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We  report  the  advantageous  use  of  nano-carbon  black  as  a much  cheaper  alternative  to multiwalled
carbon  nanotubes  as  an  electrode  modifier  for  use  in  adsorptive  stripping  voltammetry.  Namely,  the
adsorptive  stripping  voltammetry  (AdsSV)  of  nicotine  is  compared  and  contrasted  at  an  unmodified
glassy  carbon  (GC)  electrode  and  GC  electrodes  modified  with  either  bamboo  multiwalled  carbon  nano-
tubes (MWCNT)  or carbon  black.  The  approximately  spherical,  primary  carbon  black  particles  used
possessed  an  average  radius  of  7 nm,  and  are  a  form  of  ‘nano-carbon’.  Their  immobilisation  on a  GC
resulted  in  a nanostructured  surface  with  a  large  active  surface  area.  Cyclic  Voltammetry  (CV),  Square
lectrochemistry
lectroanalysis
arbon black
arbon nanotubes
dsorptive stripping voltammetry
icotine

Wave  Voltammetry  (SWV)  and  Differential  Pulse  Voltammetry  (DPV)  were  performed  using  the  var-
ious  systems.  SWV  resulted  in  a Limit  of  Detection  (LOD)  of  12.4  ±  0.2 �M  at bare  GC.  CV gave the
lowest  LOD  results  for  MWCNT  and  nano-carbon  modified  electrodes,  with  LOD  values  of  5.0  ±  0.3  and
2.0 ± 0.3 �M. Nano-carbon  is highlighted  to be  a cheap,  highly  effective  electrode  modifier  which  facili-
tates  the  electroanalytical  quantification  of  physiologically  relevant  concentrations  of  nicotine  by  AdsSV.
. Introduction

The technique of adsorptive stripping voltammetry (AdsSV) is
idely used for the analytical detection and quantification of a wide

ange of analytes [1].  The procedure involves two steps. First the
nalyte is accumulated by (generally irreversible) adsorption on
he surface of an electrode. Once a significant pre-concentration
as been achieved the electrode is subjected to a potential sweep
hich results in a characteristic Faradaic process, associated with

he oxidation or reduction of the adsorbed analyte. Measurement
f the charge (or current) related to this ‘stripping peak’ leads to the
uantification of the material in the original sample, usually after
alibration by standard addition.

Recently the AdsSV technique has been re-emergent amongst
lectroanalytical techniques through the use of carbon nanotube
CNT) modified electrodes where a thin porous layer of nanotubes
s deposited which is in electrical contact with a suitable elec-
rode. Adsorption can take place on the CNTs, resulting in a much
nhanced stripping signal due to the very large surface area of the

NTs in comparison with the planar substrate electrode. Table 1
ighlights the diversity and extent of the AdsSV systems studied
o date in this manner [2–40]. It can be seen that in many cases
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the targets are relatively planar molecules, which likely facilitate
strong adsorption onto carbon and other electrode surfaces. The
use of the method has been enhanced by the commercial availabil-
ity of screen printed CNT electrodes by reputable suppliers such as
Dropsens [41].

Given the power and sensitivity of the AdsSV method allied
to CNTs, it is of interest to search for alternative nanomaterials
of similarly large surface area but of significantly lower cost than
CNTs. One such material which has been used for the adsorption
of analytes for many years is ‘carbon black’, which essentially con-
sists of approximately spherical carbon primary particles, which
typically forms aggregates of 10 or more spheres [42]. Synthesis
techniques can be varied to form different sized materials, with
primary particles available with nanodimensions (∼14 nm diam-
eter particles were used in this work). The material is extremely
cheap (the authors were given a 5 kg sample free of charge by the
suppliers!), and the batch of CB employed has recently been charac-
terised [43]. While CB has been employed as an adsorbant material,
or in electroanalysis has frequently been combined with a binder
to form carbon paste electrodes (CPEs), CB has rarely, if at all, been
used for the direct modification of electrode surfaces in a man-
ner similar to which CNT are widely employed. Accordingly, in this

paper we explore the use of CB modified electrodes for AdsSV and
compare their performance with multi-walled CNT electrodes. For
this, we  consider the detection of nicotine for which CNT modi-
fied electrodes have recently been optimised [44], with the aim of

dx.doi.org/10.1016/j.snb.2011.12.104
http://www.sciencedirect.com/science/journal/09254005
http://www.elsevier.com/locate/snb
mailto:richard.compton@chem.ox.ac.uk
dx.doi.org/10.1016/j.snb.2011.12.104


362 T.W.B. Lo et al. / Sensors and Actuators B 162 (2012) 361– 368

Table 1
A range of organic and biological substances analysed using adsorptive stripping
voltammetry (AdsSV) at carbon nanotube (CNT) modified electrodes.

