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The addition of metal-based nanoparticles on carbon nanotubes (CNT) is a
relevant method producing multifunctional materials. In this context, CNT
were dispersed in an ethanol/water solution containing copper acetate for
their impregnation with different copper nanostructures by either a non-
thermal or a thermal post-synthesis treatment. Our simple method is based on
pure CNT in an air atmosphere without any other reagents. Particles without
thermal treatment were present as a well-dispersed layered copper hydroxide
acetate nanostructures on CNT, as confirmed by scanning and transmission
(TEM) electron microscopies, and showing a characteristic x-ray diffraction
peak at 6.6°. On the other hand, by thermal post-synthesis treatment at
300°C, these layered nanostructures became Cu,O nanoparticles of around
20 nm supported on CNT, as confirmed by TEM images and x-ray diffraction
peaks. These copper nanostructures present on the CNT surface rendered
antibacterial behavior to the resulting hybrid materials against both Sta-
phylococcus aureus and Escherichia coli. These findings present for the first
time a simple method for producing antibacterial CNT by direct impregnation

of copper nanostructures.

INTRODUCTION

Copper and its compounds are outstanding mate-
rials with a broad range of applications depending
on their chemical composition and size. For
instance, copper(Il) oxide (CuQO) is an important
semiconductor that is used as a field-emission, high-
temperature superconductor, giant magneto-resis-
tance material, and electrode for solar cells.!?
Copper(I) oxide (Cuz0) is a promising material for
both inexpensive photovoltaic power devices and
photoelectrochemical cells.®> Because the chemical
and physical properties of copper are strictly depen-
dent on its morphology, considerable efforts have
been made in recent years to synthesize various
types of nanostructures.* A number of different
techniques are currently used to control the size and
morphology of these nanomaterials.* Although most
of these reports are focused on copper oxide, con-
trolled synthesis of hierarchical nano-structured
copper metal is also possible.® These copper
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nanoparticles can be used in several applications
such as catalysts, photoactive reactions, electro-
chemical processes, organic electronic devices, and
sensors, among others.® Of all the applications of
copper nanoparticles, those related to their strong
antimicrobial behavior have increased over the last
years, allowing the production of a broad range of
novel biocidal materials.”~*

An approach for the production of copper nanos-
tructures is by using carbon nanotubes (CNT) as
support or template, taking advantage of their
outstanding intrinsic properties such as electrical
conductivity, chemical interactions, and high speci-
fic area.'® Different methods can be used to synthe-
size copper/CNT nanostructures, such as dissolution
of copper salts in a water/CNT suspension where
the solvent is evaporated after stirring at 100°C.
The product is reduced by Hy at temperatures below
573°C, producing copper metal.'® Laser ablation of
Cu in the presence of He gas is another strategy
for modifying CNT having oxidized copper
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nanoparticles.!” Another approach is the dispersion
of both CNT and copper acetate in ethanol at 75°C
until the solvent is evaporated.'® The particles were
then calcined below 500°C, producing copper metal
nanoparticles of around 60 nm. Another method
was based on a Fehling reaction producing Cuy,O
nanoparticles with sizes around 25 nm supported on
CNT." Acid treatment of CNT was also reported for
impregnation of CuyO and Cu nanoparticles with
sizes of 15-90 nm wusing nitric acid and xylene
solution of copper(I) phenylacetylide at 90°C.> A
similar treatment was used for electroless deposi-
tion of a copper metal layer on CNT.?° Copper
acetate dissolved in water with NH3-H,O and CNT
can be further used for the production of CuO,
Cu,0, and Cu nanoparticles of around 20 nm by a
calcination process.?’ Oxygen-functionalized CNT
irradiated by infrared has also been used to impreg-
nate CuO, Cuy0, and Cu nanoparticles of around
10 nm.??> More complex processes have been
reported recently, producing CNT/metal copper
hybrid nanomaterials for sensing and catalyst
applications.?*~2°

Despite the potential biocidal behavior of these
CNT/copper nanostructures, their antimicrobial
properties have been barely assessed.?® Although
either pure or functionalized CNT can present
antimicrobial behavior,?”2° impregnation with
copper nanostructures can represent a low-cost
and versatile method for the development of
antimicrobial CNT. The goal of this work is to
present a simple in situ impregnation method for
the production of copper nanostructures on CNT.
The methodology uses copper acetate dissolved in
ethanol/water having dispersed CNT without any
other reagents or treatment. The resulting parti-
cles were calcined at 300°C. The characterization of
the copper compounds produced after impregna-
tion with non-thermal treatment was also
considered.

EXPERIMENTAL

The multiwalled carbon nanotubes (CNT) were
supplied by Bayer Material Science (Baytubes
C150P) and used without further modification.
Copper(II) acetate monohydrate (Cu(CHs.
CO0)2H50) from May & Baker was used as the
main precursor. The dissolution medium was a
mixture of 95 wt.% ethanol (CoHgO) with 5 wt.%
water supplied by Winkler.

