Siemens D-5000 using CuKα X-ray radiation. The surface 
morphologies and micro-structures of the composites were 
characterized by scanning and transmission electron micros-
copy using a Jeol-JSM-7401F with a STEM modulus and 
a field emission gun at an accelerating voltage of 200 kV. 
Particle size was obtained from the STEM images. This 
parameter was obtained considering at least 100 particles 
or their aggregates from an average of at least 10 observa-
tions. Rheological analysis of silicon/G–Cu nanocomposites 
was carried out in a Rubber Process Analyzer (RPA elite, 
from TA Instruments) at a deformation of 2°, a frequency of 
1.667 Hz, and a temperature of 50 °C. Thermal conductivity 
of Nanocomposites was determined in a “Temperature Mod-
ulated Differential Scanning Calorimetry” (mDSC) [29], in 
accordance with ASTM-1952-11, using for each case two 
cylindrical samples of the same diameter (5.6 ± 0.1 mm), 
but of different heights (6.7 ± 0.1 and 2.0 ± 0.1 mm). The 
instrument used was a DSC Q200 from TA Instruments, 
using a Period of 30 s. Electrical resistivity (volumetric) 
was determined according to the four probe method using 
samples with 0.6 × 10 × 100 mm3.

The quantitative analysis of the antimicrobial activity 
for the prepared nanocomposites was determined against 
two types of bacteria that commonly colonize and infect 
a wound, a Gram-negative E. coli and a Gram-positive 
S. aureus. The assessment of antimicrobial activity was 
performed according to the JIS Z-2800:2001 now incor-
porated into the ISO standard 22196:2011 [30]. An initial 
inoculum of 50,000 CFU/mL (number of colony-forming 

units per milliliter, CFU/mL), was put in contact with 
nanocomposite samples. Also an inoculum without treat-
ment as a positive control was used. This ISO standard 
establishes that the antimicrobial value shows the differ-
ence in the logarithmic value of viable cell counts between 
antimicrobial products and untreated products after the 
inoculation and incubation of bacteria. This value is cal-
culated as follows:

where R is the value of antimicrobial activity; A is the aver-
age number of viable bacterial cells immediately after inocu-
lation on the untreated test piece; B is the average number of 
viable bacterial cells on the untreated test piece after 24 h; 
and C is the average number of viable bacterial cells on 
the antimicrobial test piece after 24 h. According to this 
standard, R value must not be less than 2 for an adequate 
antimicrobial efficacy and this value is equivalent to a 99% 
of antimicrobial efficiency.

Prior to the antimicrobial test, samples were washed with 
ethanol to remove any impurity from its surface and a corona 
discharge was applied using a Laboratory Corona Treater 
model BD-20 AC at a power of 10 kW for 1 min [31]. Anti-
bacterial activity of silicon/G–Cu composite samples was 
also confirmed through determination of minimum inhibi-
tory concentration (MIC), which is defined as the lowest 
concentration of antimicrobial agent at which no growth is 
observed in broth.

The antibacterial tests were performed using the disk dif-
fusion method. Disk samples of selected concentrations of 
silicon/G–Cu composite samples [7 wt% G/Cu (50/50 and 
70/30)] with and without IL were placed on agar plates that 
had previously been inoculated with both type of bacteria. 
The plates were incubated for 18 h at 37 °C. The antimicro-
bial activity of this sample was evaluated by observing the 
final inhibition zones (mm) that formed against both types 
of bacteria and also the minimum inhibitory concentrations 
(MICs) were determined as follows: Cultures containing var-
ious concentrations of silicon/G–Cu sample were prepared 
via dilution in phosphate-buffered saline (PBS). Dilutions 
were prepared at various silicon/G–Cu sample concentra-
tions. An inoculum of both type of bacteria was prepared 
at 0.5 McFarland using a nephelometer (Becton, Dickinson 
and Company). Subsequently, 10 μL of each inoculum was 
transferred into a culture tube containing 11 mL of Muel-
ler–Hinton broth. Afterward, 50 μL of each of these suspen-
sions was placed in microplate wells for exposure to each of 
the sample dilutions. Once the designated incubation time 
had elapsed, the microplates were analyzed at 650 nm using 
an ELISA optical reader. The MICs were examined based 
on the optical density of each tube to determine the bacte-
rial growth.

