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Abstract
Multi-wall carbon nanotubes (MWCNT) have been widely used to fabricate
composite electrodes due to their electrochemical properties. MWCNTs can be
fabricated by various approaches and a range types and sizes of MWCNT have
been developed. This study focuses on understanding the influence MWCNT
diameter and specific surface area has on the electrochemical properties of a
composite electrode. MWCNT with fixed length range and ranging diameters from
10-20 nm to 50-80 nm were examined in this study. The amount of MWCNT utilised
to fabricate the electrodes were identical and above the percolation threshold.
MWCNT

electrodes

fabricated

with

larger

diameters

showed

enhanced

thermodynamic and kinetic properties towards common redox species which
covered surface insensitive, surface sensitive and adsorption-based processes.
Overall these findings indicate that the number of strands of MWCNT alone is not
essential for enhanced conductivity in composite materials but other geometric
parameters play important roles.
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Introduction
Multi-walled

carbon

nanotubes

(MWCNTs)

have

been

widely

used

in

electrochemistry owing to their electrical, mechanical and structural properties.
MWCNTs can be found in a wide range of electrochemical systems where their
properties greatly affect the functioning of the final device. These include capacitors
[1,2], fuel cells [3,4], modifying electrode surfaces [5], incorporation into polymer
substrates [6], ‘cut’ into carbon nanofibres [7], electromagnetic interference shielding
material

[8],

water

purification

[9],

solar

cells

[10]

and

electrochemical

sensor/biosensor devices [11-16].
MWCNTs are fabricated in wide range of different forms which vary in their diameter,
length, number of nanotube layers and chemical treatments. This has resulted in a
wide range of MWCNTs readily available for use. However, each individual MWCNT
type may provide significant variation in the electrochemical performance of the final
material. There have been few studies have investigated the differences in diameters
and porosity [17-19]. Studies using varying diameters of MWCNTs showed that
discharge capacity was enhanced with increasing diameter [18].
MWCNTs are produced as a fine powder and thus require some form of supporting
material to create an electrochemical device. Various approaches have been utilised,
however the most common types are either to incorporate the MWCNTs into a
polymer and deposit this on the electrode surface or to fabricate composite
electrodes. In both cases the supporting material is typically non-conductive.
Conductivity is achieved through connections formed between individual MWCNT
stands and this can be influenced by the amount of MWCNTs utilised in that there
are enough connections to provide an electrical path throughout the entire material.
This is known as the percolation threshold. However studies have no investigated
how

other

MWCNT

geometric

factors

can

influence

the

electrochemical

performance.
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This study examines how variations in the diameter and specific surface area (SSA)
of the MWCNT can influence the electrochemical performance of MWCNT-epoxy
resin composite electrodes. The diameter of the MWCNTs utilised varied from 10-20
nm to 50-80 nm. Each MWCNT diameter range was fabricated as composite
electrodes using a fixed ratio of MWCNT to epoxy resin. These composite electrodes
were examined for their kinetic and thermodynamic electrochemical properties
towards surface insensitive, surface sensitive and adsorption-based redox couples
as well as the influence of the MWCNT diameter on the properties of the
electrochemical circuit of this system.

Experimental
Chemicals and solutions
Potassium chloride, potassium ferricyanide, potassium ferrocyanide, dopamine,
ferrocene carboxylic acid (Sigma-Aldrich, USA), epoxy resin and hardner (Robnor
Resins Ltd, UK) were used as received. Solutions for potassium ferricyanide,
potassium ferrocyanide and ferrocene carboxylic acid where prepared in 1 M KCl
while dopamine was prepared in 0.1 M phosphate buffered saline. Four different
MWCNT were utilised, where in each case the length was fixed between 10-30 nm.
The outer diameters of the MWCNT investigated were 10-20 nm (inner diameter of
3-5 nm and SSA of 233 m2/g); 20-30 nm (inner diameter of 5-10 nm and SSA of 110
m2/g); 30-50 nm (inner diameter of 5-10 nm and SSA of 60 m2/g) and 50-80 nm
(inner diameter of 5-10 nm and SSA of 60 m2/g). For all materials removal of
unwanted materials was accomplished by refluxing in4 M NHO3 for 36 hours.

