
Electrochemical oxidation of catecholamines and catechols at carbon
nanotube electrodes

Stephen Maldonado, Stephen Morin and Keith J. Stevenson*

Received 16th May 2005, Accepted 17th June 2005

First published as an Advance Article on the web 19th July 2005

DOI: 10.1039/b506869j

The differences in the electrochemical oxidation of two commonly known catecholamines,

dopamine and norepinephrine, and one catechol, dihydroxyphenylacetic acid (DOPAC), at three

different types of carbon based electrodes comprising conventionally polished glassy carbon

(GC), nitrogen-doped carbon nanotubes (N-CNTs), and non-doped CNTs were assessed. Raman

microscopy and X-ray photoelectron spectroscopy (XPS) were employed to evaluate structural

and compositional properties. Raman measurements indicate that N-CNT electrodes have ca.

2.4 times more edge plane sites over non-doped CNTs. XPS data show no evidence of oxygen

functionalities at the surface of either CNT type. N-CNTs possess 4.0 at. % nitrogen as pyridinic,

pyrrolic, and quaternary nitrogen functionalities that result in positively charged carbon surfaces

in neutral and acidic solutions. The electrochemical behavior of the various carbon electrodes

were investigated by cyclic voltammetry conducted in pH 5.8 acetate buffer. Semiintegral analysis

of the voltammograms reveals a significant adsorptive character of dopamine and norepinephrine

oxidation at N-CNT electrodes. Larger peak splittings, DEp, for the cyclic voltammograms of

both catecholamines and a smaller DEp for the cyclic voltammogram for DOPAC at N-CNT

electrodes suggest that electrostatic interactions hinder oxidation of cationic dopamine and

norepinephrine, but facilitate anionic DOPAC oxidation. These observations were supported by

titrimetry of solid suspensions to determine the pH of point of zero charge (pHpzc) and estimate the

number of basic sites for both CNT varieties. This study demonstrates that carbon purity, the

presence of exposed edge plane sites, surface charge, and basicity of CNTs are important factors for

influencing adsorption and enhancing the electrochemical oxidation of catecholamines and catechols.

Introduction

Graphitic carbons have been used extensively as electrode

materials in biochemical electroanalysis.1–4 Although their

malleability, chemical/electrochemical inertness, and high con-

ductivity make graphitic carbons generally attractive for

sensing applications,5 carbons derived from different pre-

cursors and subjected to different processing conditions exhibit

varied electrochemical behaviors and sensitivities for many

analytes, particularly catecholamines. Pujol and coworkers,6

Saraceno and Ewing,7 and McCreery and coworkers8,9 have

shown that the oxidation of many catecholamines can exhibit

sluggish electron transfer kinetics at ‘‘classic’’ carbon electro-

des, i.e. glassy carbon (GC), basal plane highly oriented

pyrolytic graphite (HOPG), and polyacrylonitrile (PAN)

carbon fibers, unless rigorous steps are taken to eliminate

surface contaminants and to increase exposed edge plane sites.

Catecholamine oxidation and electron transfer rates may be

greatly accelerated through pretreatment processes such as

anodic surface activation,10–12 heat treatment,13–15 or seques-

tration to eliminate adsorbed impurities.16 While these pro-

cessing steps lead to improved electron transfer kinetics, the

reproducibility and stability of the enhanced electrochemical

performance is variable6,7,17 and/or short lived.10,18 Hence,

while surface modifications/pretreatments of classic carbons

have been valuable for elucidating relevant and influential

surface characteristics, the inherent variability and instability

of processing conditions suggest a need to design and

synthesize carbon materials that already possess inherently

optimized material characteristics (i.e. porosity, conductivity,

crystallinity, surface functionalities,... etc.) essential for

development of reliable, stable, and low cost electroanalytical

applications.

Nanocarbons19 are an emerging class of graphitic

carbons that can be chemically/electrochemically active as

prepared.19–22 Carbons made via this route generally involve

gas phase precursors rather than the liquid or solid precursors

used for typical classic carbon production.19 The gas

phase nanocarbon synthesis offers exceptional promise for

regulated control of nanocarbon properties. For instance, the

lower carbonization temperatures and pressures employed,

coupled with subtle changes in temperature, pressure,

carbonization catalyst, and carrier gas, can more system-

atically control the resultant physicochemical properties such

as heteroatom doping, crystallinity, and degree of exposed

edge plane sites. For biogenic amine detection, several

groups have reported active nanocarbons,23,24 particularly

nanotubes/nanofibers,25–28 as alternative electrode materials.

