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Abstract
A nanocomposite consisting of gold nanoparticles deposited on the side walls of functionalised multi-walled carbon nano-
tubes, Ox-MWCNT-Aunano, was prepared using a simple chemical reduction. The nanoparticles were well dispersed with 
a mean diameter of 7.5 nm and had a face-centred cubic structure and a gold loading between 2.0% and 2.6% by weight. 
These gold decorated nanotubes were cast onto a gold electrode to form a uniform and homogeneous sensor. Using cyclic 
voltammetry, the reduction of Cr(VI) was observed at a peak potential of 0.52 V versus SCE in an acidified H2SO4 solu-
tion, pH 2.0. A linear calibration curve with a sensitivity of 0.28 mA mM− 1 and a LOD of 7.2 × 10− 7 M was obtained using 
constant potential amperometry coupled with rotating disc voltammetry. The electrochemical detection of Cr(VI) was also 
observed at a MWCNT-modified gold substrate but with a higher LOD, illustrating the advantage of combining the gold 
nanoparticles with MWCNTs. The sensor showed good selectivity for the detection of Cr(VI) in the presence of Cu(II), 
chloride and nitrates and in a real water sample. This was attributed to the electropositive reduction potentials of Cr(VI), the 
acidic H2SO4 supporting electrolyte that provides a well-known cleaning effect at gold, and the size and good dispersion of 
the gold nanoparticles that minimise particle agglomeration.
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1  Introduction

It is well known that Cr(VI), or hexavalent chromium, is 
highly toxic and it has been linked to several forms of can-
cer in animals and humans [1]. Due to the fact that it is a 
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strong oxidising agent, it has the potential to oxidise several 
analytes or biological species that it comes in contact with, 
making it a significant environmental pollutant [2, 3]. The 
World Health Organisation (WHO) has set the limit of hexa-
valent chromium in ground water at 50 μg L−1 [4]. Cr(VI) is 
released into the environment in acid effluents from indus-
tries involved with metal plating and leather tanning [5, 6]. 
Although Cr(III) is not regarded as toxic, it can be oxidised 
into Cr(VI) during the chlorination of water [7], adding to 
the concentration of Cr(VI) in water supplies and ground 
water. The quantification of Cr(VI) in the laboratory is gen-
erally achieved using analytical techniques such as atomic 
absorption spectroscopy and mass spectrometry [8, 9]. To 
distinguish between the Cr(III) and Cr(IV), many of these 
techniques rely on the formation of Cr(VI) complexes with 
the complexing agents 1,5-diphenylcarbazide and pyrroli-
dine dithiocarbamate prior to analysis [10, 11]. However, 
these methods are costly and not suitable for field analysis. 
More recent approaches include the development of optical 
sensors. For example, aluminosilica monoliths have been 
modified with diphenylcarbazide to give an immobilised 
receptor that is capable of capturing Cr(VI) to give highly 
selective and sensitive sensors [12]. Colloidal suspensions 
of silole nanoparticles have also been employed as selec-
tive Cr(VI) chemosensors [13]. There is also considerable 
interest in the development of electrochemical sensors for 
the quantification of Cr(VI) [14–22]. This is largely due to 
the fact that electrochemical sensors and indeed many of 
the optical sensors can be employed as portable devices, 
eliminating the need for large instrument analysis. While 
significant progress has been made in the development of 
optical sensors, challenges still remain, including relatively 
high costs and long real-time quantitative analyses. Equally, 
electrochemical sensors suffer from electrode instability and 
selectivity issues. Therefore, there is still an increasing need 
for the development of a portable technology that is suitable 
for field analyses in the sensitive and selective detection of 
Cr(VI).

Several modified electrodes have been employed in 
the electrochemical detection of Cr(VI), including poly-
l-histidine modified screen-printed carbon electrodes [14], 
supercoiled DNA-modified mercury electrodes [15], and 
bismuth-plated glassy carbon electrodes [16]. The reduc-
tion of Cr(VI) and its electrochemical behaviour depends 
on the solution composition and the nature and composition 
of the electrode materials. The highly corrosive nature of 
Cr(VI) leads to the passivation of many electrodes. However, 
carbon and gold-based electrodes are generally considered 
as the best electrocatalysts for the Cr(VI) reduction reac-
tion [17–19]. Welch et al. [17] compared the performance of 
glassy carbon, boron-doped diamond and gold electrodes for 
the detection of Cr(VI) and concluded that gold electrodes 
provided the best performance. Further reports by Tukur 