Fabrication of various diameter MWCNT-epoxy composite sensors
The MWCNT composites were created using vice compression [20]. Initially a 15%
MWCNT : 85% Epoxy resin (w/w) mixture was created. This mixture was then placed
into a 5 cm section of PTFE tubing (internal diameter of 3.2 mm). Previously
prepared 3.2 mm diameter epoxy disks and rods were used to provide compression
of the composite material through the use of a vice. The tubing had a working
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pressure value of 375 psi and the pressure was kept at ~300 psi to avoid deforming
the tubing for a duration of 10 minutes. The composite mixtures were then left to set
for 48 hours at ambient room temperature, 200C.
The MWCNT-epoxy composite-packed tubing was cut into 2 mm thick disks using a
diamond wafer blade (Buehler saw). Electrical contact was achieved using a wire
connected to one side of the composite disc using silver-loaded epoxy resin (Circuit
Works, RS Components, Corby, UK). The finished electrode was produced by
encasing the electrode in epoxy resin in a cylindrical mould reminiscent of a
commercial electrode casing. This was left to set for 48 hours at ambient room
temperature in order for the epoxy to set. It was then cut once again at its base,
removing 1 mm from the disks’ thickness, with the diamond wafering blade to expose
a MWCNT-epoxy composite disc electrode and to ensure that the edge of the
composite disc were sealed within the epoxy. The dimensions of the final electrode
disk are 1 mm in thickness and 3.2 mm in diameter. The electrode was polished
sequentially in 1, 0.3 and 0.05 micron alumina slurry to reduce surface roughness to
acceptable levels.

Electrochemical assessment of composite electrodes
Electrochemical assessment of the different MWCNT-based electrodes were carried
out using a three electrode system, which consisted of a Ag|AgCl (3 M KCl)
reference electrode, a platinum wire auxiliary electrode and the various different
MWCNT-composite electrodes as the working electrode.
The electrochemical characteristics of the MWCNT-based composite electrodes
were assessed by using the well-understood redox couples of 1 mM potassium
ferricyanide, 1 mM ferrocene carboxylic acid and 1 mM dopamine to probe their
behaviour at the different MWCNT-based electrodes. Cyclic voltammograms where
performed over potential windows of -200 mV to 600 mV for potassium ferricyanide, 100 mV to 700 mV for ferrocene carboxylic acid and -200 mV to 800 mV for
dopamine with a scan rate of 10 mV/s. Solutions were degassed with nitrogen gas.
AC impedance studies were performed in a mix of 0.5 mM potassium ferricyanide
and 0.5 mM potassium ferrocyanide in 1 M KCl with at a potential equal to the E1/2 of
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the redox couple (250 mV). A high frequency limit of 1x105 Hz, a low frequency limit
of 1 Hz and an amplitude of 15 mV were utilised. Tafel plots were performed in 0.5
mM potassium ferricyanide and 0.5 mM potassium ferrocyanide in 1 M KCl using an
initial potential of -200 mV, a final potential of 700 mV and a scan rate of 10 mV/s. All
Tafel plots were performed under convection.

Data analysis
Electrochemical data was recorded and measured using CHI760 software. The
oxidation peak potential, Epa, oxidation peak current, Ipa, oxidation and reduction
peak potential separation, ΔE, and the half-way potential between the oxidation and
reduction peak, E1/2, where extracted from the cyclic voltammograms. Experimental
data was compared statistical using one-way ANOVA tests with ad-hoc turkey tests
via Graphpad Prism software.

Results and discussion
Investigation of electrode properties
To explore the electrochemical properties and surface effects of the MWCNT
composite electrodes of different diameters, AC impedance studies were performed
with an equal mix of potassium ferricyande and potassium ferricyanide (Figure 1).
The resistance to charge transfer (Rct) and solution resistance (RΩ) was measured.
The RΩ for the MWCNT composite electrodes of different diameters varied from 0.5
to 2 kΩ (Figure 2b), which is much greater than a commercial glassy carbon
electrode, where RΩ values in the range of 0.01 to 0.1 kΩ. The higher resistance
observed on the MWCNT composite electrode is due to increased internal
resistance. High variability in the electrodes was observed due to the difficulty in
obtaining a homogenous composite material, which is a limitation of composite
based electrochemical sensors. Figure 1B shows that there is a non-significant
decrease in the RΩ of these electrodes with increasing MWCNT diameter and
decreasing SSA. In order to accurately control the applied potential to the system of
interest when using one of these electrodes lower internal resistance is desirable.
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Figure 1C shows a significant decrease in the Rct with composite electrodes made
using MWCNT with a diameter > 20 nm (P < 0.05, n = 3). This would indicate that
composite electrode made with MWCNT diameters greater than 20 nm are more
likely to respond rapidly to changes in the applied potential. A Tafel plot with the
same redox couple is shown in Figure 2. This was utilised to measure the exchange
current (I0) which is inversely proportional to Rct. Figure 2B shows that there was a
non-specific increase in the I0, which support that observed in Figure 1C. This would
indicate that composite electrodes made with larger MWCNT are more likely to
response rapidly to the applied potential.