For the synthesis of the copper structures, 0.9 g of
CNT was dispersed in 100 mL of the ethanol/water
solution using sonication for 10 min. The dispersion
was then mixed with another 100 mL of ethanol/
water solution containing 3.8 g of copper acetate at
60°C. The final solution was mixed by sonication
during 2 h at 60°C and later filtered and dried for
24 h. The same CNT/copper acetate solution was
alternatively mixed at 80°C until the solvent was
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evaporated and the product was then dried for 24 h.
In both methods, the products were calcined in an
oven for 2 h at 300°C at a heating rate of 7°C/min.

X-ray diffraction (XRD) analysis was performed
on a Siemens D-5000 diffractometer with a scintil-
lation detector diffraction system and Bragg—Bren-
tano geometry operating with a Cu «; radiation
source filtered with a graphite monochromator
(k = 1.5406 A) at 40 kV and 30 mA in the 20 2-80°
range at a scanning rate of 0.02°/s. The morphology
and elemental analysis of the particles were per-
formed on a field emission scanning electron micro-
scope (FEI-SEM; Inspect 50) coupled with an
energy-dispersive x-ray spectroscopy (EDS) equip-
ment. Transmission electron microscopy (TEM)
(Tecnai F20 FEGS/TEM) operating at 120 kV was
further used for high-resolution images.

The antibacterial activity of the synthesized par-
ticles was tested against Escherichia coli (Gram-
negative) and Staphylococcus aureus (Gram-posi-
tive) bacteria using the Agar Spot Test. A few
isolates of E. coli and S. aureus were inoculated in
TSB broth for 18 h at 37°C to get a bacterial
suspension in exponential phase which was serially
diluted to match a 0.5 McFarland turbidity stan-
dard bacterial suspension (1 x 10® colony-forming
units (CFU)/mL). A Petri plate was streaked to form
a bacterial lawn. Solutions containing 2 wt.% and
4 wt.% of the particles were prepared and dropped
(10 uL) over the bacterial lawn. Simultaneously,
chlorhexidine 0.12 vol.% used as positive control of
activity and 0.9% saline buffer as a negative control.
All experiments were performed in duplicate. The
plates were incubated at 37°C for 20-24 h, depend-
ing on the growth of the indicator strain. The
appearance of an inhibitory of growth zone larger
than 3 mm of diameter was considered as a positive
inhibition on the indicator strain. The reported
values are the diameter (mm) of the halo when a
solution with a certain particle concentration
(2 wt.% or 4 wt.%) was added after inoculation of
the bacteria.

RESULTS AND DISCUSSION

Figure 1 shows SEM and TEM images of the
particles obtained by the copper impregnation
method on CNT with non-thermal treatment.
Together with CNT bundles, well-dispersed layered
structures appeared without any evidence of micro-
metric copper salt crystals. These nanostructured
layers were a few nanometers thick, around 300 nm
wide, and a few nm long. Figure 1d shows semi-
transparent layer compounds confirming the small
thickness of the particles. The XRD patterns of
these particles (Fig. 2) further confirmed the syn-
thesis of a layered morphology, showing a low angle
peak at 20 = 6.8°. It is noteworthy that the intensity
of this peak depended on the method used, with the
filtered samples displaying a larger value than the
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x50,000, x 120,000, and x300,000 magnification, respectively; (d) transmission electron microscopy at x 50,000 magnification. Arrow indicates
the layered structure.

evaporated samples. EDS elemental analysis of
these samples showed the presence of carbon
(73 at.%) and copper (26 at.%) atoms.

The presence of copper nanostructures with lay-
ered morphology can be associated with the forma-
tion of specific hydroxides from copper acetate
having a botallackite-tgpe structure, such as
Cuy(OH)3(CH5C09)H,0.2° In these systems, diffrac-
tion peaks at low 20 angles are directly related to
the basal distance and harmonic reflections, as seen
in Fig. 2. In the case of copper hydroxide acetate,
this peak appears at 20 = 11° with a harmonic at
20 = 22°, although either exchange reactions or
hydration can shift this pattern to lower 20 values
due to the increase of the basal distance.? 32
Layered copper hydroxide acetate can be synthe-
sized by controlled precipitation adding an alkaline
solution such as NaOH or by heating a copper
acetate water solution in the range of 50-75°C, as in
our case.’"®® To our knowledge, this is the first
report synthesizing Cus(OH)3(CH3CO2)Ho0 layer
compounds in the presence of CNT.

From Fig. 1b and c it is clear that the presence of
hydroxide layer particles between CNT indicates a
relevant role in their synthesis. CNT can adsorb
molecules via non-covalent forces.?* In the particu-
lar case of copper, CNT are used as a pre-concen-
tration system for adsorption of its ions.?*2® CNT
further interact with the ethanol/water mixture.>’
Therefore, we hypothesize that the local higher
concentration of copper ions surrounding CNT drive
their precipitation, forming layered Cux(OH)3(CHj.
CO9)H50 despite the low concentration of water.