Unfortunately, the specific mechanism(s) and physicochemical

properties of the nanocarbons have not been well detailed.29–31
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Thus, desired improvements in electroanalytical figures of

merit (e.g. sensitivity, selectivity, detection limit... etc.) for

electrooxidation of catechols and catecholamines have not

been comprehensively documented.

Previously, we have demonstrated the ability to synthesize

multiwalled carbon nanotubes (CNTs) from a floating catalyst

chemical vapor deposition (CVD) method that exhibited

enhanced characteristics for the electroreduction of oxygen.32

Regulation of the growth conditions allowed for careful

tuning of carbon structure, texture, and composition to

systematically enhance the heterogeneous catalysis for hydro-

gen peroxide and oxygen electrocatalysis.33 We ascribed the

observed enhancements to the increased disorder and presence

of surface nitrogen functionalities. In this report, we present

evidence on the evaluation of electrochemical activity of ‘‘as

prepared’’ non-doped and nitrogen-doped CNT (N-CNT)

electrodes containing 4.0 at. % nitrogen for dopamine,

norepinephrine, and dihydroxyphenylacetic acid (DOPAC)

oxidation. As we have shown earlier for electroreduction of

oxygen, our results highlight the unique character of N-doped

nanocarbons towards electrooxidation of catecholamines

and catechols.

Experimental

CNT electrode preparation

Ferrocene (99%, Aldrich) was used as received as the growth

catalyst. Xylenes (Aldrich) and pyridine (Aldrich) were used

as carbon and carbon-nitrogen sources, respectively, and

were dried and distilled fresh before use. Non-doped CNT

and N-CNT electrodes were prepared via a floating catalyst

CVD process34 using the same dual heated zone system

and methodology as reported earlier.33 Briefly, 1.0 ml of a

20 mg ml21 ferrocene–solvent mixture was injected at

0.1 ml min21 into the first heated zone (130–150 uC), volatized,

and carried downstream by the carrier gas (Ar–H2 or Ar for

non-doped or N-CNTs, respectively) at a total flow rate of

575 sccm. Upon reaching the second zone, the starting

materials were pyrolyzed at 700 uC or 800 uC, respectively,

resulting in the deposition of CNTs directly onto a nickel mesh

substrate (Alfa Aesar, 100 mesh gauze, 150 mm bar width,

150 mm spacing) located in the center of the second zone, as

reported previously.33 The growth of CNTs from ferrocene–

xylene or pyridine mixtures occurs via a base-catalyzed,

diffusion-controlled mechanism where iron nanoparticles serve

as nucleation sites with CNTs growing upward as reactant

molecules dissociate and dissolve on the molten catalytic

surface.33 The produced material consists of carpet- or felt-like

structures of carbon nanotubes that are fairly uniform and

aligned normal to the nickel mesh support, with lengths greater

than 10 mm and diameters ranging from 20–40 nm. After

deposition, the CNT-coated nickel mesh substrates were

cooled to room temperature under flowing argon (99.997%,

Praxair), removed, and stored in air tight vials prior to analysis.

XPS analysis

X-Ray photoelectron spectra of CNT films were collected

with a PHI 5700 ESCA system possessing an Al K-alpha

monochromatic line (1486.6 eV), calibrated with the signals for

Au4f7/2, Ag3d5/2, and Cu2p3/2. The C1s spectra were obtained

in a single scan.

pHpzc analysis

The pH of point of zero charge (pHpzc) for undoped and

N-doped CNTs were determined using mass titration analy-

sis.35 Briefly, approximately 60 mg of non-doped CNT or

N-CNT was dispersed in 3 ml of 0.1 M KNO3 (Fisher, 99.8%)

made with boiled NANOpure1 water (Barnstead, 18 MV cm).

The y2 wt. % suspension was capped, purged with N2

(Praxair), and agitated for 24 hours. The pH of the slurry

(no filtration) was then measured and recorded as the pHpzc

value. Measurements were done in triplicate.

