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SYNTHESIS OF COPPER-BASED MULTI-WALLED CARBON NANOTUBE COMPOSITES

In this study, the synthesis of copper-based multi-walled carbon nanotube composites is described. Over the last years, carbon 
nanotubes (CNTs) have been widely used in many scientific research fields and have found applications in several sectors, e.g. 
for water treatment. This work focuses on combining the exceptional characteristics of CNTs, such as high specific surface area 
and antibacterial properties, with the antimicrobial/ antivirus features of copper oxides. The influence of synthesis parameters and 
thermal treatment on the final product was studied. Copper leakage was evaluated at both pH 5 and pH 7, confirming the possibility 
of applying Cu-based MWCNT composites in water filtration systems. 
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1. Introduction

Carbon nanotubes (CNTs) have gained a lot of interest over 
the last years and have become an important topic of scientific 
research due to their properties, such as remarkable mechanical 
and chemical strength, optical activity, thermal stability, thermal 
and electrical conductivity, as well as high surface area [1-3]. 
These characteristics have led to their wide application in many 
different fields of science and innovative technologies [3-5], 
e.g. optoelectronics, semiconductors, catalysts, biochemistry 
and water purification [2,3,6,7] due to their strong antimicrobial 
properties [8-11]. In a recent research, Brady-Estevez at al. [12] 
developed a multi-walled carbon nanotube (MWCNT) filter, 
which allowed for a great exclusion of Escherichia coli (E. coli) 
bacteria and MS2 bacteriophage viruses from water. According 
to the mentioned study [12,13], MWCNTs have shown signifi-
cantly better virus removal properties compared to single-walled 
carbon nanotubes (SWCNT). 

For water purification applications, MWCNTs are rarely 
used in pure form, however, they have been used in the form of 
composites, dispersed in polymers or functionalised with metallic 
nanoparticles [2]. With the incorporation of metal oxides, the 
surface charge changes, leading to electrostatic interactions that 
increase the sorption capacity of MWCNTs [2]. This is a crucial 
characteristic as the removal of viruses is based on electrostati-
cally enhanced adsorption [6,14,15]. CNTs for water treatment 
applications can be functionalised with metal or metal oxides, 

most commonly Fe2O3/Fe3O4 [16], Al/Al2O3 [17], TiO2 [18] and 
Ag [3,19]. Such modified composites have exhibited improved 
virus adsorption and disinfection properties [3,6].

Cupric oxide (CuO) and cuprous oxide (Cu2O) have been 
reported to be suitable antimicrobial and antivirus agents  [20-22]. 
The main advantages of copper oxides over other metallic oxides 
are their stable physical and chemical properties, as well as low 
manufacturing costs [20].

The aim of this work was to prepare Cu-based/MWCNT 
composites via chemical precipitation for virus removal applica-
tions, as well as to study the influence of synthesis parameters 
and thermal treatment on the final product. Additional investi-
gations were performed to evaluate the possible application of 
the Cu-based/MWCNT composites as a water filter by studying 
the copper leakage.

2. Materials and methods

2.1. Materials

The MWCNTs were purchased from Cheap Tubes (USA). 
Copper (II) acetate monohydrate (Cu[CH3COO]2×H2O (Sigma-
Aldrich) was used as the copper oxide precursor, tetramethylam-
monium hydroxide (TMAH, N(CH3)4 (OH), Sigma-Aldrich) 
as the precipitating agent and nanopure water as the reaction 
medium (18.2 MΩ, MicroPure UV, Thermo Scientific).

1 LABORATORY FOR HIGH PERFORMANCE CERAMICS, EMPA, SWISS FEDERAL LABORATORIES FOR MATERIALS SCIENCE AND TECHNOLOGY, DÜBENDORF, SWITZERLAND
2 AGH UNIVERSITY OF SCIENCE AND TECHNOLOGY, FACULTY OF MATERIALS SCIENCE AND CERAMICS, AL. MICKIEWICZA 30, 30-059 KRAKOW, POLAND

* Corresponding author: kamila.domagala@empa.ch



158

2.2. Synthesis of Cu-based/MWCNT composites

The first step was to modify the MWCNTs via chemical 
oxidation to oxidise the carbon present on the surface of the 
MWCNTs to carboxylic groups [2,23-26]. The surface function-
alisation was carried out by dispersing the MWCNTs (applying 
5 min of water bath ultrasonication, DT106, Bandelin Electron-
ics) in concentrated nitric acid (HNO3 70%, (Sigma-Aldrich) and 
leaving them under stirring for 24 h at room temperature. After 
that, the dispersion was filtered and washed using nanopure 
water until a neutral pH was obtained. The filtered MWCNTs 
were dried overnight in an oven (FD-115, Binderat) at 120°C.