1-Methyl-4-nitro-2-
brominemethylimidazole
[2]

Venlafaxine (VF) and
desvenlafaxine (DVF) [6]

2-Diethylaminoethanethiol [24] Hesperidin [22]
4-Aminophenol [16] Tea polyphenols [23]
4-Hexylresorcinol [28] Tannic acid [25]
Acetaminophen, aspirin and

caffeine [10]
Hydrochlorothiazide [26]

Caffeine [5] Silybin [7]
Isoproturon [4] Cyromazine [3]
Viagra [8] Capsaicin [29]
Quercetin [9] Paracetamol [30]
Uric acid [27] Calcium dobesilate [31]
RDX explosive [11] Nitroaromatic compounds

[15,32]
Carbendazim [12] Quercetin [33,34]
Paeonol [13] Amitrole [35]
Thebaine [36] Reserpine [14]
Dopamine [37] l-DOPA [19]
Dopamine [38] Amoxicillin [21]
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Fig. 1. Cyclic Voltammetry recorded (a) in the presence and absence of 1.5 mM
nicotine at a GC electrode (3 mm diameter) in 0.1 M potassium phosphate buffer (pH

solvent to volatilise. This allowed a dispersed distribution of carbon
Curcumin [39] Urease [18]
Formaldehyde [40] Cholera toxin [17,20]

dvocating nano-carbon as a superior and cheaper alternative to
NTs for electrode modification for AdsSV.

Tobacco use, e.g. cigarette smoking, is widely used for recreation.
t is alleged to be one of the most important causes of critical health
roblems and is suggested to be a major cause of mortality. More
han 20 different alkaloids are found in tobacco. The most abun-
ant alkaloid is nicotine [45] and it accounts for the maintenance
f smoking with its addictive properties [46]. Nicotine is pharmaco-
ogically active [46], and depression can be caused by the cessation
f smoking by regular smokers [47,48].  Nicotine is absorbed in var-
ous ways by the human body, including by inhalation in the lungs,
hrough the skin and through the mucous membranes in the mouth
r nose.

Nicotine can be found in various body fluids (e.g. plasma,
rine, saliva) and, along with its metabolite cotinine, is the
rimary indicators to determine smoking status. For non-
mokers vs. heavy smokers, nicotine concentrations have been
uoted as 25.8 ± 14.4 ng/ml vs. 93.2 ± 46.6 ng/ml in plasma
49], 394 ± 376 ng/ml vs. 1980 ± 2210 ng/ml in urine [49] and
52 ± 1564 ng/ml vs. 907 ± 1365 ng/ml in saliva [50].

Chromatographic (HPLC–MS, GC–MS) [45,51],  and immunolog-
cal (radioimmunoassay, enzyme immunoassay) [45,52] methods
re typically used to determine the amount of nicotine in body
uids. Some studies have also investigated electrochemical meth-
ds [44,53–56].  Chromatographic (limit of detection = 0.1 ng/ml
or both nicotine and cotinine [51]) and immunological meth-
ds (limit of detection = 0.09 ng/ml [52] for nicotine) are both
ensitive techniques, but are also expensive, time-consuming lab-
ased techniques requiring skilled operators. The latter also suffers
rom cross-reactivity between nicotine and cotinine [45]. Elec-
rochemical methods can boast low instrumental costs, relatively
imple operation, miniaturisation and rapid response (c.f. off-
he-shelf glucose sensors), although previous approaches have
eported relatively high limits of detection (e.g. 500 ng/ml at a
are Boron-Doped Diamond (BDD) electrode [53], 328 ng/ml at

 graphite electrode in micellar media [57], 244 ng/ml [44] to
500 ng/ml [55] at MWCNT-modified electrodes, and 230 ng/ml at
n alumina-coated silica–MWCNT composite modified electrode
54]).
In this study we have compared and contrasted AdsSV electro-
nalytical detection at GC electrodes modified with either MWCNT
r CB (‘nano-carbon’), where nicotine has been chosen as a typical
nalyte.
7.4), 200 mV/s and (b) 50 �M nicotine in 0.1 M potassium phosphate buffer (pH 7.4),
300  mV/s, scanning immediately after GC electrode immersion or after immersing
and waiting 7 min  before scanning.