(1)R = log
B

A
− log

C

A
= log

B

C
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Results and discussion

Preparation and characterization of graphene 
doped with CuNPs

Graphene doped with CuNPs (G–Cu) samples were pep-
pered by means of immobilization of Cu particles into 
graphene particles by shear stress during wet mixing. This 
method has been used elsewhere with good particle inter-
actions [24, 25]. To determine the processing conditions to 
obtain G–Cu samples in the high-energy mill, three mill-
ing times were analyzed, 3, 5 and 7 h. The images obtained 
by TEM analysis of G–Cu NPs at 50/50 samples milled 
at these times can be seen in Fig. 1. Figure 1a shows the 
TEM image for the G–Cu sample at a milling time of 3 h 
in which noticeable G–Cu particle aggregates of more than 
50 nm can be observed. This indicates that this milling 
time was not sufficient to generate the shear stress needed 
to disperse the particles and obtain a good distribution of 
Cu on the surface of graphene nanoplates [32]. Figure 1b 
shows the image obtained from the sample at 5 h of mill-
ing time. It can be seen a better nanoparticles dispersion 
with small particles and noticeable less aggregates with 
less of 50 nm sizes. A good distribution of Cu on the sur-
face of graphene nanoplates can be observed. Also, in this 
figure the selected area electron diffraction (SAED) image 
obtained for these particles can be observed in which the 
main crystalline reflections of the monoclinic structure of 
CuNPs and CuO were indicated. The formation of copper 
oxide is expected since Cu is extremely sensitive to air. 
Figure 1c shows the sample obtained at a milling time of 
7 h in which a similar morphology than sample at 5 h can 
be observed. From these results, the milling time of 5 h 
was selected for further analysis.

The crystalline structure of pristine graphene and 
CuNPs used and graphene doped with CuNPs (G–Cu NPs 
at 50/50) samples were characterized by X-ray diffraction 
(XRD) and the diffractogram image can be seen in Fig. 2. 

In the copper spectrum, Fig. 2a, the characteristic diffrac-
tion peaks at 2Ө angles of 43°, 50° and 74°, which corre-
spond to those expected in the metallic copper. Although 
a slight diffraction pattern corresponding to copper oxide 
was also found at 35°, which can be attributed to an oxide 
layer that could be formed on the surface of CuNPs. Since 
Cu is extremely sensitive to air, and the copper oxide 
phases are the most thermodynamically stable; therefore, 
the formation of an oxide layer on the surface of copper 
nanoparticles is inevitable [33]. In the graphene spectrum, 
Fig. 2b, the characteristic peak of this material could be 
found at a 2Ө diffraction angle of 25° which corresponds 
to the d002 reflection of graphene [34].

New small peaks are exhibited at 35°, 43° and 50° for 
the graphene doped with Cu (G–Cu NPs at 50/50) sam-
ples and as can be seen in Fig. 2c, the graphene charac-
teristic peak at 25° is slightly shifted to lower diffraction 

Fig. 1   TEM images of G–Cu NPs at 50/50 samples: a milled at 3 h, b milled at 5 h, and c milled at 7 h

Fig. 2   XRD of nanoparticles: a Copper, b Graphene, c G–Cu NPs at 
50/50 samples



1343Iranian Polymer Journal (2021) 30:1339–1349	

1 3

angles and its intensity is slightly decreased due to the 
exfoliation of graphene layers and the presence of Cu in 
the graphene sheets [35].

Raman spectroscopy is the most used technique to 
analyze graphitic materials, especially in their struc-
tural characterization such as defects and order/disorder 
relationships. Figure 3 shows the Raman spectra of both 
graphene and Cu nanoparticles before the wet milling 
process and G–Cu NPs at 50/50 samples after 3 h and 5 h 
of milling. It can be seen the characteristic bands of each 
of the nanoparticles at 290 and 360 cm−1 for copper, and 
at 1350 cm−1 for the D band, 1580 cm−1 for the G band 
and 2700 cm−1 for the 2D band of graphene nanosheets. 
The D band is associated with structural defects, while 
the G band is associated with the stretching of the C–C 
bond from in-plane vibration of sp2 carbon atoms of gra-
phitic materials. The parameter commonly used to refer 
to structural damage is the ratio of the intensity of the D 
band with respect to the intensity of the G band (ID/IG), 
it is considered that the higher its value, the greater the 
structural damage in the graphitic sample. As shown in 
this figure, the wet milling process generated an increase 
from 0.12 to 0.15 and 0.18 for 0, 3 and 5 h of mixing, 
respectively. Also, a slight shift of G and 2D peaks to 
lower Raman values can be observed. These observa-
tions indicate that some structural damage was induced 
by the shear applied during mixing. Also, this Raman 
shift suggests that Cu deposited on the graphene sheets 
could be introducing local doping, strain, and inhomoge-
neous charge distribution on the graphene sheets as was 
reported by other authors [36].