The precursor solution was prepared by dissolving 2.82 g of 
copper acetate hydrate in 50 mL of nanopure water. Afterwards, 
the functionalised MWCNTs were added to the solution and soni-
cated for 5 min. Then, TMAH was added at a rate of 10 mL/min 
using a syringe pump (PHD ultra CP, Harvard Apparatus GmbH) 
under continuous stirring (300 rpm). After 24 h, the Cu-based/
MWCNT composite was filtered by vacuum filtration and dried 
in an oven at 120°C for 2 h. Finally, the prepared material was 
calcinated in a tube furnace (GHC 120900, Carbolite Gero GmbH 
& Co. KG) at various temperatures (300, 400 and 500°C) for 
2 h under N2 atmosphere.

2.3. Characterisation

Unmodified MWCNTs and Cu-based/MWCNT materi-
als were characterised using Raman spectroscopy with back-
scattering geometry, using an Alpha 300 R Confocal Raman 
Microscope (WITec) working at λ = 532 nm. X-ray diffraction 
(XRD) analyses were carried out to determine the crystal phases 
using PANalytical X’Pert PROh-2h (PANalytical) scan system 
equipped with a Johansson monochromator (Cu Kα1 radiation, 

1.5406 Å) and a X’Celerator linear detector. The crystal sizes 
(S) were calculated using the Scherrer equation (Eq. 1):

 
cos
kS   (1)

where: k – shape factor (0.9), λ – X-ray wavelength, β – full 
width at half-maximum intensity (radians), and θ – Bragg angle 
(degrees).

Transmission Electron Microscope (TEM, JEOL JEM-
2200FS) working at an accelerating voltage of 200 kV, was 
used to investigate the size, morphology and distribution of 
the studied material. Samples were prepared by dispersing the 
material in ethanol and sonicating for 2 min. A few drops of 
the dispersion were deposited onto carbon-coated copper grids 
(S166-2 model, Plano). The specific surface area (SSA) was 
measured by means of BET isotherm, using a Beckman-Coulter 
SA3100 instrument. The release of copper during the filtration 
process was determined via the inductively coupled plasma-
mass spectrometry (ICP-MS, Spectro Element 2, Thermo Fisher 
Scientific) technique. Copper leakage tests were carried out by 
rinsing 100 mg Cu-based composites deposited on a glass fibre 
filter (0.4 μm, Mancherey-Nagel, Switzerland) with nanopure 
water at pH values of 5 and 7 (adjusted with 0.01 M NaOH 
standardised solution, Sigma-Aldrich).

3. Results and discussion

3.1. MWCNT characterisation

In Figure 2 a series of TEM images recorded at different 
magnifications of the as-received MWCNTs show agglomerated 
nanotubes in the form of a bundled network. The outer and inner 
diameters are in the range of 10-25 nm and 3-5 nm, respectively 

Fig. 1. Scheme of the Cu-based composite synthesis
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(Figs. 2b and c). Moreover, the multi-walled structure of the CNT 
can be observed, with the wall thicknesses being in the range of 
2-4 nm. Those results and the measured SSA = 117 m2/g are in 
good agreement with the information provided by the supplier. 
The Raman spectrum, shown in Figure 3, revealed the charac-
teristic bands of MWCNT. At 1345 cm–1 the D band associated 
with the defect in the carbon with sp2 hybridisation was observed 
[27]. The peak is very prominent, confirming the high defec-
tive level of the material’s structure [28]. At ~1600 cm–1 the 
G band is observed, which is composed of two bands centered 
at ~1580 cm–1 (G) and ~1612 cm–1 (D’). The G band is assigned 
to the graphitisation of the sample, circumferential displace-
ment and in-plane vibration of the C-C bond in all sp2 carbon 
materials [27]. Meanwhile, the D' band provides information 
about the atomic displacement along the nanotube axis [27]. The 
G*, G', D + G and 2D' bands are also observed at 2450 cm–1, 
2690 cm–1, 2930 cm–1 and 3210 cm–1, respectively, whose in-
tensities increase with the number of defects [29]. Finally, the 
ratio between the area of the D and G bands is relatively high 

(D/G = 1.55), indicating that many defect points are present in 
the as-received MWCNTs, which may potentially lead to the 
CNT surface modification.