et al. [18], Jin et al. [19] and Jena and Raj [20] showed prom-
ising results with electrodes modified with gold nanoparti-
cles. While there is good electrocatalytic activity for Cr(VI) 
reduction at gold electrodes, more promising results have 
been achieved with gold nanoparticles [18–20]. In terms of 
carbon-based electrodes, there is also interest in using car-
bon nanotubes in the development of Cr(VI) sensors [21]. 
This is largely due to their impressive range of properties, 
which include very high surface areas, very good conductiv-
ity and it is relatively easy to modify their surfaces. Rudnit-
skaya et al. [22] fabricated a lignin-poly(propylene oxide) 
copolymer doped with carbon nanotubes to give a Cr(VI) 
potentiometric sensor with a relatively low detection limit of 
5.0 × 10− 6 M. Both carbon nanotubes and gold nanoparticles 
exhibit interesting properties and their combination to form 
composites has gained considerable interest in recent years 
[23–26]. Composites fabricated through the immobilisation 
of gold nanoparticles on carbon nanotubes have been used to 
develop a number of biomedical sensors and environmental 
sensors for the quantification of toxic metal ions, organic and 
inorganic pollutants [23–26].

In this study, a composite fabricated by decorating multi-
walled carbon nanotubes with crystalline gold nanoparticles, 
with diameters lower than 10 nm, is used in the detection of 
Cr(VI). This composite was chosen as both gold- and car-
bon-based materials have been identified previously as suit-
able substrates for the electrochemical reduction of Cr(VI). 
Furthermore, the carbon nanotubes provide a high conduc-
tivity and a high surface area that facilitates the nucleation 
of gold nanoparticles. No other ligands are added to give a 
reasonably simple modified electrode. This composite gives 
a limit of detection that satisfies WHO regulations and it 
provides good selectivity in the presence of various interfer-
ences and performs well in real water samples.

2 � Experimental

Multi-walled carbon nanotubes (MWCNTs > 99% purity) 
and all other reagents were purchased from Sigma Aldrich. 
The pristine MWCNTs were purified and modified with 
carboxylated groups to increase their dispersion in solu-
tion by refluxing in concentrated HNO3 at 120 °C for 24 h. 
The sample was then purified using centrifugation with 
repeated cycles of dilution with ultra-pure water, until the 
pH was approximately neutral. Gold nanoparticles were 
deposited at both the functionalised, Ox.MWCNTs, and 
the pristine carbon nanotubes, MWCNTs. These were dis-
persed into a 1% sodium dodecyl sulphate (SDS) solution 
at a concentration of 0.5 mg mL− 1, using ultra-sonication 
to yield a homogeneous and stable dispersion. The gold 
nanoparticles were formed by adding, with stirring, a 
1% w/v HAuCl4·3H2O solution and then slowly adding 
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a 0.75% w/v NaBH4 solution. After 5 min, the resulting 
composite material was isolated on a 0.45-µm pore size 
Whatman® membrane. The final materials, Ox.MWCNT-
Aunano and MWCNT-Aunano, were fully dried using an 
infrared lamp and stored in a dry environment.

The composites were characterised using a FEI Titan 
TEM and a Hitachi S-3200-N SEM, energy dispersive 
X-Ray analysis (EDX) with an Oxford Instrument INCAx-
act EDX system. For the TEM measurements, the com-
posite was dispersed in ethanol and 20 µL of this mix-
ture was left to dry on a carbon support on a copper grid. 
X-Ray diffraction (XRD) was conducted on a PANalytical 
X’Pert PRO MPD system. A Perkin Elmer Precisely Ana-
lyst system was used for atomic absorption spectroscopy 
(AA). Cyclic voltammetry was carried out on a Solartron 
SI 1287 potentiostat and constant potential amperom-
etry (CPA) and rotating disc voltammetry (RDV) experi-
ments were performed with a CH Instruments, CHI 760C 
potentiostat. A conventional three-electrode cell, consist-
ing of a high surface area platinum counter electrode, a 
saturated calomel reference electrode, SCE, together with 
the modified gold electrodes, was used. Ultra-pure water 
obtained through a Millipore filtration system was used in 
all experiments.