Behaviour of redox probes at the different electrode surfaces
The response of the MWCNT composite electrodes were investigated on a variety of
electrochemical processes. Redox couples where the electron transfer processes
were either surface insensitive, surface sensitive or via adsorption were investigated.
Figure 3 shows representative cyclic voltammograms of ferrocene carboxylic acid
(surface insensitive), potassium ferricyanide (surface sensitive) and dopamine
(adsorption- based). These redox couple were chosen based on previous literature
[21-24]. Clear variations in the shape and amplitudes of the cyclic voltammograms
were observed on composite electrodes of different MWCNT diameters. Key
electrochemical parameters from the cyclic voltammograms for each redox species
were obtained and comparisons between the composite electrodes of different
MWCNT diameters were made (Figure 4-6).

Surface insensitive electron transfer process
Figure 4 show electrochemical parameters evaluated for ferrocene carboxylic acid.
Figure 4A shows the Ipa significantly increases as the diameter of the MWCNT
increases (P > 0.001, n = 3). The Ipa on 10-20 nm and 20-30 nm diameter MWCNT
composite electrodes was significantly lower than 30-50 nm and 50-80 nm diameter
MWCNT composite electrodes (P < 0.05, n = 3). The Epa of ferrocene carboxylic acid
significantly greater on 10-20 nm diameter MWCNT composite electrodes when
compared to 30-50 nm MWCNT composite electrodes (P < 0.05, n = 3) and 50-80
6

nm MWCNT composite electrodes (P < 0.01, n = 3, Figure 4B). Figure 4C shows
that the ΔE on 10-20 nm MWCNT composite electrodes significantly decreased
when compared to 30-50 nm and 50-80 nm MWCNT composite electrodes (P <
0.05, n = 3). Finally the half peak potential (E1/2) was significantly reduced on 20-30
nm (P < 0.05), 30-50 nm (P < 0.01) and 50-80 nm (P < 0.05) MWCNT composite
electrodes when compared to 10-20 nm diameter MWCNT composite electrodes (n
= 3, Figure 4D). However these changes were quite negligible as they only varied by
a few mV, but were significant due to the reduced variation. Overall the 30-50 nm
and

50-80

nm

diameter

composites

displayed

enhanced

electrochemical

performance for the determination of a surface insensitive electron transfer species.
These findings clearly suggest that the diameter and/or SSA of the MWCNTs can
have an influence on the electrochemical behaviour of the composite electrode.

Surface sensitive electron transfer process
Ferricyanide was utilised to see how the composite electrodes of varying MWCNT
diameters behaved during a surface-sensitive electron transfer process. There was
no significant difference in the Ipa, however there was a general trend showing an
increase in the Ipa with increased diameter MWCNT composite electrodes (Figure
5A). In Figure 5B, the Epa was significantly lower in 30-50 nm and 50-80 nm MWCNT
composite electrodes when compared to 10-20 nm MWCNT composite electrodes (P
< 0.05, n = 3). This would indicate that a lower over-potential is required for oxidation
of a species that undergoes a surface-sensitive electron transfer process. There was
no significant difference observed for ΔE between all the various composite
electrodes (Figure 5C). In Figure 5D the E1/2 was significantly different between the
10-20 nm MWCNT composite electrodes when compared to the 50-80 nm MWCNT
composite electrodes with the E1/2 shifting from 311 mV to 262 mV (P < 0.05, n = 3).
Unlike the study with the species that undergoes a surface insensitive electron
transfer process, the absolute values are now more varied.
Whilst the trends on the surface sensitive electron transfer process are similar to
those observed on the surface insensitive electron transfer process, there are limited
significant differences observed. Composite electrodes by nature would have varying
electrode surfaces due to difficulties in achieving homogenous composite materials.
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It is evident that the variation in the responses observed on the species undergoing
surface sensitive electron transfer process is greater than that for the surface
insensitive electron transfer process as the nature of surface is important for electron
transfer.