Carbon basicity analysis

Iodometric analysis was conducted as described by Oliveira

et al.36 Dried K2Cr2O7 (99.98%, Fisher), Na2S2O3 (99.8%,

Fisher), and starch indicator (99.6%, MCB reagents) solutions

were prepared with NANOpure1 water. I2 (99.8%, Fisher) was

dissolved with excess NaI (99.7%, Baker) to generate I2
3 . The

Na2S2O3 and I2
3 solutions were stored in covered containers

to avoid light exposure. 0.1 M Na2S2O3 solutions were

standardized with 0.05 M K2Cr2O7 and NaI and then used

to standardize the 0.05 M I2
3 solution. 10 ml of I2

3 solution and

20 mg of either non-doped CNTs or N-CNTs were collected

in a clean 25 ml round bottom flask with a stir bar. The

flask was then sealed with a septa, covered completely with

aluminium foil, purged with nitrogen (99.999%, Praxair), and

vigorously stirred for 24 hours. The CNT suspension was then

filtered through a 60 ml medium porosity glass frit filter.

Approximately 90 ml of NANOpure1 water was used to rinse

off I2
3 solution from the CNTs. The excess I2

3 filtrate was

immediately back titrated with Na2S2O3 until a golden yellow

color was seen. 800 ml of starch indicator was added, resulting

in a deep blue solution. Further Na2S2O3 was titrated until the

solution became clear, denoting the endpoint. Measurements

were done in triplicate.

Raman analysis

Raman analysis on CNT films was performed with a Renishaw

In Via system using 514.5 nm incident radiation. A 506
aperture (N.A. 5 0.75) was used, resulting in an approximately

2 mm diameter sampling cross section. Spectra were acquired

with a single scan and a laser power density of approximately

3 mW cm22 and 10 s acquisition times.

Electrochemical analysis

All electrochemical studies were conducted at room tempera-

ture (23 ¡ 2 uC) and were performed with a CH Instruments

700A potentiostat. All aqueous solutions were made with

NANOpure1 water. A single-compartment, three electrode,

glass electrochemical cell was employed for cyclic voltammetry

studies. The CNT electrodes were dipped into the solution,

oriented perpendicular to the cell bottom. Platinum mesh

(Aldrich) and Hg/Hg2SO4 (sat’d K2SO4, CH Instruments)

were used as the counter and reference electrodes, respectively.
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All electrode potentials are reported versus Hg/Hg2SO4

(sat’d K2SO4), which is ca. 0.64 V positive of NHE. A

commercial glassy carbon (GC) electrode (AFE2M050GC,

PINE Instruments) was polished to a mirror finish with 0.3 mm

and 0.05 mm alumina slurries on microcloth (Buehler),

sonicated for y30 minutes after polishing, and used immedi-

ately, as described by McCreery and coworkers.37 Before each

subsequent use, the GC electrode was repolished with 0.05 mm

silica and sonicated for y30 minutes.

Both the non-doped and N-doped CNT electrodes were

first cycled from 0.4 V to 21.5 V at 0.1 V s21 in O2 saturated

1 M KNO3 (Aldrich) until they were visibly wet and a stable

O2 reduction CV was obtained. No changes in the voltam-

metric response were seen after extended cycling (n . 20).

The electrodes were then removed, rinsed sequentially in

three separate water volumes, immersed in deaerated 4 mM

K3Ru(NH3)6–1 M KNO3, and subjected to chronocoulometric

analysis for measurement of geometric electrode area.33 Area

values were used to calculate the current densities for all

reported voltammograms. The electrodes were rinsed again,

placed in catecholamine solutions for voltammetric analysis,

and immediately analyzed by voltammetry upon immersion.

For each analyte, at least three different electrodes of both

CNT types were used.

Dopamine (98%, Aldrich), (2)-norepinepherine (98%,

Aldrich), and dihydroxyphenylacetic acid (98%, Aldrich) were

used as received. Acetate buffer from glacial acetic (99.8%,

Aldrich) and potassium acetate (99.18%, Aldrich) with a

resultant pH of 5.8 and ionic strength, m, of 0.1 M was used

as supporting electrolyte. Argon was bubbled through the

test solutions for 20 minutes prior to the start of the

measurements to purge the solutions of O2. All electrochemical

measurements were taken with a quiescent solution. Solution

volumes were y5–7 ml.

