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Oxygen Plasma Exfoliated Vertically-Aligned Carbon Nanotubes
as Electrodes for Ultrasensitive Stripping Detection of Pb2+
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São Paulo 12227-010, Brazil
bLaboratory of Biomedical Nanotechnology/Institute of Research and Development at the University of Vale do
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In the present paper we report the production of vertically aligned carbon nanotubes exfoliated (at the tips) by oxygen plasma for
electrochemical applications. The fast and dry process produces graphene oxide tips and oxygen functionalization. The electrodes
are evaluated by cyclic voltametry by ferri/ferrocyanide redox couple and applied for electrochemical detection of lead (II) by
differential pulsed anodic stripping voltammetry. The electrode presents high sensitivity (35.47 uA.uM−1) and low detection limit
(48.3 pM). As far as we know, this is the lowest LoD in comparison with other works using CNT or graphene electrodes. The high
electrochemical response is attributable to high density of functionalized edges on carbon nanotubes tips.
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Manuscript submitted March 7, 2014; revised manuscript received March 11, 2014. Published March 20, 2014.

Restriction of Hazardous Substance directive (RoHS) limits the
maximum Lead concentration and other elements or substances1 to
European products. Lead is present in several products (e.g. batter-
ies, solder, organo-lead compounds, lubricants, etc). The cumulative
exposure to lead may affect the kidney, reproductive, immune, cardio-
vascular and developmental systems.2 Lead is risky for several kinds
of cancer.3 This public health impact and consequent law restriction
evoke a sensitive, reliable and quick detection. Atomic Absorption
Spectroscopy4 and Inductively Coupled Plasma Mass Spectrometry
(ICP/MS)5 are precise but lack readiness because of longer time for
sample digestion and analysis. Electroanalytical Methods present low
detection limit, short time analysis and small sample size,6 with reli-
able measurements performed in small scale for detection of important
analytes7 or in portable equipments.8

Since the success of polarographic methods with mercury
electrodes,9 several kinds of electrodes have been tested and evaluated
for heavy metals detection.10–21 Recently, several new materials and
methodologies as functionalized membranes present a promising per-
spective for several analytes.22–32 As an example, the potentiometric
determination of lead can be achieved in a wide range of concentra-
tions (10−4–10−8 M) and low limit of detection (4 nM).33,34

For carbonaceous electroactive materials, carbon fibers
microelectrodes,35 doped diamond,36 carbon paste,37,38 carbon
nanotubes,39 and, recently, graphene40 are good examples. There was
an enthusiastic wave of works about the carbon nanotubes electrodes
and prospects about its electrocatalytic effects.41–43 Some groups ad-
dressed local parts contribution in graphite, carbon nanotubes and
graphene.44 Compton’s group enlightens that edges of sp2 carbona-
ceous materials present an improved electrochemical activity com-
pared to graphite and CNT basal planes.45 They detected lower back-
ground currents and electrocatalytic activity compared to boron doped
diamond, CNT basal planes and glassy carbon. They also claimed the
advantage of edges over CNT chemical modification for electrochem-
ical detection.46,47 Several groups studied routes and electrochemical
outcomes of inserting oxygen functionalities to carbon nanotubes.48–50

Oxygen functionalization also presents positive effects on electrode
performance as quantified by heterogeneous electron transfer (HET)
rate.51 However, HET rate is lower for graphite52 and Graphene53 af-
ter oxygen functionalization. the readiness of some functionalities to
cathodic reduction in graphene samples54 may explain this response.
This may limit applications in cathodic region. Few works produced
as grown CNT with longitudinal exfoliated graphene structures.55,56

In the present paper, we report on producing and characterizing
oxygen plasma treated vertically aligned carbon nanotubes (VACNT)
electrodes. The oxygen plasma treatment exfoliated VACNT tips to
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provide, simultaneously, oxygen fuctionalized and graphene tips. Such
electrodes present good electrochemical response and high sensitivity
on lead detection.

Experimental

The growth of Vertically Aligned Carbon Nanotubes (VACNT) (on
sanded titanium substrates) was accomplished by microwave plasma
reactor (produced at our laboratory) with 2.45 GHz (MWCVD). Be-
fore growth, we deposited a thin catalyst layer (Fe, 12 nm) by an
electron beam evaporator on each substrate. A pretreatment reduces
the iron layer and creates nanoparticles for nanotubes growth.56 Pre-
treatment consists on N2/H2 (10/90 sccm) plasma for 5 min at a 1053 K
substrate temperature. After this step, CH4 (14 sccm) addition to gas
mixture promote VACNT growth during 2 min at 1095 K substrate
temperature. After growth, samples are removed from microwave re-
actor and placed into pulsed-DC plasma reactor. The standard oxygen
plasma treatment took 2 minutes in oxygen pulsed – DC plasma with
1 sccm oxygen flow rate at 1.1 × 10−1 Torr57 and a peak pulse of
700 V at 20 kHz and 45% duty-cycle. The functionalized film will
be named VACNT-GO. Scanning Electron Microscopy (SEM) with a
JEOL JSM-5310, and high resolution SEM with a FEI Inspect F50
allowed morphological characterization. Raman spectroscopy with a
Renishaw system 2000 excited by a 514.5 nm argon laser enabled
VACNT structural comparison before and after functionalization.