Adsorption-based electron transfer process
Dopamine mechanism of electron transfer is known to occur following absorption on
the electrode surface. Dopamine is known to undergo an electrochemical followed by
chemical reaction process, and therefore as observed in Figure 3C, there is a small
reduction peak observed. Figure 6A shows that there is a significant different in the
Ipa with increasing MWCNT diameter (P < 0.01, n = 3). There was a significant
increase in the Ipa from 10-20 nm MWCNT composite electrodes to 30-50 nm
MWCNT composite electrodes and 50-80 nm MWCNT composite electrodes (P <
0.01, n = 3). There was also a significant increase in the Ipa from 20-30 nm MWCNT
composite electrodes to 30-50 nm MWCNT composite electrodes (P < 0.01, n = 3)
and 50-80 nm MWCNT composite electrodes (P < 0.05, n = 3). This behaviour
indicates that an increased the number of dopamine oxidation reactions are taking
place at these larger diameter MWCNT-based electrodes, but generally indicates
that for all process of electron transfer that larger diameter MWCNT composite
electrodes with smaller SSA have enhanced performance. There was no significant
variation in the Epa, ∆E and E1/2 (Figure 6A, C and D).

Influence of MWCNT diameter and SSA on electrochemical performance of
composite electrodes
Composite electrodes fabricated using MWCNT with diameters greater than 30-50
nm and reduced SSA appear to provide an enhanced performance for the detection
of a range of different redox species that under varying mechanisms of oxidation.
The majority of electrochemical performance improvements occur between 20-30 nm
and 30-50 nm diameter MWCNTs composite electrodes. There are few
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improvements in 50-80 nm diameter MWCNT composite electrodes when compared
to 30-50 nm diameter MWCNT composite electrodes.
In these composite materials conductive pathways through the composite are
provided by the conductive material, in this case MWCNTs, while the material
providing the structural support, in this case epoxy, is electrically insulating. A
minimum amount of conductive material is required in order for the material to be
conductive, which is known as the percolation threshold [25]. In our case the
percolation threshold is achieved by interlinking stands of MWCNT from the
electrode surface to electric connection. In this study each MWCNT composite
electrode was composed of the same percentage weight of MWCNT (15%), which
was greater than the percolation threshold, however only the diameter and the SSA
of the MWCNT used varied from 10-20 nm to 50-80 nm. The number of individual
strands and the SSA of the material with smaller MWCNT diameter are far greater
than that of a material with a larger MWCNT diameter for the same amount. This
would imply that a greater electrochemical performance would be anticipated on the
smaller MWCNT diameter materials as conductive pathways through the composite
would be aided by the increased number of MWCNT strands as they provide more
possible connections through the material. However, our findings clearly show that
there is a decrease in the internal resistance and an enhancement of the
electrochemical behaviour of the material as the MWCNT diameter is increased,
suggesting that the MWCNT diameter plays a more significant role in enhancing the
number of conductive pathways formed between the MWCNTs through the
composite material than SSA. Our findings indicate that larger MWCNT diameter
provides a stronger basis for forming connections than having greater quantity of
MWCNT strands. This would also indicate that electrical conductance is better
facilitated through larger diameter MWCNT as it may increase the ability to make
more point-to-point connections.

Conclusion
This study indicates that the diameter of MWCNTs plays more of a significant role in
the final electrochemical properties of MWCNT-based composite electrodes than the
SSA. Variations in the kinetic and thermodynamic behaviour of surface insensitive,
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surface sensitive and adsorption-based redox processes were observed as the
MWCNT diameter was increased from 10-20 nm to 50-80 nm. In addition variations
in the internal and charge transfer resistance of the MWCNT composite electrodes
were observed with increasing MWCNT diameter. This study shows that MWCNT
diameter is more significantly important to enhance electrochemical performance of
composite electrodes than the number of MWCNT strands and SSA. These findings
indicate that the dimensional properties of the MWCNT can have a significant
influence on the electrochemical performance.