Silicon/G–Cu composites preparation

To analyze the crosslinking reaction process of 
silicon/G–Cu composites, various rheograms, shown in 
Fig. 4, were obtained at 50 °C. With this study it was pos-
sible to estimate the time necessary to mix the resin and 
the silicon crosslinking agent components to obtain the sili-
con crosslinked sample. The rheograms of the oscillatory 
rheometer shown in Fig. 4 compares the torque obtained at 
various crosslinking times for the pure silicon sample and 
the silicon composites with G–Cu at 3 and 7 wt% of G–Cu 
NPs at 50/50 G/Cu ratio. As can be seen, the crosslinking 
time at 50 °C goes from 10 min for the pure silicon sample 
to 9 and 7 min for the composite samples when adding 3 
and 7 wt% of the hybrid nanoparticles. Also, an increase in 
torque was observed for composite samples. This decrease 
in crosslinking time and higher torque is due to the Cu NPs 
that, as some other metals, could be catalyzing the silicon 
crosslinking reaction [37]. This catalyzing effect of Cu NPs 
could promote greater chain crosslinking and, therefore, to 
an increase in torque.

Therefore, a mixing time of 9 min at room temperature 
was chosen to prepare the silicon/G–Cu composites. With 
these mixing conditions, there was enough time to disperse 
and distribute the nanoparticles into the silicon matrix with 
the guarantee that at these conditions, the silicon polymer is 
not yet crosslinked and the nanoparticles can be dispersed. 
Using these mixing conditions, samples of silicon with 3 and 
7 wt% of G/Cu at 70/30 and 50/50 with and without using 
ionic liquid were prepared in the Xplore microcompounder.

Thermal conductivity

To determine thermal conductivity samples were prepared 
according to ASTM E 1952 standard. It can be observed in 
Fig. 5 that all the composite samples show higher thermal 
conductivity than pure silicon. Pure silicon sample shows a 
thermal conductivity of 0.2 W/[m K] which is in agreement 

Fig. 3   Raman spectra of Graphene, Cu and G–Cu NPs at 50/50 sam-
ples milled at 3 and 5 h

Fig. 4   Torque–time curves obtained in the RPA for samples of silicon 
and silicon/G–Cu composites at 3 and 7 wt% of G–Cu NPs at 50/50 
G/Cu ratio
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to the values reported in the literature [38] for silicon mate-
rials (0.26 W/[m K]). It can be seen in this figure that the 
thermal conductivity is increased with the G–Cu NPs con-
tent which is related with the gradual formation of the ther-
mally conductive network when the NP content increased 
from 3 to 7 wt%. The thermal conductivity of samples at 3 
wt% of NPs shows different values between the nanoparticle 
ratios of 50/50 and 70/30. At this content, G–Cu NPs are 
dispersed randomly in the polymer matrix and are separated 
apart, not forming a percolated network. It can be said that 
at 3 wt% of nanoparticles, these conduction channels are not 
yet formed, so thermal conductivity already occurs through 
another mechanism. However, it can be seen that the ther-
mal conductivity is slightly increased for samples in which 
IL was used which was attributed to the better dispersion 
induced by IL with the enchantment in conductivity. On the 
other hand, the thermal conductivity of the samples with 
a concentration of 7 wt% only a small difference between 
the thermal conductivity of both nanoparticles ratios was 
observed. Also, it can be seen that samples in which IL was 
used a slightly higher value of thermal conductivity were 
obtained. It could be explained that this content of nanopar-
ticles is sufficient to form a thermal conductive bridge. And 
also, the better dispersion obtained of both nanoparticles 
into the polymer matrix using IL promotes the formation of 
a percolation network which is reflected in higher thermal 
conductivity. In this way, the thermal conductivity is not 
affected by the amount of copper deposited on the graphene 
surface. The difference between both particle ratios indi-
cates that the thermal conductivity is affected by the greater 
amount of copper on the surface of graphene and by the 
dispersion promoted by the IL [39]. The values obtained can 
be explained according to the Nielsen’s equation where the 
thermal conductivity of the compounds is insensitive to the 
intrinsic thermal conductivity of the nanoparticles when this 