Convolution of obtained cyclic voltammograms was carried

out through the semiintegral data processing function of the

CH Instruments 700A software. Observed oxidation rate

constants (ko
obs) were estimated from peak separations in

uncorrected voltammograms by the method of Nicholson.8,38

Results and discussion

XPS analysis

Fig. 1 displays representative C1s spectra for non-doped CNTs

and N-CNTs. The peak positions for the non-doped CNTs

and N-CNTs are 284.4 eV and 284.7 eV, respectively, with

full widths at half maximum (FWHM) values of 0.6 eV and

1.1 eV, respectively. The shifted peak position and larger

FWHM of the N-CNTs denote a more disordered character,

i.e., higher edge plane content per cm2,39 relative to that of

non-doped CNTs. These results are consistent with previous

TEM observations.33 Observable C1s side bands suggestive

of the presence of phenolic, carbonyl, and carboxylic acid

oxygen functionalities have been reported for mildly and

heavily oxidized carbon materials in the 286–289 eV shoulder

region.40,41 No such signatures on the high energy side are

seen for non-doped CNT and N-CNT electrodes, indicating

that neither CNT variety possesses significant oxygen func-

tionalities as prepared. The small, broad band near 291 eV

visible for both CNTs is assigned to the p–p* interband,

commonly seen in graphitic carbon XPS spectra.42 C1s spectra

obtained on electrochemically conditioned CNT electrodes did

not differ significantly after use (data not shown). Neither type

of CNT electrodes were subjected to anodic surface oxidation

conditions6,14 and no voltammetric couples indicative of

electroactive oxygen functionalities were observed in voltam-

mograms of deaerated electrolyte without catecholamines.

Therefore, it is unlikely that large amounts of subsequent

oxygen functionalities were introduced to the surfaces of either

CNT type during electrochemical study.

The total surface iron contents for the non-doped and

N-CNTs were 1.2 and 1.1 at. %, respectively.33 These earlier

studies suggest that the majority of iron for both CNT types

is contained within the CNT interior and encapsulated by

graphene layers.33 Additionally, previous XPS studies from

our group33 of the nitrogen doped CNT electrodes prepared

under the same conditions possessing 4.0 at. % surface

nitrogen indicate that nitrogen is coordinated as pyridinic-

like, pyrrolic-like, and quaternary-like arrangements. The

existence of nitrogen functional groups is significant enough

to impart a basic nature to the N-CNTs, measuring an average

pHpzc value of 9.2 ¡ 0.4, consistent with other reports of

alkaline pHpzc values for nitrogenated-carbons,43,44 whereas

the non-doped CNTs have an average pHpzc value of 8.0 ¡ 0.4.

Iodometric titrations performed on suspensions of both CNT

varieties also support the increased basicity of N-doped CNTs

where nitrogen-containing CNTs contained 2.3 ¡ 0.3 meq g21

basic sites compared to 1.5 ¡ 0.3 meq g21 for non-doped

CNTs.

Raman analysis

Fig. 2 shows the differences in the first order Raman spectra of

non-doped and N-doped CNTs. It is evident that both the D

band (circa 1360 cm21) and G band (circa 1580 cm21) have

larger FWHMs for N-CNTs than for non-doped CNTs and a

broad shoulder below 1300 cm21 is present for N-CNTs. As

described by Tascon and coworkers,45 broader first order

Fig. 1 Normalized X-ray photoelectron C1s spectra of (A) non-

doped CNTs, and (B) N-CNTs.
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Raman bands and a shoulder on the D band qualitatively