A quantification of the surface acid groups introduced 
during refluxing in HNO3 was obtained using an acid base 
titration. In a typical setup, the Ox.MWCNTs composites 
were dispersed in a standardised 0.01 M NaOH solution in 
0.1 M NaCl, with the aid of a short sonication, and left to 
stir for 14 h under N2 bubbling to displace adsorbed CO2 
from the Ox.MWCNTs. The reaction mixture was then fil-
tered through a 0.45-µm pore size Whatman® syringe tip to 
remove the nanotubes and the remaining NaOH solution was 
titrated with standardised 0.01 M HCl in 0.1 M NaCl. For 
comparison, the titration was repeated with pristine MWC-
NTs. The amount of gold in the composites was measured 
using AA. The gold was extracted using aqua regia to yield 
a yellow coloured HAuCl4-containing solution, which was 
then isolated in 0.1 M HCl. Standard solutions were pre-
pared from a commercial 1000 ppm standard stock solution, 
which consisted of 1.00 mg of pure gold in 15% HCl.

The Cr(VI) sensors were fabricated by casting Ox.
MWCNT-Aunano, MWCNT-Aunano or MWNCTs onto 
gold (4 mm) electrodes. A dispersion of the nanotubes 
(10 mg mL− 1) in dimethylformamide (DMF) was achieved 
using ultra-sonication. A volume (20 μL) of this dispersion 
was cast onto the electrodes and left to dry fully under an 
infrared lamp. The Cr(VI) solutions were prepared in H2SO4 
and unless otherwise stated, the pH was maintained at 2.0. 
All experiments were repeated at least three times (n = 3) 
and the errors in the measurements are represented by error 
bars. The Cr(VI) was detected using cyclic voltammetry and 
CPA combined with RDV. The peak currents obtained from 

the cyclic voltammograms were recorded after 15 cycles to 
give steady-state peak currents.

3 � Results and discussion

Prior to the detection of Cr(VI), the Ox.MWCNT-Aunano and 
MWCNT-Aunano composites were characterised to obtain 
information on the percentage of surface acid groups intro-
duced during the acid functionalisation, the size, distribution 
and crystallinity of the gold nanoparticles and the amount of 
gold deposited at the carbon nanotubes.

3.1 � Characterisation of composites

A typical acid-base titration curve is shown in Fig. 1, where 
the titration curves obtained using pristine MWCNTs and 
Ox.MWCNTs are compared. Two equivalence points (EP) 
are clearly visible during the titration of the Ox.MWCNTs. 
In contrast, titrations with the pristine MWCNTs yielded 
no indication of any measurable surface acidic function-
alities. The first EP appears at approximately a pH of 8.0. 
This arises from the titration between the unreacted NaOH 
and HCl and is related to the total surface acidity of the 
Ox.MWCNTs, including that of surface adsorbed polycy-
clic carbonaceous fragments. These fragments become de-
adsorbed from the surface and appear in the NaOH filtrate as 
polycyclic aromatic carboxylic salts [27, 28]. Accordingly, a 
second EP is observed at a pH of 5.0, which can be ascribed 
to the protonation of these carboxylates. Using these data, 
the percentage of acidic group coverage was calculated as 
6%. The presence of carboxylic groups on the Ox.MWC-
NTs was further confirmed by FTIR, as shown in the inset 
in Fig. 1, with a peak at 1725 cm− 1 which can be assigned 
to the > C=O stretching mode of the carboxylic groups. 
Again, this is only evident with the acid functionalised Ox.
MWCNTs.