value is 100 times higher than the polymer matrix. Similar 
behavior was obtained by Yu et al. [40] who reported an 
increase of 4 times the value of the thermal conductivity 
of epoxy resin with graphene oxide. Another effect to be 
considered in our study system is the difference in shape 
and size of the two nanoparticles used in the system. Kem-
aloglu et al. [41] showed that silicon rubber compounded 
with larger boron nitrate particles exhibited higher thermal 
conductivity compared to smaller particles at constant filler 
loading. This behavior was attributed to the high packing 
density and ease of formation of conductive pathways. In 
our system, at a concentration of 7 wt% of G–Cu NPs, a 
thermal conductive bridge was formed which was enhanced 
by the particle dispersion induced by IL, with no significant 
difference between different graphene–copper compositions. 
The effect of IL in the dispersion of NPs can be summarized 
in Fig. 6 in which is schematized the possible π– π interac-
tions between the cyclic groups of graphene and the IL [42]. 

Electric resistivity

Figure  7 shows the volume resistivity for silicon and 
silicon/G–Cu composites with and without using IL. All 
composite samples show lower volume resistivity than pure 
silicon. With increasing NPs content from 3 to 7 wt%, a 
sharp resistivity decreases was observed. Observing a 
noticeable difference in samples when using IL. It suggests 
that IL promotes a better particle dispersion with lower per-
colation thresholds. It is supposed that the better particle 
dispersion promoted by the IL formed a conductive network, 
which provides long charge transport path and increases the 
inter-particle contacts within the composite [43, 44]. Also, 
a noticeable reduction in volume resistivity was observed 
with G/Cu 70/30 ratios indicating that an increase of G NPs 
from 50 to 70 influences the conductive network and charge 
transport path.

Fig. 5   Thermal conductivity of silicon and silicon/G–Cu composites

Fig. 6   Scheme of possible interactions between graphene and Copper 
and ionic liquid
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Silicon/G–Cu composites morphology

Figure 8 shows the SEM images obtained for the Si:7%G/
Cu(50/50) and Si:7%G/Cu(50/50)–IL composites. It can be 
clearly seen the effect in particles dispersion induced by the 
IL. Figure 8a shows noticeable G/Cu particle aggregates 
with very different sizes from 70 to 90 nm. On the other 
hand, sample with IL shows that the NPs are interspersed 
among the silicon particles to form a stable three-dimen-
sional structure. It is noticeable a remarkable particle disper-
sion with Cu particles sizes around 20–30 nm which is the 
nominal size reported by the supplier of this type of particle. 
This indicates the IL improves the G/Cu NPs dispersion pro-
moted by the π–π interactions between IL and G NPs. This 
obtained structure provides a better G/Cu NPs dispersion 
with a continuous transport channel for the electron trans-
port, thereby imparting a good electrical conductivity and 
low electrical resistance to the entire composite. These π–π 

interactions also have been reported by other authors such 
as Liu et al. [45] who demonstrated the enhanced lubricant 
properties of G/IL composite compared with G, IL or an 
IL + G mixture at the same mass fraction suggesting that 
the π–π interaction between G and IL promoted the syn-
ergistic lubricating effect in the composite. Also Gui et al. 
[46] have reported that graphene and phosphorus-containing 
ionic liquid ([PCMIM] PF6) were melt blended to obtain 
PLA nanocomposites with enhanced mechanical and flame 
retardant characteristics because of the strong interactions 
between G and IL.