The electrochemical measurements of VACNT-GO films were car-
ried out in a three-electrode cell with Ag/AgCl (3 M-Autolab) as a
reference electrode and a pure platinum wire as a counter electrode.
Pontentiostat (Autolab 302 N) performed all measurements at room
temperature and atmosphere.

First, typical cyclic voltammetry technique allowed the potential
window measurement of VACNT-GO electrodes. The sweep poten-
tial procedure also enabled the electrochemical characterization of
VACNT-GO thin films with well know potassium ferrocyanide(II)
(Synth-F1008) in 0.5 M H2SO4(aq.) (Synth-A1060) solution.

The analytical procedure was DPAS (differential pulsed anodic
stripping) for Pb2+ detection in acetate buffer. The deposition potential
of −1.2 V applied for 300s under magnetic bar stirring (900 rpm)
forced initial Pb adsorption to working electrode. We recorded the
DPAS responses between −1.2 to −0.2 V with modulation amplitude
of 0.4 V, modulation time of 0.1 V and time interval of 2s. A +0.7
V desorption potential applied for 360s under stirring removed the
residual analyte.

The reagents were of analytical grade used as received without
any purification. We prepared all solutions from water treated with
mili-Q (milipore system) purifier. All flasks used in measurements
were maintained in a concentrated nitric acid (2 M) (Synth) to avoid
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Figure 1. (a) Scanning Electron Microscopy (SEM) images from VACNT as
grown electrode. (b) Exfoliated carbon nanotubes by oxygen plasma treatment
(VACNT-GO). The arrow indicates the exfoliation at the tip of CNT shown in
focalized region of high resolution image.

contamination. We freshly prepared 0.2 M buffer solutions with dif-
ferent contents of sodium acetateand acetic acid (both from Sigma-
Aldrich supplier). An independent pH meter (703 pH meter, Autolab)
checked solution’s pH during experiments. We prepared the Pb2+ solu-
tions daily by proper dilution of 1000 mg.L−1 stock standard solution
ICPMS calibrated (Specsol Quimlab-QLBICPPB1000-125).

Results and Discussion

Figure 1 presents the SEM images of as grown VACNT electrodes
over TiAl6V4 substrates. The samples are covered by uniform aligned
nanotubes with average 20 nm diameter and 35 um height. Oxygen
plasma treatment does not change main morphological characteristics
as alignment tube diameter and height. However, the closer observa-
tion at high magnification (Fig. 1b) shows partial exfoliation of CNT
tips. The exfoliated nanotube tips show graphene sheets around the
nanotubes. Owing to plasma oxidation these are most likely graphene
oxide (GO).

Figure 2 presents the first and second order Raman spectra of
electrodes before and after plasma treatment. The physical origin
of G, D, D′ and G′ bands have been well explained previously.58,59

The effects of the plasma treatment on our samples were already
thoughtfully analyzed elsewhere.60,61 Deconvolutions of first order
fitted D and G as Lorentzian bands and D′, the shoulder around
1250 cm−1 and a band around 1510 cm−1 as Gaussian functions.
The oxygen plasma treatment decreased the ID/IG ratio and increased
the bands at 1250 and 1510 cm−1. VACNT normally has a ID/IG ratio
larger than 1 because it probes the defective structure of the domed
tips. The decrease of ID/IG ratio suggests tip opening as characterized
in Fig. 1b. Some authors assign the 1250 cm−1 band58 to the isolated
or convoluted iTA, LA or LO modes near K point. Its increase on
oxidized samples may stand for exfoliation. The Gaussian function at
∼1520 cm−1 is credited to polar oxygen groups on CNT surface.57

In second order there is a pronounced G′ band increase after plasma
treatment. This suggests a higher nanoscale order that may evidence
exfoliation into graphene sheets.

Figure 2. Raman spectra of VACNT thin films before and after plasma
treatment.

Cyclic voltammetry (CV) (not shown) in 0.5 M H2SO4(aq.) elec-
trolyte reveal a 1.7 V potential window for the VACNT-GO electrode.
Figure 3 presents the voltammogram measured for 5 mM potassium
ferrocyanide(II) couple and 0.5 M H2SO4(aq) as supporting electrolyte.
The oxidation and reduction peaks at 0.53 and 0.39 V (Vs.Ag/AgCl
(3 M)), respectively, using 50 mV.s−1 is associated with quinine,
lactone and other groups oxireduction.62 The (CV) measurements at
variable scan rates give a linear relation (R2 = 0.988) between peak
current (Ip) and square root of scan rate (v0.5), as shown in the inset of
Fig. 3.