2. Materials and methods

All chemicals were obtained commercially at the highest grade
available and used directly without any further purification. These
were: K2HPO4 (≥99.0%, Sigma–Aldrich, Germany), KH2PO4 (≥
99.0%, Sigma–Aldrich, Germany), l-nicotine (99%, Sigma–Aldrich,
Germany) and multiwalled carbon nanotubes (MWCNTs, Nanolabs
Inc.). The commercial Monarch® carbon black samples (M 1100,
diameter 14 ± 10 nm)  used in this study were kindly donated by
Cabot Corporation (Billerica, MA,  USA). All solutions were prepared
with either chloroform (Sigma–Aldrich, Germany) or deionised
water of resistivity not less than 18.2 M� cm−1 at 298 K (Millipore
UHQ, Vivendi, UK).

All voltammetric measurements were recorded using a �-
Autolab III computer-controlled potentiostat (EcoChemie, Utrecht,
Netherlands) with a standard three-electrode configuration. A
glassy carbon electrode (GC, Bas Technical, USA, area 0.0707 cm2),
a gold wire (99.99% GoodFellow, Cambridge, UK) and a saturated
calomel electrode (SCE, Radiometer, Copenhagen, Denmark) were
employed as the working, counter and reference electrodes, respec-
tively.

The CNT or carbon nanoparticles were cast onto a glassy carbon
electrode surface (3 mm diameter). This was prepared by pipetting
a total of 5 �l suspension (sequential additions of 1.6 �l, 1.7 �l and
1.7 �l, after the previous addition was dry) of a sonicated suspen-
sion containing 25 mg  of carbon nanoparticles or 2.2 mg  CNT in
2.5 ml  of chloroform onto the electrode surface and allowing the
on the GC electrode surface. These concentrations were based upon
the maximum amount of carbon that could be introduced to the
chloroform while still ensuring homogeneous suspensions could



T.W.B. Lo et al. / Sensors and Actuators B 162 (2012) 361– 368 363

F
o
t

b
r

u
m
p
b

3

3
n

e
i
d
p
T
e
i
s
r
s
e
o

t
a
m
l
w
r

Fig. 3. (a) Cyclic Voltammetry recorded in the presence of 50 �M nicotine in 0.1 M
potassium phosphate buffer (pH 7.4), at a MWCNT-modified GC electrode (0.72 �g
MWCNT) displaying the effect of waiting time before scanning, (b) voltammetry
in the presence and absence of various concentrations of nicotine (0, 10, 20, 30, 40,
ig. 2. (a) Optimised Square Wave Voltammetry with increasing concentrations
f  nicotine at a GC electrode (at frequency = 200 Hz, sensitivity = 5 mV,  ampli-
ude = 80 mV)  and (b) the resulting plot of current vs. nicotine concentration.

e afforded by sonication, to minimise the number of additions
equired to the electrode surface.

Scanning Electron Microscopy (SEM) images were recorded
sing a Jeol 6480 LV instrument at Begbroke Science Park, Depart-
ent of Materials, University of Oxford, UK. The samples were pre-

ared by forming a suspension of the carbon material in chloroform
y sonication, followed by dropcasting upon an aluminium stub.