Antimicrobial activity

Table 1 shows the antimicrobial activity against E. coli 
and S. aureus of silicon and composite samples. This table 
shows the R (antimicrobial activity) values obtained for 
silicon and each composite sample and the positive con-
trol of the bacteria inoculum without being in contact with 
any nanocomposite sample. As can be seen in this table, 
the lower antimicrobial activity (R) values were obtained 
in the positive control and silicon reference samples [43]. 
This suggests a remarkable growth of both types of bacteria 
in these samples. All the silicon/G–Cu composite samples 
showed higher antibacterial activity against the two types of 
evaluated microorganisms, compared with reference sample. 
This suggest that both types of nanoparticles are influencing 
the bacterial growth. It can be seen that higher NPs con-
tents shows higher antimicrobial activity and a remarkably 
increase in antimicrobial activity was observed for samples 
in which IL was used. This was attributed to the better NP 
dispersion induced by the IL. The sample that exhibited the 
best antimicrobial activity was the composite with 7 wt% 
of G/Cu (50/50) using IL with an antimicrobial activity of 
4.21 ± 0.11 for E. coli and 5.33 ± 0.11 for S. aureus. This dif-
ference between the antimicrobial activities for both types of 
bacteria can be attributed to the differences in the cell wall 

Fig. 7   Resistivity of silicon and silicon/G–Cu composite samples

Fig. 8   SEM images of a 
Si:7%G/Cu(50/50) and b 
Si:7%G/Cu(50/50)–IL com-
posites
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of Gram-positive and Gram-negative bacteria, their cellular 
physiology or even its metabolism [44, 47, 48]. Figure 9 
shows an image of the silicon/7 wt% G/Cu (50/50)–IL sam-
ple in which IL was used and it can be observed a more 
notorious inhibition halo or inhibition zone for this sample 
against S. aureus which is in agreement with the antimicro-
bial activity (R) values obtained in Table 1. For instance, 
the Gram-negative bacteria (E. coli) have a peptidoglycan 
wall with an extra protective layer known as outer mem-
brane, which hinders the penetration of any foreign particle 
through the cell membrane to inhibit its growth. This is in 
agreement with our results in which a higher antimicrobial 
activity was obtained for the Gram-positive bacteria of S. 
aureus [47]. The slightly better antimicrobial activity of 
samples with 50/50 than 70/30 of G/Cu suggest a better 
antimicrobial effect of Cu NPs than G nanosheets. Accord-
ing to the Japanese standard, the antimicrobial activity must 
have a value greater than 2 to be considered as antimicrobial 
material. It is reported that the ionic liquid increases the 
graphene dispersion; therefore, the G–Cu NPs are better dis-
persed into the silicon sample allowing a better antimicrobial 

response. It is reported that the antimicrobial effect of Cu 
is based on the copper nanoparticles acting on the enzymes 
of the cell membrane of bacteria affecting their respiratory 
function [49, 50]. Thus, having a better dispersion of the 
G/Cu particles induced by the ionic liquid, a greater pos-
sibility of interaction of the particles with bacteria and this 
in turn would be reflected in a greater antimicrobial effect 
[42]. The obtained results indicated that the antibacterial 
activity of the silicon/G–CuNPs nanocomposite could arise 
from the combined effect of both types of NPs, the G sheets 
and the surface-deposited CuNPs. The literature reports a 
number of antibacterial mechanisms for Cu- and G-based 
materials, which include different modes of action such as 
cellular uptake, ion dissolution, or reaction oxide species 
(ROS) formation [50–53] for Cu and scissoring effect for G. 
Also the G NP size and distribution have been found to have 
an important influence on the antimicrobial activity. For 
instance Perreault et al. [54] demonstrated that GO-based 
surface coatings showed higher antimicrobial activity for 
smaller GO sheet sizes. The high antimicrobial activity of 
smaller GO sheets was found to be mediated through oxida-
tive mechanisms due to the higher defect density introduced 
in GO sheets as size decreases. Also, Pham et al. [55] dem-
onstrated the antimicrobial effect of G sheet edge length and 
angle orientation. They demonstrated that the density of the 
G edges was one of the principal parameters that contributed 
to the antibacterial behavior of the graphene nanosheets. 
This would promote the formation of pores in the bacterial 
cell wall, causing a subsequent osmotic imbalance and cell 
death.