Representative TEM micrographs are shown for the Ox.
MWCNT-Aunano at different magnifications in Fig. 2, while 
a distribution of the gold particles with different diameters 
is shown in the accompanying distribution plot. This sta-
tistical analysis was conducted on 100 random gold par-
ticles using IMAGE J software. It is evident from Fig. 2a 
that material aggregation occurs, but this is largely due to 
solvent evaporation. The gold particles appear to be reason-
ably well dispersed along the carbon nanotubes and there 
is no evidence to suggest that multiple particles nucleate at 
the same site, Fig. 2b, c. The size distribution histogram, 
Fig. 2d, shows the distribution in size ranging from 5.5 to 
12.5 nm in diameter, with a mean diameter of 7.5 nm. The 
carbon nanotubes ranged from 15 to 20 nm in diameter and 
contained a degree of surface roughness which is consistent 
with the acid oxidation process.
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Fig. 1   Potentiometric titrations 
and FTIR spectra (inset) of 
dashed line—pristine and con-
tinuous line—Ox.MWCNTs
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An XRD spectrum of the Ox.MWCNT-Aunano is pre-
sented in Fig. 3, where the crystalline planes are evident 
and these are assigned and shown on the figure. The charac-
teristic crystalline planes of gold are apparent together with 
the planes corresponding to the carbon nanotubes. In par-
ticular, the reflection at 2θ = 25.84° corresponds to the (002) 
graphitic plane of the carbon nanotubes while those appear-
ing at 2θ = 38.23°, 44.50°, 64.64°, 77.52° and 81.60° cor-
respond to the (111), (200), (220), (311) and (222) planes, 
respectively, of the crystalline gold particles [29, 30]. It is 
clear that the (111) plane is the most abundant and these 
data indicate that the gold particles are formed predomi-
nantly with a face-centred cubic structure. The size of the 
gold particles was estimated using the Scherrer equation, 
Eq. (1), where D represents the average diameter of a spheri-
cal particle; β is the full width at half maximum of the most 
intense reflection, expressed in radians; θ is the position of 
the reflection; λ is the wavelength and 0.89 is the Scherrer 
constant [31]. The most intense reflection at 38.23°, cor-
responding to the (111) plane of gold, was used to calculate 
θ, and the value of β was also measured using this signal. A 
value of 1.541874 Å was used for the X-Ray wavelength, λ. 
Using this analysis, it was found that the gold particles had 
an approximate particle size of 7.92 nm, which agrees well 
with the TEM results showing the largest frequency distribu-
tion occurring at 7.50 nm.

Using atomic absorption spectroscopy, AA and SEM-
EDX, the gold loadings in the Ox.MWCNT-Aunano and 
MWCNT-Aunano were estimated. Although EDX is not a 
quantitative technique, it was used in combination with the 
AA data, to give a loading estimate. In the EDX spectrum 
(not shown) the characteristic peak at 2.2 keV was observed 
for the gold particles. Using the EDX data, a gold loading of 
2.6% was obtained, while a slightly lower loading of 2.0% 

(1)D =
0.89�

�cos�

was calculated using the AA data for Ox.MWCNT-Aunano. A 
lower loading of 1.0% was estimated for the MWCNT-Aunano 
composite using AA analysis. The lower loading with the 
pristine carbon nanotubes is consistent with the poor disper-
sion of these nanotubes in solution.

3.2 � Formation of the Cr(VI) sensor

The modified electrodes for the detection of Cr(VI) were 
prepared by dispersing the gold decorated nanotubes in 
DMF using 10 mg mL−1 and ultra-sonication for 30 min. A 
20 μL of this dispersion was cast onto the electrode surface 
and dried fully under an infrared lamp. SEM micrographs of 
this cast deposit at two different magnifications are shown in 
Fig. 4. As evident from the micrographs, the cast composites 
appear uniform with no evidence of significant structural 
inhomogeneities. In the higher magnification micrograph, 
Fig. 4b, individual carbon nanotubes are visible and they 
appear to be aligned randomly on the surface.

The mapping profiles for C and Au are shown in the inset 
of Fig. 4a, where the light coloured segments indicate the 
presence of the element. For these analyses, the gold-deco-
rated nanotubes were dispersed on a platinum electrode to 
eliminate interference from the gold substrate. As expected, 
the C is well dispersed across the surface and in high con-
centrations. Less gold is detected and while there are areas 
with somewhat lower concentrations of gold, it is generally 
well dispersed across the surface. The percentages of C, Au 
and O, obtained for the pristine MWCNT, gold decorated 
MWCNT and the gold decorated functionalised MWCNT-
modified electrodes are presented in Table 1. It is clear from 
this table that the O content increases on oxidation and func-
tionalisation of the nanotubes, Ox.MWCNT-Aunano, which is 
associated with the introduction of the carbonyl groups. The 
Au content of Ox.MWCNT-Aunano at 2.86% is in very good 
agreement with the analysis of the synthesised composite, 
indicating that no gold is lost on formation of the modified 
electrodes. It is also clear that more gold is deposited at 
the functionalised carbon nanotubes, with the gold content 
increasing from 1.21% for MWCNT-Aunano to 2.86% for Ox.
MWCNT-Aunano.