. Results and discussion

.1. Cyclic Voltammetry and Square Wave Voltammetry of
icotine at a GC electrode

Fig. 1(a) displays cyclic voltammograms (CVs) recorded for a GC
lectrode immersed in 0.1 M potassium phosphate buffer (pH 7.4)
n the presence (—) and absence (- - -) of 1.5 mM nicotine. The oxi-
ation of nicotine was clearly observed as an irreversible oxidative
rocess at ca. +1.0 V vs. SCE, with a small reverse peak at −1.1 V.
he oxidation of nicotine has previously been attributed to the two
lectron oxidation of the methylated tertiary amine [44,55], result-
ng in the loss of methanol and the formation of the hydroxylamine
pecies [44]. At this relatively high concentration of nicotine the
esponse is diffusion controlled, which was confirmed by a scan rate
tudy between 5 mV/s and 800 mV/s, and which yielded a good lin-
ar response (R2 > 0.99) between peak current and the square root
f the scan rate.

Fig. 1(b) displays CVs recorded for the same electrode in a solu-
ion containing 50 �M nicotine. The initial CV appears featureless,
lthough after immersing the electrode in the solution for seven

inutes an increase in current was observed, implying accumu-

ation of some nicotine at the GC surface. The oxidation process
as broad and ill-featured, which can partially be attributed to the

elatively large double layer capacitance, as well as possibly slow
50 �M nicotine), and (c) plot of peak current vs. nicotine concentration. All recorded
at  200 mV/s.

electrode kinetics at the adsorption site or a range of adsorption
sites leading to an overlapping range of Faradaic processes.

Square Wave Voltammetry (SVW) is a common technique to
improve signal-to-noise ratio, by subtracting the majority of the
short-time responses (e.g. double layer capacitance) and leaving
the majority of the ‘slower’ processes, such as Faradaic features
[58]. Fig. 2(a) displays SWV  for the standard addition of nico-
tine to a 0.1 M potassium phosphate buffer (pH 7.4), recorded
after immersing the electrode for seven minutes before scanning,
and which resulted in a more clearly resolved nicotine oxidation
feature at ca. +0.95 V vs. SCE. The SWV  parameters used (fre-
quency = 200 Hz, sensitivity = 5 mV,  amplitude = 80 mV) were first
optimised by investigating a 50 �M solution of nicotine, in order to
determine which parameters gave the best signal-to-noise ratio.
Fig. 2(b) plots the resulting peak height vs. concentration calibra-
tion plot for the data displayed in Fig. 2(a), whereby the peak height
was determined with respect to a 5th order polynomial baseline.
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ig. 4. (a) Differential Pulse Voltammetry recorded for various concentrations of ni
0.72  �g MWCNT), recorded after waiting 7 min  before scanning, as well as the 7th or

he limit of detection was determined to be 12.4 ± 0.2 �M,  based
pon 3�.

.2. Cyclic Voltammetry, Square Wave Voltammetry and
ifferential Pulse Voltammetry of nicotine at a multi-walled
arbon nanotube modified GC electrode

Fig. 3 displays CVs recorded for the oxidation of nicotine in
.1 M potassium phosphate buffer (pH 7.4) at a multi-walled car-
on nanotube (MWCNT) modified GC electrode, as (a) a function
f electrode immersion time before scanning in the presence of
0 �M nicotine and (b) a function of nicotine concentration after
he modified electrode was immersed in the solution for 540 s
efore scanning. It is immediately apparent that at the MWCNT
odified electrode a significantly more well resolved nicotine

xidation feature can be observed for concentrations of 50 �M
r below when compared with the bare GC electrode, and that
his signal increases with immersion time. The additional sur-
ace area resulting from the modification with MWCNTs results
n both apparently enhanced Faradaic responses as well as more
dsorbed nicotine. The apparent Faradaic enhancement can arise
rom a change in the mass transport regime from semi-infinite dif-
usion to a ‘thin layer’-like response due to material trapped within
he porous CNT layer [44,59,60].  The oxidation of nicotine at the

WCNT (ca. +0.77 V vs. SCE) was also observed at less positive
otentials than at the bare GC electrode (ca. +0.9–1.0 V vs. SCE),
ttributed to the nanostructuring of the electrode surface resulting
n a partial thin layer response and leading to apparent ‘electro-
atalytic’ oxidation of nicotine at the carbon surface of high area
44].