Comparing the MIC results shown in Table 1, it can be 
observed that silicon composites with higher Cu content and 
in which IL was used, inhibited or stopped bacteria growth 
showing the higher antibacterial activity (higher R values) 
and lower MIC values. MIC values for silicon/7 wt% G/
Cu (50/50)–IL sample were 275 ± 20 μg/ml against E. coli 
and 148 ± 15 μg/ml for S. aureus. These MIC values are in 
accordance to the reported values for CNT/Cu NPs by Cao 

Table 1   Antimicrobial results 
and minimum inhibitory 
concentration (MIC) against E. 
coli and S. aureus for positive 
control, silicon and composite 
samples

E. coli 25922 S. aureus 25923

R value MIC (μg/ml) R value MIC (μg/ml)

Positive control 0.0  > 3000 0.0  > 3000
Silicon reference 0.02 ± 0.01  > 3000 0.02 ± 0.01  > 3000
Silicon/3 wt% G/Cu (50/50) 0.42 ± 0.07 – 0.63 ± 0.05 –
Silicon/3 wt% G/Cu (50/50)–IL 0.75 ± 0.09 – 0.94 ± 0.08 –
Silicon/3 wt% G/Cu (70/30) 0.91 ± 0.06 – 1.21 ± 0.07 –
Silicon/3 wt% G/Cu (70/30)–IL 1.36 ± 0.10 – 1.89 ± 0.09 –
Silicon/7 wt% G/Cu (50/50) 2.07 ± 0.09 375 ± 25 2.93 ± 0.10 255 ± 20
Silicon/7 wt% G/Cu (50/50)–IL 4.21 ± 0.11 275 ± 20 5.33 ± 0.11 148 ± 15
Silicon/7 wt% G/Cu (70/30) 2.82 ± 0.08 342 ± 18 3.12 ± 0.12 215 ± 21
Silicon/7 wt% G/Cu (70/30)–IL 3.85 ± 0.10 310 ± 11 4.01 ± 0.11 195 ± 19

Fig. 9   Plate image of silicon/7 wt% G/Cu (50/50)–IL sample with S. 
aureus and E. coli bacteria



1347Iranian Polymer Journal (2021) 30:1339–1349	

1 3

et al. [56]. According to these results, S. aureus was found to 
be more sensitive strain against silicon–G/Cu nanocompos-
ites than E. coli which can be attributed to the lower thick-
ness of the cell wall in the Gram-positive bacteria.

From these results, we can say that the best formulations 
to obtain enhanced thermal and electrical properties are 
those samples with higher graphene contents when using 
IL to enhance the filler dispersion (Silicon/7 wt% G/Cu 
(70/30)–IL). This indicates that the G has a notorious effect 
on the thermal and electrical conductivity, attributed to the 
trends to form a thermal and electrical conductive bridge 
by the well-dispersed G nanosheets. On the other hand, the 
best formulation to increase the antimicrobial properties is 
the samples with higher Cu NPs content (Silicon/7 wt% G/
Cu (50/50)–IL). This suggests that Cu NPs have a strong 
antimicrobial effect attributed to their nanoparticle size and 
better dispersion that facilitates the continuous release of 
ions from their surface which are absorbed on the bacteria 
cell membrane due to electrostatic forces and inhibits its 
replication capability. This was confirmed by other authors 
[57] that attributed the antimicrobial mechanism of Cu and 
G NPs to the bacterial cell membrane disruption by the elec-
trostatic interaction between the cationic charge of Cu and 
G NPs and the anionic charge of bacterial cellular compo-
nents. These electrostatic connections increase the oxidative 
stress that damages bacterial protein as a consequence of cell 
membrane disruption.

Conclusions

Composites of silicon with graphene decorated with copper 
nanoparticles were obtained. The use of ionic liquid pro-
moted a better NPs dispersion into the silicon matrix and 
enhanced the thermal, electrical and antimicrobial properties 
of the composites. It was concluded that the better dispersion 
of NPs promoted by the IL enhanced the thermal conduc-
tivity of silicon from 0.2 to 1.12 W/[m K], reduced the vol-
ume resistivity form 7 × 1015 to 4 × 1010 Ω cm and increased 
the antimicrobial activity against both types of bacteria, 
S. aureus and E. coli. It was concluded that the observed 
improvement in G/Cu dispersion and final composite per-
formance was attributed to the π–π interactions between gra-
phene and aromatic molecule of IL. It was possible to obtain 
a silicon composite with G/Cu NPs with enhanced thermal, 
electrical and antimicrobial properties that show their poten-
tiality to be an option for medical devices for electrotherapy 
or face protection against COVID-19 or other silicon-based 
devices for medical applications.
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