Figure 2 also displays the XRD patterns of sam-
ples after a thermal treatment. The diffraction
peaks from both copper acetate and layered hydrox-
ide copper acetate were replaced mainly by copper
oxide (Cug0) peaks at 20 = 36.5°, 42.1°, 61.4°, and
73.4°. This change means that the calcination
temperature was enough to produce a decomposi-
tion of organic and hydroxide phases.
Cuy(OH)3(CH3CO2)H50 layers present multi-step
thermal decomposition associated with: (1) water
loss at 120°C; (2) acetate decomposition forming
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Cuy,O(OH), at 180°C; and (3) oxidation forming
Cuy0 at 220°C.>* Copper acetate otherwise pre-
sented a characteristic two-step process associated
with dehydration between 100°C and 190°C and
decomposition of copper acetate between 220°C and
320°C.*° SEM images of these calcined particles are
displayed in Fig. 3, showing that on the CNT
surface sub-micrometric particles were homoge-
neously formed (Fig. 3a and b). Indeed, TEM images
of these calcined particles, displayed in Fig. 3c, led
to the conclusion that mainly nanoparticles of
around 20 nm were produced. Therefore, thermal
decomposition of our hybrid CNT/copper-layered
materials produced copper oxide nanoparticles at
just 300°C. This is further confirmed by EDS
elemental analysis during SEM observations,
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Fig. 2. X-ray diffraction patterns from the different samples pre-
pared. Samples with non-thermal treatment filtered and evaporated,
and samples with thermal treatment.
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showing that these hybrid particles mostly pre-
sented carbon (78 at.%), oxygen (19 at.%), and
copper (3 at.%) atoms.

Table I shows the results of the antibacterial
activity of the different hybrid samples, including
pure CNT. Without copper impregnation, CNT did
not inhibit bacterial growth. On the other hand,
CNT/copper hybrid nanoparticles created a halo,
with a statistical significance as compared with
pure CNT, on the agar plate associated with a zone
where bacteria were unable to grow, meaning that
both copper nanoparticles rendered antibacterial
behavior to CNT. It should be noted that the sizes of
the halos were similar to those obtained using
chlorhexidine at the same dilution, showing the
high antibacterial performance of the hybrid
CNT/copper particles.* Moreover, no statistical
differences were found between the hybrid particles,
and chlorhexidine. To our knowledge, this is not
only the first report about the antibacterial activity
of CN'T/copper hybrid materials produced by in situ
synthesis but also about the biocidal behavior of
layered copper hydroxide acetate.

At 2 w/w%, CNT with copper oxide particles were
not active against E. coli, while CN'T/layered copper
at the same concentration displayed an inhibiting
behavior having statistical significance. However,
this oxide copper material was active against S.
aureus at 2 w/w%, meaning that greater effect of
hybrid particles on Gram-positive than on Gram-
negative bacteria, especially at low concentrations.
The latter is a general tendency also found with
other copper-based antimicrobial materials, for
instance in polymer composites.*>** The mecha-
nism of the toxicity of copper to microorganisms can
be explained by several processes such as the
displacement of essential metals from their native
binding sites or through ligand interactions.** Cop-
per(II) ions are able to form organic complexes with
biomolecules having sulfur-, nitrogen- or oxygen-
bearing groups present in the microorganisms. This
may either cause defects in the conformational
structure of nucleic acids and proteins or changes
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Fig. 3. Electron microscopy images of copper/CNT hybrid particles with thermal treatment. (a, b) Scanning electron microscopy images at
x1000 and x4000 magnification, and (c) transmission electron microscopy at x 100,000 magnification. Examples of isolated particles of around

20 nm are indicated by arrows.
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Table 1. Antimicrobial results from the synthesized particles: CNT with layered copper hydroxide acetate
(CNT + LCA) and CNT with particles after calcination (CNT + CC) (See “Experimental” section for details)

E. coli
Sample 2%
CNT —
CNT + LCA 8
CNT + CC -
CHX 18

4%

9
9
19

S. aureus
2% 4%
14 16
10 12
16 18

in oxidative phosphorylation reactions and in
osmotic balance. Membrane damage is also a key
event explaining the strong antibacterial behavior
of copper-based materials.*

CONCLUSION

CNT impregnated with copper nanostructures
were produced by a simple method based on an
ethanol/water solution containing copper acetate
using pure CNT in an air atmosphere and without
any further reagents. The hybrid particles with non-
thermal post-synthesis treatment presented layered
copper hydroxide acetate structures well dispersed
through the CNT. In addition, by thermal treatment
at 300°C these layered structures became copper
oxide particles of around 20 nm in size. It should be
noted that both layered copper hydroxide and
copper oxide nanoparticles were able to provide an
antibacterial behavior to CNT against S. aureus and
E. coli. Our findings present for the first time a
simple route which allows the production of novel
multifunctional CNT by direct impregnation of
copper nanostructures.
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