3.2. Synthesis and characterisation 
of Cu-based/MWCNT composites

Once copper acetate is dissolved in water, an aqueous com-
plex (Eq. 2) [30] forms, resulting in a solution with a characteris-
tic light blue colour. Subsequently, the MWCNTs were dispersed 
and then, the TMAH was added in stoichiometric amount. This 
caused the aqueous complex to precipitate the copper hydroxide 
(Eq. 3) [[30]], characterised by a pale-blue colour.

 
2H O 2

3 2 32 6Cu(CH COO) Cu H O 2CH COO  s aqaq
 (2)

 
2

2 26 2Cu H O  2OH Cu OH  6H O aq saq
  (3)

 22Cu OH CuO H Oss   (4)

Figure 4 presents the XRD pattern of the reaction product 
(Eq. 3) in the absence of MWCNTs before (after the drying 
process) and after calcination. As expected, after drying, only 
the Cu(OH)2 phase was observed, however, after the thermal 
treatment at 300°C under N2 atmosphere, both Cu2O and CuO 
phases were detected, where the majority was Cu2O (63%).

In the case of the synthesis performed in the presence of 
MWCNTs, the reaction product is quite different after calcina-
tion, with Cu2O being the dominant phase (Fig. 5). However, 
when excess of TMAH was added, the amount of CuO increased, 
obtaining similar results to the synthesis without MWCNTs. 
Taking into account the lower solubility of Cu2O compared to 
CuO below 150°C [31], the use of the stoichiometric amount 
was chosen to obtain Cu2O/MWCNT composites.

Figure 6 shows the influence of calcination temperature on 
the synthesis product. In general, the amount of CuO decreases 

Fig. 2a, b and c. A series of TEM images of pristine MWCNTs recorded at different magnifications

Fig. 3. Raman spectrum of pristine MWCNTs
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with the increase in temperature, while the amount of Cu2O 
slightly increases. At 500°C elementary Cu appears, indicat-
ing that at higher temperatures lower Cu oxidation states are 
favoured. By analysing the evolution of crystal size for both 
copper oxides (Fig. 6b), the crystal growth is higher for CuO 
than for Cu2O, which could indicate that the formation of Cu (I) 
or Cu (II) oxides is crystal size dependent. Thus, CuO is stable 
for crystal sizes below ~50 nm, Cu2O between ~50 and 55 nm, 
and Cu above 55 nm. The calculated value from the XRD pattern 
of the sample calcined at 500°C was 103 nm.

Fig. 6a. XRD patterns of the Cu-based/MWCNT composites

Fig. 6b. Abundance and crystal size of copper species as a function of 
calcination temperature

Based on those observations, the sample calcined at 300 
°C was chosen for further analyses. In Figure 7 TEM images are 
shown, on which particles of a wide size range, i.e. from 5 to 
100 nm, are clearly visible. Moreover, the nanoparticles interact 
well with the MWCNTs, which is desired for their retention in 
the filter.

Fig. 5a. XRD patterns of the Cu-based/MWCNT composites

Fig. 5b. Abundance of copper species as a function of the TMAH amount

Fig. 4. XRD patterns of the reaction product before and after thermal 
treatment
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3.3. Copper leakage

The study of copper release in the composite obtained after 
calcination at 300°C reveals that the amount of copper released 
after rinsing with 4 L of water at pH 5 was higher than for water 
at pH 7. The copper loss was measured to be 17.5 μg/L (0.17 
mol%) and 7.3 μg/L (0.07 mol%) for the experiments run at pH 
5 and 7, respectively. This phenomenon is caused by the higher 
solubility level of copper oxide at acidic pH values [30,31]. 
According to the World Health Organisation (WHO) [32], the 
maximum copper contents allowed in drinking water is 2 mg/L, 
therefore the produced filters could be potentially used for water 
filtration applications.

4. Conclusions

In this work, Cu-based MWCNT composites were synthe-
sized via a simple chemical precipitation method. The use of 
stoichiometric amounts of TMAH leads to obtaining Cu2O as the 
major phase (after calcination at 300°C under N2 atmosphere), 
while an excess quantities of TMAH increase the CuO amount. 
It was observed that a lower Cu oxidation state is favoured with 
the increase in calcination temperature. TEM images show that 
the size of the copper oxide nanoparticles are between 5 and 
100 nm and interact well with the MWCNTs. Finally, it was 
determined that copper leakage is higher at pH 5 (17.5 μg/L) 
than at pH 7 (7.3 μg/L), nevertheless in both cases these values 
are under the limit established by the WHO.
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