Acknowledgements
AFM and BAP would like to thank EPSRC (EP/J000175/1) for funding. Data
associated with this study can be found from the DOI: 10.17033/DATA.00000011

References
1. Yang F, Xu MW, Bao SJ, Sun QQ (2014) MnO2-assisted fabrication of PANI/MWCNT
composite and its application as a supercapacitor. Rsc Adv 4 (63):33569-33573.
2. Zhu YL, Shi KY, Zhitomirsky I (2014) Anionic dopant-dispersants for synthesis of
polypyrrole coated carbon nanotubes and fabrication of supercapacitor electrodes with high
active mass loading. J Mater Chem A 2 (35):14666-14673.
3. Yu SP, Liu RT, Yang WS, Han KF, Wang ZM, Zhu H (2014) Synthesis and electrocatalytic
performance of MnO2-promoted Ag@Pt/MWCNT electrocatalysts for oxygen reduction
reaction. J Mater Chem A 2 (15):5371-5378.
4. Basri S, Kamarudin SK, Daud WRW, Yaakob Z, Kadhum AAH (2014) Novel Anode
Catalyst for Direct Methanol Fuel Cells. Sci World J.
5. Raoof JB, Ojani R, Baghayeri M (2013) Fabrication of layer-by-layer deposited films
containing carbon nanotubes and poly (malachite green) as a sensor for simultaneous
determination of ascorbic acid, epinephrine, and uric acid. Turk J Chem 37 (1):36-50.
6. Yu LH, Lo KC, Xi JY, Phillips DL, Chan WK (2013) Photo-induced electron transfer in a
pyrenylcarbazole containing polymer-multiwalled carbon nanotube composite. New J Chem
37 (6):1833-1842.
10

7. Wang CN, Gao HR, Li H, Zhang YR, Huang BW, Zhao JH, Zhu Y, Yuan WZ, Zhang YM
(2014) Graphene nanoribbons hybridized carbon nanofibers: remarkably enhanced
graphitization and conductivity, and excellent performance as support material for fuel cell
catalysts. Nanoscale 6 (3):1377-1383.
8. Teotia S, Singh BP, Elizabeth I, Singh VN, Ravikumar R, Singh AP, Gopukumar S,
Dhawan SK, Srivastava A, Mathur RB (2014) Multifunctional, robust, light-weight, freestanding MWCNT/phenolic composite paper as anodes for lithium ion batteries and EMI
shielding material. Rsc Adv 4 (63):33168-33174.
9. Shi K, Ren M, Zhitomirsky I (2014) Activated Carbon-Coated Carbon Nanotubes for
Energy Storage in Supercapacitors and Capacitive Water Purification. Acs Sustain Chem
Eng 2 (5):1289-1298.
10. Wang YQ, Gao XL, Song B, Tu YL, Sun YM (2014) Photoelectrochemical properties of
MWCNT-TiO2 hybrid materials as a counter electrode for dye-sensitized solar cells. Chinese
Chem Lett 25 (4):491-495.
11. Zhu Y, Zeng GM, Zhang Y, Tang L, Chen J, Cheng M, Zhang LH, He L, Guo Y, He XX,
Lai MY, He YB (2014) Highly sensitive electrochemical sensor using a MWCNTs/GNPsmodified electrode for lead (II) detection based on Pb(2+)-induced G-rich DNA conformation.
Analyst 139 (19):5014-5020.
12. Yang J, Wang X, Zhang D, Wang L, Li Q, Zhang L (2014) Simultaneous determination of
endocrine disrupting compounds bisphenol F and bisphenol AF using carboxyl functionalized
multi-walled carbon nanotubes modified electrode. Talanta 130:207-212.
13. Wang T, Zhao D, Guo X, Correa J, Riehl BL, Heineman WR (2014) Carbon nanotubeloaded Nafion film electrochemical sensor for metal ions: europium. Anal Chem 86 (9):43544361.
14. Tang W, Li L, Wu L, Gong J, Zeng X (2014) Glucose biosensor based on a glassy
carbon electrode modified with polythionine and multiwalled carbon nanotubes. PLoS One 9
(5):e95030.
15. Singh V, Krishnan S (2014) An electrochemical mass sensor for diagnosing diabetes in
human serum. Analyst 139 (4):724-728.
16. Han C, Doepke A, Cho W, Likodimos V, de la Cruz AA, Back T, Heineman WR, Halsall
HB, Shanov VN, Schulz MJ, Falaras P, Dionysiou DD (2013) A Multiwalled-Carbon-