Prior any measurements for Pb(II) detection at VACNT-GO elec-
trodes, 50 cycles from –1.0 to 0.2 V cleaned and activated the electrode
surface (not shown). This procedure also tested the effects of reduc-
tive readiness of surface functionalities in GO tips of VACNT-GO, as
appointed earlier.54 Figure 4 presents the DPAS of Pb(II) at concen-
trations from 0.1 mM to 0.4 mM in acetate buffer (pH 3.4), which
shows the background behavior. For calibration curve we used stan-
dard addition method for peak current quantification with background
correction of analytical responses.63,64 Figure 5 presents the stripping
measurements with spline curve fitting for background correction, in
the range from 1 nM to 1.7 μM. Figures 5a shows the analytical curves
got from DPAS measurement of Pb(II) in 0.2 M acetate buffer (pH
4.2). Figure 5b presents linear response of the peak current vs. lead
concentration. It can be seen the linear peak current dependence with
metal ions addition. The sensitivity and limit of detection (LOD) were
35.47 μA.μM−1 and 48.3 pM (3σ method), respectively The Lod was
calculated in accordance with acknowledge procedure (on 10 times
the standard deviation of 10 measurements of the blank solution).65,66

The LoD of the VACNT-GO electrode is the lowest when compared
with CNT based electrodes in same supporting electrolyte,67–69 EPPG
(Edge Plane Pyrolytic Graphite),70 and graphene electrodes.67 It is
even comparable to the already recognized mercury electrodes71 and

Figure 3. CV for the VACNT-GO thin film in
5 mM K3Fe(CN)6 / 0.5M H2SO4(aq.).
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Figure 4. DPAS responses of VACNT-GO electrodes.

to the promising bismuth plated ones.72 Table I presents some results
for Pb detection collected in literature for comparison with the results
of this work.

CNT Paste electrodes,67 can be applied with Potentiometric strip-
ping analysis for electrochemical detection of heavy metals with good
reliability. However the dispersion of CNT is not the configuration to
expose high density of CNT tubes as in VACNT design.

Graphene electrode for Pb detection also gives a good response (at
nM level)68 when compared with boron doped diamond. However as
appointed by Dale et. al,69 there is a severe restriction associated with
graphene on cathodic potentials because of film disruption.

Multiwall carbon nanotubes dispersion in ion exchange resin, as
Nafion, may produce an electrode composite.70 Those electrodes use
low MWCNT content and show nanomolar LoD. However, electrode
manufacturing demands a controlled elaboration in several steps as
sonication and polishing before its final application.

The unmodified EPPG electrodes71 corroborate the superior elec-
trochemical activity of edges on adsorptive process (e.g.for silver and
manganese anodic stripping) when compared with Boron doped di-
amond. Additionally in this work, the authors suggests a superior
electroanalytical performance of edges with lower cost and fast syn-
thesis when compared with doped diamond.

Considering CNT modified electrodes72 the detection proceeds
through metal ions complexation by ionophore molecules linked
to nanotube surface. Despite the good sensitivity and selectivity
achieved, this functionalization demands also multi step procedure
and sometimes expensive reagents (ionophores).

The mercury electrode (in a hanging drop, thin film or other ar-
rangement) presents several properties which favors the high elec-
trochemical performance. The wide cathodic potential limit and the
easily refreshment of the surface allied with amalgamation results
in good electroanalytical responses73 with impressive pM LoD level.
However mercury electrode high toxicity in any arrangement imposes
a severe restriction as electrochemical sensor.

Bismuth emerges as a “environmentally friendly” (mercury-free)
alternative electrode for electroanalytical applications.74 The metal

Figure 5. (a)-DPAS response of Pb2+ detection in acetate buffer after background correction. Figure (b) shows the linear response of the electrodes. The lowest
value measured of 1 nM is indicated by the arrow.

Table I. Comparative results for electrochemical detection of Pb in acetate buffer.