3.3 � Electrochemical detection of Cr(VI)

The electrochemical detection of Cr(VI) was carried out in 
an acidified solution at a pH of 2.0 using H2SO4. This pH 
was selected as it is well known that the reduction of Cr(VI), 
which involves the transfer of protons, depends on the solution 
pH, with the peak potential shifting to higher potentials and 
the peak current increasing as the pH value is lowered [17]. 
The influence of pH is illustrated in Fig. 5 for the MWCNT-
modified electrode. These data were obtained using cyclic vol-
tammetry and by following the reduction peak associated with 
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the conversion of Cr(VI) to Cr(III) (at 0.57 V versus SCE, see 
Fig. 6a) the peak current and the corresponding peak poten-
tial were recorded as a function of the solution pH and are 
plotted in Fig. 5. It is clear that the peak current decreases as 
the pH increases and a higher signal is obtained in the more 
acidic solutions. It is also evident from the potential-pH plot 
that the reduction of Cr(VI) proceeds at more electropositive 

potentials in these acidic solutions. The reduction potential 
of Cr(VI) is well known to depend on the pH and the over-
all reaction is shown in Eq. (2). Using the Nernst equation, 
the relationship between the potential and pH can be written 
as, E = A − 0.138pH, where A includes E0 and depends on the 
concentrations of Cr(VI) and Cr(III). This indicates a linear 
relationship with a slope of 138 mV. However, the level of 
agreement between this predicted pH-dependence and the 
observed pH is poor. A higher slope of 230 mV is evident 
for pH values between 2.0 and 3.5 and this is probably con-
nected to the complexity of the Cr(VI) reduction reaction [17], 
where disproportion reactions and different oxidation states of 
Cr occur to give the overall conversion of Cr(VI) to Cr(III).

(2)Cr2O7
2− + 14H+ + 6e− → 2Cr3+ + 7H2O

Fig. 4   a Low and b higher magnification SEM micrographs of the Ox.MWCNT-Aunano composite modified Au electrode, formed from 20 µL of 
10 mg mL−1 composite dispersion in DMF. Inset in a shows the mapping profiles for Au and C

Table 1   Percentage of C, O and Au obtained using EDX (n = 6) for 
the modified electrodes with Pt as the substrate

Material C (wt%) O (wt%) Au (wt%)

MWCNT 98.82 ± 0.14 1.18 ± 0.14 –
MWCNT-Aunano 98.02 ± 0.51 0.77 ± 0.51 1.21 ± 0.37
Ox.MWCNT-Aunano 88.08 ± 0.39 9.06 ± 0.37 2.86 ± 0.16
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It is also evident that higher errors are seen at a pH of 1.5 
and this may be related to the oxidation or degradation of 
the carbon nanotubes. Indeed, Gu et al. [32] have shown that 
Cr(VI) can oxidise carbon nanotubes in acidic solutions, at a 
pH of 1.0, but no measureable oxidation was evident at a pH 
of 2.0. This is consistent with the lower errors seen at a pH 
of 2.0, Fig. 5. Therefore, a pH of 2.0 was selected to mini-
mise the oxidation of the carbon nanotubes and to facilitate 
the reduction of Cr(VI).

Using the Pourbaix diagram for chromium [17], it is seen 
that HCrO4

− and Cr2O7
2− are the chromium species that 

exist between a pH of 0.75 and 6.45, with the HCrO4
− being 

the predominant ion for Cr(VI) concentrations below 
0.01 g L− 1. As these are anionic species, there may be some 
electrostatic repulsion between Cr(VI) and the carboxylate 
groups generated on the carbon nanotubes during reflux in 
HNO3. However, the concentration of these groups is only 
at 6%, which is sufficient to facilitate dispersion of the nano-
tubes in solution, but not high enough to have any significant 
electrostatic repulsion with the Cr(VI) anions.

The response of the sensors to Cr(VI) was initially studied 
using cyclic voltammetry. Typical voltammograms recorded 
for gold, gold modified with MWCNTs and gold modified 
with Ox.MWCNT-Aunano are shown in Fig. 6. These vol-
tammograms were recorded in 5.0 × 10− 4 M Cr(VI) at a 
scan rate of 10 mV s− 1. A well-defined reduction peak for 
Cr(VI) appears at 0.41 V versus SCE, with a peak current of 
1.03 × 10−5 A for the gold electrode. The Cr(VI) reduction 
peak appears at a higher potential of 0.57 V versus SCE at 
the MWCNT-modified electrode and a higher peak current 
of 1.63 × 10−5 A is achieved. Other redox peaks are visible 
at 0.40 V versus SCE and these resemble an adsorbed redox 
couple. Zheng et al. [33] have attributed these redox waves 
to oxygen-containing functional groups on the MWCNTs. 
On the other hand, there is no well-defined reduction peak 
for Cr(VI) at the Ox.MWCNT-Aunano-modified electrode. 
Again, the broad redox pair at about 0.20–0.30 V versus 