Fig. 4 displays the plot of peak height vs. concentration for
he data displayed in Fig. 3(b), where the peak height was  deter-
ined by linear baseline extrapolation, and which gave a linear plot
etween 10 �M and 50 �M and resulted in an LOD of 5.0 ± 0.3 �M
from 3�) consistent with a Faradaic response from both ‘thin layer’
ehaviour and adsorbed material. Concentrations below 10 �M
 in 0.1 M potassium phosphate buffer (pH 7.4), at a MWCNT-modified GC electrode
trapolated baseline and (b) resulting plot of peak current vs. nicotine concentration.

nicotine were also investigated, although below this concentration
the associated peak currents were not observed to give a satisfac-
tory linear plot due to scatter, and an LOD lower than 5.0 ± 0.3 �M
could not be achieved in this system. However, the ability to inves-
tigate concentrations in the region of 10 �M nicotine by Cyclic
Voltammetry at MWCNT-GC is a significant improvement over the
performance afforded by GC alone, in agreement with the trend
observed in many prior AdsSV studies on organic analytes.

Differential Pulse Voltammetry (DPV) is another technique that
is widely employed due to its minimisation of background effects
and can therefore typically result in higher sensitivity [58]. In order
to try to improve the LOD value further, SWV  and DPV was opti-
mised on the MWCNT-GC system for 50 �M nicotine, and then the
relationship between peak current and concentration investigated.

Fig. 5(a) displays examples of data recorded for difference con-
centrations of nicotine recorded by DPV, while Fig. 5(b) displays
a representative plot of peak current vs. concentration for DPV,
where the baseline was  generated by a 7th order polynomial
curve. Although clear features which corresponded to the oxida-
tion of nicotine could be observed by SWV  and DPV, and increased
with increasing nicotine concentration, calibration plots typically
possessed poor correlation coefficients and gave LOD values sig-
nificantly higher than those related to CV measurements. This is
attributed to changes in the background current, both as a feature
of nicotine concentration and electrode variation, and to which the
SWV  and DPV techniques were extremely sensitive.

3.3. Cyclic Voltammetry of nicotine at a nano-carbon (carbon
black) modified GC electrode

Fig. 5 displays CVs for the oxidation of nicotine recorded in
0.1 M potassium phosphate buffer (pH 7.4) at a carbon black (‘nano-

carbon’) modified GC electrode, as (a) a function of electrode
immersion time before scanning for 50 �M nicotine and (b) a func-
tion of nicotine concentration after the modified electrode was
immersed in the solution for 300 s before scanning.
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Fig. 5. (a) Cyclic Voltammetry recorded in the presence of 50 �M nicotine in 0.1 M
potassium phosphate buffer (pH 7.4), at a nano-carbon-modified GC electrode
(10  �g MWCNT) displaying the effect of waiting time before scanning, (b) voltam-
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etry in the presence and absence of various concentrations of nicotine (0–30 �M
icotine), and (c) plot of peak current vs. nicotine concentration. All recorded at
00  mV/s.

The oxidation of �M-scale concentrations of nicotine was
learly observed at the nano-carbon modified electrode, and cur-
ent increased as a function of immersion time before reaching a
lateau after ca. 180 s. These features are similar to those previously
bserved at MWCNT modified electrode, although it is notable
hat the nano-carbon electrode became saturated with adsorbed
icotine significantly more rapidly. The oxidation of nicotine was
bserved at a similar potential to that observed at MWCNT (ca.
0.77 V vs. SCE) and more positive than bare GC; again, this can
e attributed to both enhanced adsorption and the nanostructur-

ng of the electrode surface leading to a change of mass transport
rom semi-infinite diffusion to ‘thin-layer’ behaviour [44].
Two linear responses were observed between peak current
nd nicotine concentration, the first between 10 and 50 �M nico-
ine, and the second between 2 and 10 �M,  the latter giving an
OD of 2.0 ± 0.3 �M.  This response is similar to that observed
tors B 162 (2012) 361– 368 365

at the MWCNT-modified electrode, namely changed behaviour
below 10 �M,  although the nano-carbon modified electrode gave
a significantly more stable response below 10 �M nicotine. The
LOD value is therefore lower than that obtained at the MWCNT
modified electrode surface, and this value is also within the phys-
iological ranges required, e.g. this value corresponds to 328 ng/ml,
while nicotine concentration values in saliva have been quoted
as 152 ± 1564 ng/ml and 907 ± 1365 ng/ml for non-smokers and
heavy smokers, respectively [50]. The values obtained in this study
are within error of those obtained in prior electrochemical inves-
tigations into the quantification of nicotine using either carbon
nanotubes or carbon nanotube-based composites [54,55,56,61],
Boron-Doped Diamond [53] or graphite in micellar media [57].
However, in this case superior response to MWCNT has been
obtained by employing nano-carbon black in a novel manner, which
is furthermore an extremely common and extremely cheap mate-
rial, facilitating the development of affordable, effective, disposable
electrochemical nicotine sensors.