denote increased disorder in N-CNTs relative to the non-

doped CNTs. Quantitative assessment of the average micro-

crystalline region size from the relative ratios of the D and G

bands46 as described by Tuinstra and Koenig47 give values of

8.3 nm and 3.4 nm for the average microcrystalline region size

in non-doped CNTs and N-CNTs, respectively. Hence, for a

given length, N-CNTs possess roughly 2.4 times more edge

plane sites than non-doped CNTs. Analysis of the low

frequency Raman spectral range from 200–600 cm21 yields

no evidence for the presence of single walled CNTs or for iron

oxide (Fe2O3) on the CNT surface which could result from air

oxidation of Fe nanoparticles formed during the pyrolysis

process.33

Voltammetry of catecholamines

Dopamine has been used extensively as a standard redox probe

to assess electrocatalysis at carbon electrodes because it

undergoes inner sphere type oxidation that is very sensitive

to the nature of the carbon electrode interface.9,10,13,16,48 Cyclic

voltammograms for dopamine oxidation at non-doped CNT,

N-CNT, and polished GC electrodes are shown in Fig. 3. For

all three electrode types, the onset of oxidation current was

y20.25 V. The observance of a single set of peaks for both

CNT types (Fig. 3A) is significant because it offers insight

both on the spatial dispersion of active sites and on the

susceptibility of those sites to surface poisoning. Only one set

of peaks for both CNT types implies that facile electron

transfer sites are sized and spaced far less than
ffiffiffiffiffiffi

Dt
p

(y20 mm

for n 5 0.1 V s21) since multiple sets of peaks for the voltammetry

of a given diffusional redox couple occur when the spatial

separation of higher activity electron transfer sites in between

much lower activity sites is large.49 As the association between

electrochemically active sites and edge plane graphite is well

documented,13,31,50 it is not surprising that the observed current

densities for N-CNT electrodes are larger than for non-doped

CNTs. Indeed, this is reflective of enhanced adsorptive character

for N-CNTs. While direct determination of weak adsorption in the

voltammograms in Fig. 3A is difficult, deconvolution of diffusive

and adsorptive voltammetric components is possible through

semiintegral analysis,51 from which surface concentrations of

adsorbed species may be estimated. The semiintegrals in Fig. 3B

for both non-doped CNTs and N-CNTs show indication of weak

adsorption, i.e., both semiintegrals show evidence of peaks. In

contrast, the sigmoidal semiintegral for GC in Fig. 3B is

demonstrative of negligible dopamine adsorption.9 The relative

differences in semiintegral peak heights for the two CNT varieties

indicate that the surface coverage, C (mol cm22), of dopamine

adsorption is at least double for the N-CNTs, which suggests that

the total active surface area for dopamine oxidation of N-CNTs is

larger for non-doped CNTs. We have also estimated the apparent

oxidation rate constants by analysis of voltammetric peak splitting.

The larger DEp at N-CNT electrodes for the 2e2 dopamine/

dopamine orthoquinone couple (cf. 141 mV, 145 mV, and 190 mV

for GC, non-doped CNTs, and N-CNTs, respectively) suggests

that the overall oxidation process is less facile at the N-CNTs

(i.e., ko
obs is smaller by an order of magnitude). Kuwana and

coworkers17 and McCreery and coworkers52,53 have shown that

favorable dopamine oxidation is not observed at GC unless the

surface is carefully cleaned of adsorbed impurities. We have also

noted that unless the polishing procedure for GC electrodes is

scrupulously kept clean, ko
obs for dopamine oxidation can be

suppressed by y2 orders of magnitude, as evidenced by the

145 mV increase in peak splitting in Fig. 4 which translates to a

decrease in ko
obs from y1023 to 1025 cm s21. Sonication after the

final GC polishing step is necessary for removal of physisorbed

alumina particles and organic impurities from active sites, but

short sonication times leave significant adsorbed impurities that

slow dopamine oxidation. Since no cleaning or pre-treatment

procedures were performed on either type of CNT electrodes, it is

evident that the CNTs are both clean of adsorbed impurities and

have a high density of closely-spaced available active sites for fast

electron transfer ‘‘as prepared’’. The cyclic voltammetry in Fig. 5

for the oxidation of norepinephrine, a catecholamine with similar

Fig. 2 First order Raman spectra for as prepared (A) non-doped

CNTs, and (B) N-CNTs.

Fig. 3 (A) Cyclic voltammograms of 1.5 mM dopamine in 0.1 M

acetate buffer (pH 5 5.8) at N-CNT (top), non-doped CNT (middle),

and GC (bottom) electrodes. Scan rate 5 0.1 V s21. (B) Semiintegrals

of oxidative portion of corresponding voltammograms.
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size and pKA to dopamine (cf. 8.92 and 8.88 for dopamine and