11

Nanotube-Based Biosensor for Monitoring Microcystin-LR in Sources of Drinking Water
Supplies. Adv Funct Mater 23 (14):1807-1816.
17. Fernández P, Castro E, Real S, Visintin A, Arenillas A, Calvo E, Juárez-Pérez E,
Menéndez A, Martins M (2012) Electrochemical behavior and capacitance properties of
carbon xerogel/multiwalled carbon nanotubes composites. J Solid State Electrochem 16
(3):1067-1076.
18. Wang G, Li H, Zhang Q, Yu Z, Qu M (2011) The study of carbon nanotubes as
conductive additives of cathode in lithium ion batteries. J Solid State Electrochem 15
(4):759-764.
19. Lota K, Sierczyńska A, Lota G (2010) Synthesis and electrochemical properties of
carbon nanotubes obtained by pyrolysis of acetylene using AB5 alloy. J Solid State
Electrochem 14 (12):2209-2212.
20. Fagan-Murphy A, Patel BA (2014) Compressed multiwall carbon nanotube composite
electrodes provide enhanced electroanalytical performance for determination of serotonin.
Electrochimica Acta 138 (0):392-399.
21. Chen P, McCreery RL (1996) Control of Electron Transfer Kinetics at Glassy Carbon
Electrodes by Specific Surface Modification. Analytical Chemistry 68 (22):3958 - 3965
22. Ranganathan S, Kuo T-C, McCreery RL (1999) Facile Preparation of Active Glassy
Carbon Electrodes with Activated Carbon and Organic Solvents. Analytical Chemistry 71
(16):3574-3580.
23. Bath BD, Martin HB, Wightman RM, Anderson MR (2001) Dopamine adsorption at
surface modified carbon-fiber electrodes. Langmuir 17 (22):7032 - 7039
24. Bath BD, Micheal DJ, Trafton BJ, Joseph JD, Runnels PL, Wightman RM (2000)
Subsecond Adsorption and Desorption of Dopamine at Carbon-Fiber Microelectrodes.
Analytical Chemistry 72:5994 - 6002
25. O'Hare D, Macpherson JV, Willows A (2002) On the microelectrode behaviour of
graphite-epoxy composite electrodes. Electrochemistry Communications 4 (3):245-250

12

Figures
Figure 1. Assessment of the electric properties of the composite material. (A) AC
impedance voltammetry in a mix of 0.5 mM potassium ferricyanide and 0.5 mM
potassium ferrocyanide in 1 M KCl, between 1 Hz to 1x10 5 Hz at the measured using
a E1/2 potential of 250 mV and 15 mV amplitude. Experiments were carried out using
MWCNT composite working electrode, Pt counter electrode and Ag|AgCl (3 M KCl)
reference electrode. (B) Mass transfer resistance (RΩ) response on all electrodes.
(C) Charge transfer resistance (Rct) on all electrodes. Data shown as mean ± S.D., n
=3, *P<0.05 vs 10-20 nm diameter.

Figure 2. Tafel plot responses on the various composite electrodes. (A) Tafel plot in
a mix of 0.5 mM potassium ferricyanide and 0.5 mM potassium ferrocyanide in 1 M
KCl, between 1 to 1x106 Hz at 250 mV E1/2 potential. Experiments were carried out
using MWCNT composite working electrode, Pt counter electrode and Ag|AgCl (3 M
KCl) reference electrode. (B) shows the measured exchange current (I0) on all the
different electrodes. Data shown as mean ± S.D., n =3.

Figure 3. Cyclic voltammograms of the various composite electrodes on surface
insensitive, surface sensitive and absorption based redox species. (A) Responses of
the electrodes in 1 mM ferrocene carboxylic acid in 1 M KCl. (B) Responses of the
electrodes in 1 mM potassium ferricyanide in 1 M KCl and (C) responses of 1 mM
dopamine in 0.1 M PBS. All responses are carried out at a scan rate of 100 mV/s.

Figure 4. Electrochemical performance parameters from 1 mM ferrocene carboxylic
acid in 1 M KCl. (A) Ipa, (B) Epa, (C) ΔE and (D) E1/2. Data shown as mean ± S.D., n
=3, *p<0.05, **p<0.01 vs 10-20 nm diameter, †p<0.05 vs 20-30 nm diameter.
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Figure 5. Electrochemical performance parameters from 1 mM potassium
ferricyanide in 1 M KCl. (A) Ipa, (B) Epa, (C) ΔE and (D) E1/2. Data shown as mean ±
S.D., n =3, *p<0.05 vs 10-20 nm diameter.

Figure 6. Electrochemical performance parameters from 1 mM dopamine in 0.1 M
PBS. (A) Ipa, (B) Epa, (C) ΔE and (D) E1/2. Data shown as mean ± S.D., n =3,
**p<0.01 vs 10-20 nm diameter; †p<0.05 and ††p<0.01 vs 20-30 nm diameter.
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