SWV  and DPV could be performed at the nano-carbon modi-
fied electrode, and resulted in clearly defined nicotine oxidation
features and grew as the nicotine concentration increased. How-
ever, in a similar manner to that observed for MWCNT modified
electrodes the correlation coefficients were poor, and the resulting
LOD values for such techniques were higher than those obtained
by CV.

3.4. Comparison of the quantities of the two  electrode modifiers:
MWCNTs vs. carbon black

It is noted that slightly different quantities of nano-carbon
(10 �g per experiment) and MWCNT (0.72 �g per experiment)
were used in the comparison studies above, as the quantities
employed were taken from other studies where these quantities
of nano-carbon [43,62] and MWCNT [44,63] have previously been
reported to provide optimal coverage on a 3 mm diameter planar
GC electrode surface.

In order to provide a direct comparison of the two  different elec-
trode modifiers and evaluate the influence of the quantity of the
modifier, a 0.1 M potassium phosphate solution containing 50 �M
nicotine was  investigated by depositing 10 �g, 20 �g or 40 �g of
the relevant electrode modifier on the electrode surface.

Fig. 6 displays CVs recorded for (a) MWCNT-modified electrodes
and (b) nano-carbon modified electrodes. It can be observed that
as the quantity of material increases the double layer capacitance
increases, as anticipated for nanostructured electrodes with a large
active surface area. Clear nicotine oxidation peaks are also observed
for all three quantities of nano-carbon, which is clearly resolved
for 10 and 20 �g nano-carbon, but begins to broaden and signifi-
cantly overlap with the double layer charging or oxidation of the
substrate at +0.85 V vs. SCE for 40 �g nano-carbon. Significantly
larger double layer capacitance (per gram) was  observed for the
MWCNT modified electrode. Nicotine oxidation features could be
observed for 10 �g MWCNT, although the peaks size relative to the
background current was  lower than that observed for nano-carbon
(i.e. displays lower sensitivity), while at 20 and 40 �g MWCNT
the Faradaic responses were largely obscured by the non-Faradaic
charging at the significant quantity of MWCNT now present on the
GC surface. This has been displayed graphically in Fig. 7, by plot-
ting the peak current for nicotine oxidation (linear front baseline
subtraction employed) vs. the quantity of carbon material present.
The maximum response for MWCNT (for 50 �M nicotine) was  at
low coverage, while response continued to increase with increas-

ing coverage for nano-carbon black. However, the increasingly
poorly resolved nicotine oxidation peaks at high coverage (for both
MWCNT and nano-carbon) limits the amount of further material
that could be added and still obtain clear responses, particularly in
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Fig. 6. Cyclic Voltammetry recorded in the presence of 50 �M nicotine in 0.1 M
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otassium phosphate buffer (pH 7.4), at a GC electrode modified with various
mounts of (a) MWCNT and (b) nano-carbon. All recorded at 200 mV/s.

eference to low concentrations of nicotine. The decreased resolu-
ion of the peak from the background could be related to either
n increasingly heterogeneous deposit resulting in more poorly
esolved Faradaic features, or due to an inability of the system
o buffer itself against a drop in pH as the thickness of the nano-
tructured carbon deposit increased.