norepinephrine, respectively),54 also shows both a larger DEp and a

more peak-shaped semiintegral for N-CNTs relative to both the

non-doped CNTs and GC (Fig. 5A and B). Again, the difference

in DEp values for the N-CNT and non-doped CNT norepine-

phrine voltammetry denotes less than an order of magnitude

decrease in ko
obs for N-CNTs. The smaller ko

obs at N-CNTs for both

the dopamine and norepinephrine orthoquinone couples may be

rationalized considering that both dopamine and norepinephrine

as well as the N-CNTs are positively charged at pH 5.8 due to

their respective pKA and pHpzc values, resulting in an unfavorable

electrostatic interaction that can influence protonation and/or

electron transfer steps in catecholamine oxidation. Similar

arguments have been made for the observation that negatively

charged carbon surfaces show improved reversibility for cationic

dopamine oxidation, but poorer reversibility for DOPAC, a

structurally similar yet anionic catechol.7,51,55 For N-CNTs, this

suggests that cyclic voltammetry for negatively charged DOPAC

at neutral pH (pKA y 4) should show reduced peak splitting due to

promotion of favorable electrostatic interactions. Voltammograms

for the DOPAC/DOPAC orthoquinone couple are shown in Fig. 6.

The N-CNTs demonstrate good reversibility (DEp 5 150 mV) for

DOPAC oxidation, improved relative to the reversibility of

dopamine and norepinephrine voltammetry in Figs. 3 and 5. In

contrast, both the non-doped CNTs and GC electrodes exhibit

much poorer DOPAC oxidation reversibility, suggesting ca. two

orders of magnitude smaller values of ko
obs than the N-CNTs. We

attribute the increased ko
obs at N-CNTs to the favorable attraction

of the positive surface charge of the N-CNTs and the negative

charge of DOPAC at pH 5.8. It may also be important that the

increased surface charge and basicity of the N-CNTs further

facilitates catecholamine and catechol oxidation, as N-CNTs have

shown an increased sensitivity to the acid/base character of the

supporting electrolyte for oxygen reduction relative to other

carbon materials.56 While it is premature in this report to identify

the specific mechanistic step(s) that affect the voltammetry at

N-CNTs, it is clear that in both cases of either cationic (dopamine

and norepinephrine) or anionic (DOPAC) redox probes, N-CNTs

demonstrate electrochemical responses that are unlike other clean

graphitic electrode materials (non-doped CNTs and GC). To our

knowledge, this is the first report of ‘‘as prepared’’ carbon

electrodes that show improved sensitivity and selectivity towards

electrooxidation of anionic catechols without extensive surface

pretreatment or activation. The data presented herein demonstrate

the unique surface character and basicity of N-CNTs that may be

adventitious as inherently selective biochemical sensor materials.

Conclusions

As prepared non-doped and nitrogen-doped carbon nanotube

electrodes demonstrate good electrochemical oxidative beha-

vior for dopamine and norepinephrine. Semiintegral analysis

of the oxidative portions of voltammograms for dopamine and

norepinephrine highlight the activity of both non-doped and

N-CNTs for catecholamine adsorption, with N-CNTs demon-

strating approximately two-fold greater surface coverage in

agreement with the 2.4 times greater edge plane content

Fig. 4 Cyclic voltammograms of 1.5 mM dopamine in 0.1 M acetate

buffer (pH 5 5.8) at a GC electrode sonicated for 2 minutes (dotted

line), and for 30 minutes (solid line) after 0.05 mm alumina polishing

step. Scan rate 5 0.1 V s21.

Fig. 5 (A) Cyclic voltammograms of 1.3 mM norepinephrine in 0.1 M

acetate buffer (pH 5 5.8) at N-CNT (top), non-doped CNT (middle),

and GC (bottom) electrodes. Scan rate 5 0.1 V s21. (B) Semiintegrals

of oxidative portion of corresponding voltammograms.

Fig. 6 Cyclic voltammograms of 1.0 mM DOPAC in 0.1 M acetate

buffer (pH 5 5.8) at N-CNT (top), non-doped CNT (middle), and GC

(bottom) electrodes. Scan rate 5 0.1 V s21.
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measured with Raman spectroscopy. Larger peak splitting in

catecholamine voltammetry and smaller peak splitting in

DOPAC voltammetry at N-CNTs than at non-doped carbon

electrodes suggest a possible electrostatic bias against facile

oxidation of cationic catecholamines, but a preference for

oxidation of anionic catechols like DOPAC.
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