SCE, which is now more pronounced, is probably related 
to oxygen functionalities [33]. It appears that this broad 
wave combined with the high capacitance masks the Cr(VI) 
peak. While the capacitive current is relatively low at the 
higher potentials, it increases considerably as the potential 
approaches 0.50 V versus SCE. The shoulder peak at about 
0.52 V versus SCE was attributed to Cr(VI) reduction, giv-
ing approximate peak potentials of 0.41 V for gold, 0.57 V 
for MWCNT-modified gold, and 0.52 V versus SCE for Ox.
MWCNT-Aunano-modified gold. This shows that the peak 
potential for the Cr(VI) reduction reaction is shifted to 
significantly higher potentials on modification of the gold 
electrode. The peak potentials are shifted to values between 
0.52 V and 0.57 V versus SCE depending on the combina-
tion used, indicating that the Cr(VI) reduction, while taking 
place at both the carbon nanotubes and the gold particles, 
is particularly influenced by the carbon nanotubes. While 
the Cr(VI) reduction reaction can be followed using cyclic 
voltammetry at the MWCNT- and MWCNT-Aunano-modi-
fied electrodes, the capacitance of the functionalised carbon 
nanotubes, Ox.MWCNT-Aunano, is too high to enable the 
detection of Cr(VI) using voltammetry, and these voltam-
mograms were only useful in establishing an appropriate 
potential for the detection of Cr(VI) using amperometry.

By using constant potential amperometry coupled with 
a rotating disc electrode, that facilitates mass transport, 
the capacitive current and any current arising from the 
electrochemistry of the oxygen-containing groups on the 
carbon nanotubes can be minimised by allowing the cur-
rent to reach a steady state before the addition of Cr(VI) 
aliquots. Representative data recorded at a fixed potential 
of 0.40 V versus SCE for the Ox.MWCNT-Aunano modi-
fied gold electrode are shown in Fig. 7. Similar data were 
recorded for the MWCNT- and MWCNT-Aunano-modified 
electrodes, and unmodified gold (at 0.20 V vs. SCE) using 
a rotation speed of 1900 rpm. Once a steady-state current 
was obtained, successive aliquots of a Cr(VI) solution were 
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added to the continuously stirred solution in order to obtain 
the current–time response. This amperometric current–time 
response is shown in Fig. 7 (in the inset) with the accom-
panying calibration curve. The calibration curve shows 
very good linearity and reproducibility, with a sensitivity 
of 0.28 mA mM− 1. A limit of detection of 7.2 × 10− 7 M 
(37 µg L− 1) was calculated, using Eq. (3), which satisfies the 
limits set by WHO of 9.61 × 10− 7 M (50 µg L− 1). In Eq. (3), 
σ is the standard deviation of the baseline before the Cr(VI) 
was added. Furthermore, a current of 2.16 × 10− 4 mA, that 
is easily measured experimentally, was obtained for a Cr(VI) 
concentration of 8.0 × 10−7 M.

The LOD values of the different modified electrodes 
are summarised in Table 2. While it is apparent from these 
data that the LOD of all the modified electrodes is nearly 
sufficient to meet the WHO limit, the Ox.MWCNT-Aunano-
modified electrode provides the best detection and lowest 
LOD. This shows that the presence of gold, which is well 
dispersed along the walls of the carbon nanotubes, with a 

(3)LOD = 3(σ)∕Sensitivity

reasonably uniform size, facilitates the rate of electron trans-
fer. However, it is clear that the reduction of Cr(VI) occurs 
at the carbon nanotubes, as illustrated in Fig. 6a. It appears 
that the gold nanoparticles and carbon nanotubes provide a 
synergistic effect. This may be related to an increase in the 
surface area on decorating the carbon nanotubes with the 
gold nanoparticles, or to a more efficient electron-transfer 
reaction at the composite.