Direct comparisons of the quantitatively exact surface areas
mployed in this work is problematic. Carbon nanotubes have a
igh surface area by mass, although their tendency to clump can
ignificantly reduce the available surface area, especially to large
olecules. Alternatively, carbon black is generally produced to

orm a highly dispersible powder that can be easily applied as thin,
ven coats [64]. It is also known to be extremely porous [42], with

 wide range of pore sizes such that the accessible area is propor-
ional to the size of the probe species. Adsorption of many species

t carbon black has to speculated to occur at carbonyl sites on the
urface [62], and the quantity and nature of oxygen functionality
as been demonstrated to be highly influential, e.g. the presence or

ig. 7. Plot of peak current for nicotine oxidation vs. the weight of carbon mate-
ial dropcast onto the GC electrode surface, for 50 �M nicotine in 0.1 M potassium
hosphate buffer (pH 7.4) at 200 mV/s.
Fig. 8. Scanning Electron Microscopy images recorded for dropcast layers of (a)
nano-carbon and (b) MWCNT.

absence of physisorbed atmospheric O2 can influence the adsorp-
tion of nitroaniline at nano-carbon [62].

The commercially supplied MWCNT were stated by the sup-
plier to possess an average diameter of ca. 30 nm and were ca.
12 �m in length, which was  confirmed in a prior investigation by
ourselves [65]. As an additional confirmation of the relative struc-
ture of the electrode after modification with either MWCNT or
nano-carbon black, substrates were modified by dropcasting sus-
pensions of the material, as used in the electrode modification
step, followed by analysis by Scanning Electron Microscopy (SEM).
Fig. 8 displays (a) nano-carbon black and (b) MWCNT. The nano-
carbon resulted in a relatively dense deposit with a nanostructured
surface, while the MWCNT resulted in an interwoven mesh of nano-
tubes, with thin layers of space between each nanotube to the
next.

Taking MWCNT of the dimensions listed above and treating
them as simple closed-end cylinders with a density of 1.54 g cm−3,
the surface area can be roughly estimated as ca. 90 m2 g−1. Taking
the simplified view that the nano-carbon is composed entirely of
spheres with diameter of 14 nm and a density of 2 g cm−3, the sur-
face area is calculated to be ca. 900 m2 g−1, an order of magnitude
higher, although the dense packing demonstrated by the SEM anal-
ysis above will likely result in a much significantly smaller value
once deposited as a film. Taking 10 �g as an example, 10 �g MWCNT
presents a theoretical maximum surface area of ca. 1.8 × 10−3 m2,

while 10 �g nanocarbon has ca. 18.0 × 10−3 m2; both values are
orders of magnitude larger than the surface area of the 3 mm diam-
eter planar GC electrode, calculated to be 2.8 × 10−5 m2.
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The relative voltammetric responses between the two forms of
arbon suggests that there is much greater adsorption on the carbon
lack and that this leads to the greater Faradaic AdsSV signals. At the
ame time the carbon surfaces are likely quite different since the
WCNTs show a much greater double layer capacitance as judged

y the non-Faradaic components to the voltammetry. This provides
 further advantage to using carbon black over CNTs for AdsSV anal-
ses. Such differences of surface could relate to a higher density of
vailable basal or edge-plane sites, oxygen-functionality or defects
t the nano-carbon. For nano-carbon this results in smaller non-
aradaic currents and larger Faradaic currents, per gram, leading to
he observed improvement in LOD for nicotine detection by AdsSV
ver MWCNT.

. Conclusions

The Cyclic Voltammetry (CV) and Square Wave Voltammetry
SWV) of nicotine at a bare glassy carbon (GC) electrode has been
nvestigated, and was found to give a limit of detection by SWV  of
2.4 ± 0.2 �M.  Modifying the electrode surface with either multi-
alled carbon nanotubes (MWCNT) or carbon black with primary
articles with a radius of ca. 7 nm (‘nano-carbon’) was  found to
anostructure the electrode surface, leading to oxidation of nico-
ine at lower potentials, yielding higher current responses, and
acilitating the adsorption and preconcentration of nicotine. Opti-

ised adsorptive stripping voltammetry (AdsSV) at the MWCNT
nd nano-carbon gave limits of detection of 5.0 ± 0.3 �M and
.0 ± 0.3 �M for nicotine.

The improved response of the cheap, abundant nano-carbon
ver the more specialised MWCNT was a result of significantly
ower background currents and larger Faradaic currents at the
ano-carbon, both in terms of gram per gram and at optimised

oadings. This study highlights the potential improvement involved
n the (largely unexplored) direct application of nano-carbon in
lectrode surface modification.
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