Electrode Method Limit of Detection nM (μg.L-1)* Lowest Value measured nM Reference

CNT paste PSA 31.9 (6.6) 282 67
Graphene SWASV - 7.00** 68

CNT Nafion DPAS 5.09 (0.2) 80 69
EPPG LSASV 1.01 (0.21) 9.7 70

CNT modified SWASV - 1.00** 71
Mercury Film electrode (TMFE) SWASV 0.05 (0.01) 0.97 72

Bismuth SWASV 0.97 (0.2) 4.84 73
Nafion - RGO/Bi DPSAV 0.097 (0.02) 2,42 74

Plasma Treated CNT SWASV 0.057 (0.012) 500 75
VACNT-GO DPAS 0.048 (0.01) 1.00 This work

PSA- potentiometric stripping analysis, DPAS Differential pulse anodic Striping Voltammetry, LSASV - Linear sweep anodic stripping voltammetry and
SWASV - Square wave anodic stripping voltammetry (SWASV). TMFE – Thin mercury film electrode.
*Some of the literature works present results in μg.L−1 and others in nM. For this comparison we present LOD values in both units writing in boldface the
values found in each work.
**References 68 and 72 presented the lowest value measured as the LoD.
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plated in or ex situ on several kinds of substrates (carbon fiber, glassy
carbon, CNT, etc) presents good responsiveness and reproducibility.
The multicomponent alloy formation during deposition and sequential
stripping produces well defined and reproducible peaks for heavy
metals detection. Recently,75 Bi plating on graphene sheets dispersed
in Nafion reached LoD in the order of 10−11 M for Pb(II) detection.
The authors mention a synergic contribution between graphene and
Bismuth in electrode electrochemical response. Besides this good
result, the simultaneous response of graphene edges and Bi itself
brings some difficulties in ranking the electrode material.

In a similar plasma treatment of the present work, Wei et al.76 dis-
persed carbon nanotubes exposed to mild oxygen plasma in methanol
and dipped on glassy carbon. They got LoD results close to this work.
Both works performed the Pb(II) detection in similar experimental
arrangement (acetate buffer electrolyte, stirring condition and forced
deposition potential, etc.).

These similarities can suggest the same result of plasma treat-
ment on CNT leading to similar LoD. However it is important to
compare the sensitivity measured under similar experimental con-
ditions. The VACNT-GO electrode presents one order higher sen-
sitivity (35.47 μA.μM−1) compared to Wei et al.76 plasma treated
CNT (3.55 μA.μM−1). We assign this outstanding electrochemical
response to the nanocomposite structure of the VACNT-GO electrode.
The oxygen plasma treatment produces plentiful graphenated tips on
VACNT film. The high sensitivity of those tips improve the current
to concentration ratio. The LoD of VACNT-GO electrode achieved
the sub nanomolar values of acknowledged works77–81 with Hg or Bi
electrodes.

As showed, the oxygen plasma treatment promotes surface changes
with insertion of oxygenated groups at VACNT. Based on reported
previously,51 this insertion (solely) can improve the electrochemical
responsiveness of CNT electrodes. Further, there is a structural modi-
fication on multiwall VACNT films with tips opening full of graphene
edges, which have a known fast charge transfer and high sensitivity.82

In addition, recently the high active area and fast transfer is cor-
roborated by fundamental electrochemical characterization.83 Thus,
the electroactive contribution of the VACNT-GO electrode originates
from its graphenated “brush like” tips with large amount of function-
alized graphene edges. The carbon nanotubes acts fundamentally as a
current collector since charge transfer at graphenated and oxygenated
tips overwhelm the basal plane contribution.

The reversibility of the CNT film, evaluated by a known redox
couple, confirms the good electrochemical performance of the elec-
trode. The possible oxygenated species (at surface) reduction at neg-
ative potentials could restrict the electrode application. Considering
the possible readiness of oxygenated terminations, Zhou et al.54 dis-
cussed the electro reduction of oxidized graphene by a proton contri-
bution to Fray-Farthing-Chen Cambridge process.84 However, in the
present paper, we did not find electrode performance restriction for
lead detection at cathodic region. The possible electroreduction of
these oxygenated terminations did not have any noticeable prejudice
to the VACNT-GO electrode. Seemingly the high oxygen amount at
VACNT-GO attenuates the electroreduction or the high number of
active edges counterbalances the quantity of electroreduced edges. As
far as we know, VACNT-GO electrode (studied in this paper) presents
the lowest LoD for Pb(II) detection in similar supporting electrolyte.

Conclusions

We report vertically aligned carbon nanotubes preparation and
oxygen plasma treatment to exfoliate their tips and simultaneously
produce high oxygen functionalization. The VACNT-GO electrode
presented good reversibility when evaluated by known redox cou-
ple (K3Fe(CN)6). For Pb(II) electrochemical detection by Differential
Pulse Anodic Stripping gives high sensitivity (35.47 uA.uM−1) and
low detection limit (48.3 pM). As far as we know, this is the lowest
LoD in comparison with other works using CNT or graphene elec-
trodes. The low LoD is even comparable to the sensitive bismuth based
electrodes and the most sensitive thin film mercury electrode reported.

Allied with low LoD, the VACNT-GO electrode presents an impres-
sive sensitivity. We assign the good electrode performance to plentiful
graphene edges at CNT tips and its oxygen functionalization. This is
a new promising electrode material for application in electroanalysis.
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