The stability of the MWCNT-Aunano sensor was studied 
and is summarised in Fig. 8, where the peak current obtained 
using cyclic voltammetry at a scan rate of 10 mV s− 1 and 
cycled between − 0.20 and 0.70 V versus SCE is shown as a 
function of the cycle number. As detailed earlier, these non-
functionalised carbon nanotubes have a lower capacitance 
and the Cr(VI) reduction wave can be followed. There is a 
significant decay in the peak current over the first 15 cycles; 

Fig. 7   Calibration curve for the 
reduction of Cr(VI) at the Ox.
MWCNT-Aunano composite-
modified Au electrode, (n = 3 
and R2 = 0.99) and amperomet-
ric response at 0.40 V versus 
SCE with a rotation speed of 
1900 rpm (inset)
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Table 2   LOD values for the Cr(VI) sensors using cyclic voltammetry 
and constant potential amperometry coupled with rotating disc vol-
tammetry (CPA/RDE)

Sensor LOD/M

Cyclic voltammetry CPA/RDE

Au 7.40 × 10−5 2.0 × 10−5

Au/MWCNT 1.45 × 10−4 1.9 × 10− 6

Au/MWCNT-Aunano 1.55 × 10− 4 1.1 × 10− 6

Au/Ox.MWCNT-Aunano – 7.2 × 10−7 20
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Fig. 8   Current with the % of the initial current recorded in cycle 1, 
plotted as a function of the cycle number recorded using cyclic vol-
tammograms at 10 mV s− 1 in a solution containing 0.6 mM Cr(VI) in 
H2SO4, pH 2.0 for MWCNT-Aunano (n = 3)
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however, steady-state conditions are achieved after about 
20–25 cycles and then the current remains essentially con-
stant. Although the peak current at this point has dropped 
by approximately 50%, the peak currents are reproducible 
and remain constant with continued cycling. There is no evi-
dence for the degradation of the carbon nanotubes at these 
higher cycles where steady-state conditions are maintained.

The selectivity of the sensors to Cr(VI) reduction in the 
presence of potential interferences was studied using cyclic 
voltammetry for the MWNCT- and MWCNT-Aunano-modi-
fied electrodes, while constant potential amperometry cou-
pled with rotating disc voltammetry was employed for the 
Ox.MWCNT-Aunano-modified electrode. The concentrations 
of the interferences were selected based on the limits set for 
these species in water samples [34], which are 2.0 mg L− 1 
(3.2 × 10− 5 M) for Cu(II), 50 mg L− 1 (8.0 × 10− 4 M) for 
nitrate and 250 mg L− 1 (7.0 × 10− 3 M) for chloride. There 
was no change in the peak potential on cycling the MWNCT 
or the MWCNT-Aunano-modified electrodes in the presence 
of the interferences, indicating no significant interference. 
The influence of the interferences on the steady-state peak 
current at different concentrations is summarised in Fig. 9, 
where it is clear that both chloride and Cu(II) have no signif-
icant effect on the Cr(VI) reduction peak current. However, 
some interference is seen with the higher nitrate concen-
trations. Similar results were obtained with the MWCNT-
Aunano-modified electrode. The influence of interferences on 

the steady-state current for the Ox.MWCNT-Aunano-modified 
electrode is also shown in Fig. 9. Again, it can be seen from 
this plot that the interference from these additions is negli-
gible. As the applied potential is relatively high at 0.40 V 
versus SCE, the Cu(II) cations cannot be electrochemically 
reduced. There is no appreciable interference from the chlo-
ride anions and only a slight increase in the current with the 
nitrate anions even though chloride anions and particularly 
nitrate anions are well known to adsorb. Following the addi-
tion of these interferences, Cr(VI) was added and as shown 
in Fig. 9, the current increased in response to the injection 
of Cr(VI).

The selectivity of the sensor was studied further by using 
a real water sample. The analytical data provided with 
the water sample were as follows: 8.4 mg L− 1 chloride; 
0.03 mg L− 1 orthophosphate; < 0.002 mg L− 1 nitrite; < 
0.3 mg L− 1 nitrate; 0.03 mg L− 1 ammonia; 0.05 mg L− 1 
total phosphorous and < 1 mg L− 1 solids. The samples were 
filtered to remove solid particulates and then acidified to a 
pH of 2.0 using concentrated H2SO4. The solutions were 
then spiked with different concentrations of Cr(VI) and a 
calibration curve was obtained and compared to the data 
recorded using the acidified deionised water. These plots are 
presented in Fig. 10 where the MWCNT-Aunano-modified 
electrode was used as the sensor and cyclic voltammetry 
was employed as the technique. The slope of the linear 
plot obtained in H2SO4 dissolved in deionised water was 

Fig. 9   Peak current expressed 
as a percentage of the current 
in the absence of any interfer-
ences shown as a function of the 
interference concentration for a 
Cl−, b Cu2+ and c NO3

− at the 
MWCNT-modified electrode 
(n = 3) and d steady-state cur-
rent measured in a 0.077 mM 
Cr(VI) solution in response to 
the addition of 32 µM Cu2+, 
7.0 mM Cl− and 0.8 mM NO3

− 
for the Ox.MWCNT-Aunano 
composite
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32 μA mM− 1, while the slope of the corresponding plot 
generated in the real water sample was slightly higher at 
33 μA mM− 1. The errors were somewhat higher in the real 
water samples and this may be connected to solids that were 
not completely removed using the simple filtration step. 
Although the real water sample contains several species, 
including phosphates, nitrates, nitrites, ammonia and chlo-
rides, the sensor is capable of detecting the Cr(VI) with little 
interference.

It is clear from Figs.  9 and 10 that the MWCNT-, 
MWCNT-Aunano- and Ox.MWCNT-Aunano-modified elec-
trodes provide good selectivity. This seems to be partially 
connected to the relatively high Cr(V) reduction potentials, 
in the vicinity of 0.50–0.57 V versus SCE, which indicate a 
low overpotential for the Cr(VI) reduction reaction. At these 
potentials, the reduction of Cu(II), nitrites and nitrates is not 
feasible and the potentials are too high for the adsorption of 
nitrates or nitrites. In addition, the acidic H2SO4 has a clean-
ing effect, chemically dissolving any metal contaminants at 
the surface. Indeed, gold electrodes are frequently cycled in 
H2SO4 to give a clean surface [35]. Finally, the size and den-
sity of the gold nanoparticles may play a role. Tsai and Chen 
[36] have shown that larger gold nanoparticles deposited on 
indium tin oxide (ITO) electrodes gave a negative shift of the 
peak potential, lower peak currents and poor stability when 
used as a sensor. This was attributed to particle agglomera-
tion. As shown in Fig. 2, the gold nanoparticles have diam-
eters of approximately 7.5 nm and they are reasonably well 
dispersed which will prevent particle agglomeration and the 
formation of larger particles.

The Ox.MWCNT-Aunano-modified electrode, with a LOD 
of 7.2 × 10− 7 M, a linear range extending from approxi-
mately 8.0 × 10− 7–2.3 × 10−4 M and good selectivity in the 
presence of a number of interference species, compares well 
with the Cr(VI) sensors previously reported. For example, 

Welch et al. [17] obtained good selectivity for a polycrystal-
line gold electrode in the presence of Cu2+, Ni2+, Fe3+ and 
Cr3+ with a detection limit of 4.3 × 10− 6 M. This selectiv-
ity is maintained with the Ox.MWCNT-Aunano composite 
but a lower LOD value is achieved. While more impressive 
LOD values in the range of 1.0 × 10− 8–1.0 × 10− 11 M have 
been reached for carbon- or gold-modified electrodes, as 
reported in the review by Jin and Yan [37], these sensors 
have a lower linear concentration range. The Ox.MWCNT-
Aunano-modified electrode gives a sufficient LOD value and 
an extended linear region. However, this Cr(VI) sensor, like 
other electrochemical sensors, is more efficient in an acidic 
environment. Therefore, in terms of real applicability, the 
analytes must be acidified before analysis and this adds an 
additional step in the preparation of the samples.

4 � Conclusion

A composite material was formed by combining gold nano-
particles with MWCNTs using a relatively simple synthetic 
procedure. The gold nanoparticles were deposited onto the 
sidewalls of the nanotubes with the use of sodium borohy-
dride, a strong reducing agent. No heat was required and the 
reaction was complete in 5 min. A narrow size distribution 
was apparent for the nanoparticles formed which mainly 
existed at 7.5 nm in diameter. The gold composition was 
estimated at 2.0–2.6 wt%. of the total composite. The com-
posite was cast onto a gold electrode to form a uniform, 
adherent and homogeneous film. Using a combination of 
cyclic voltammetry and constant potential amperometry cou-
pled with rotating disc voltammetry, the performance of the 
carbon nanotubes without any gold nanoparticles, gold-dec-
orated carbon nanotubes, and gold-decorated functionalised 
carbon nanotubes in the detection of Cr(VI) was studied. The 
functionalised carbon nanotubes with well dispersed gold 
nanoparticles showed very good Cr(VI) detection, giving 
good selectivity and a limit of detection of 7.2 × 10−7 M, 
reaching the mandatory level of 50 µg L− 1 set by the World 
Health Organisation.
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