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Abstract

Carbon nanomaterials are used to improve electrodes for neurotransmitter detection, but what 

properties are important for maximizing those effects? In this work, we compare a newer form of 

graphene, carbon nanospikes (CNSs), with carbon nanotubes (CNTs) grown on wires and carbon 

fibers (CFs). CNS electrodes have a short, dense, defect-filled surface that produces remarkable 

electrochemical properties, much better than CNTs or CFs. The CNS surface roughness is 5.5 

times greater than glassy carbon, while CNTs enhance roughness only 1.8-fold. D/G ratios are 

higher for CNS electrodes than CNT electrodes, an indication of more defect sites. For cyclic 

voltammetry of dopamine and ferricyanide, CNSs have both higher currents and smaller ΔEp 

values than CNTs and CFs. CNS electrodes also have a very low resistance to charge transfer. 

With fast-scan cyclic voltammetry (FSCV), CNS electrodes have enhanced current density for 

dopamine and cationic neurotransmitters due to increased adsorption to edge plane sites. This 

study establishes that not all carbon nanomaterials are equally advantageous for dopamine 

electrochemistry, but that short, dense nanomaterials that add defect sites provide improved current 

and electron transfer. CNSs are simple to mass fabricate on a variety of substrates and thus could 

be a favorable material for neurotransmitter sensing.

1. Introduction

Carbon fibers (CFs) are the traditional material for electrochemical detection of 

neurotransmitters,1–3 but recent studies find that increasing their surface roughness with 

carbon nanomaterials will provide more surface area for electron transfer.4,5 Carbon 

nanomaterials have been used for electrochemical sensors because of their high surface-to-

volume ratio, high electrical conductivity, chemical stability, and biocompatibility.4–6 Defect 

sites of the material are also important for promoting adsorption of neurotransmitters such as 

dopamine,7 although their action in enhancing electron transfer has been debated.4,8 Most 
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carbon nanomaterials are forms of graphene, but they can have different structures and 

different amounts of sp2 and sp3 hybridization. Thus, many carbon nanomaterials have been 

developed, but there are still many open questions about how the structure or properties of 

the carbon nanomaterial influence the electrochemistry. In particular, comparisons of 

different structures and electrochemical properties are needed in order to understand and 

predict structure-function relationships.

Carbon nanospikes (CNSs) have recently been proposed as a novel carbon nanomaterial with 

good electrochemical properties.9–11 They are a form of graphene about 50 nm in length 

with tapered, spike-like features.9 CNS electrochemical properties are intriguing, as they can 

be used to detect neurotransmitters,12,13 catalyze CO2 reduction to ethanol,9,14 and as high-

resolution AFM tips.15 Because of their short and dense surface structure, CNSs exhibit high 

surface-to-volume ratio to increase the surface area of electrodes. Also, their snowflake-like 

structure results in many edge-plane carbon sites exposed on the surface, which improves 

electron transfer and adsorption kinetics.9,13 CNSs are grown using plasma-enhanced 

chemical vapor deposition (PE-CVD) and thus can be grown on many wires simultaneously 

without the need to deposit a catalyst.16 Therefore, the fabrication process is simple, 

amenable to batch fabrication, and produces a uniform coating of the CNSs layer.13,17 CNSs 

are a promising material from a fabrication and electrochemical perspective, but their 

electrochemical properties have not systematically been compared with other carbon 

nanomaterials.

Carbon nanotubes (CNTs) were one of the first carbon nanomaterials used for 

electrochemistry. CNTs are comprised of sp2 basal-plane carbon hexagonal units in a highly-

ordered tubular structure.18 When CNTs are coated or grown on electrodes, they increase the 

surface area and have electrocatalytic effects.19,20 For example, CNTs decrease the ΔEp and 

increase the current for dopamine detection.21–26 CNTs can be made into electrodes in a 

variety of different formats, from putting them into a carbon paste,20 to growing them on the 

surface of an electrode,27,28 to making a fiber or yarn out of the material and then using that 

as an electrode.24,26,29,30 Growth of CNTs requires a metal catalyst and that catalyst may be 

responsible for some of the improvements in electrochemical performance.19 While CNTs 

are more difficult to grow than CNSs, they are the standard carbon nanomaterials that are 

used to judge the performance of other carbon nanomaterials.

In this paper, we compared the electrochemical properties of CNSs grown on metal wires, 

CNTs grown on metal wires, and carbon fibers. This is the first time the electrochemistry of 

CNSs is systematically studied and compared with CNTs and CFs. Cyclic voltammetry 

(CV), chronoamperometry, electrochemical impedance spectroscopy (EIS), and fast-scan 

cyclic voltammetry (FSCV)31 were used to characterize the electrodes. By systemically 

studying all three electrode materials under similar conditions, we found that CNSs have 

much better electrochemical properties than CNT or CF electrodes for neurotransmitters. 

CNS microelectrodes have a greater surface roughness and numerous defect sites that 

improve current density, electron transfer kinetics, and adsorption. CNSs are a promising 

strategy for mass-fabricating microelectrode sensors or modifying any existing surface. This 

research also shows that short, dense and defect-rich nanomaterials are preferred for 
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neurotransmitter detection and that new nanomaterial-modified electrodes should be 

designed with those properties in mind.

2. Materials and methods

2.1 Fabrication of CNT Microelectrodes

Niobium wires (diameter 25 μm, ESPI Metals, Ashland, OR) were used as electrode 

substrates. CNTs were grown using CVD following the protocols published before.27 A 30 

nm layer of Al2O3 was deposited onto the niobium wire surface, followed by a 1 nm layer of 

Fe catalyst by electron beam physical vapor deposition (Angstrom Engineering, Canada). 

The coated niobium wires were aligned in a quartz tube chemical vapor deposition (CVD) 

reactor and degassed in vacuum. In a gas flow of Argon 2000 sccm (standard cubic 

centimeters per minute flow rate) and H2 200 sccm, the temperature was slowly ramped up 

to 700 °C and was held for 10 min. Then 10 sccm ethylene was introduced through the 

quartz tube for 5 min to grow the CNTs. The CNT-coated niobium wires were carefully 

inserted into a glass capillary, and sealed with 5-minute epoxy (J-B weld, Sulphur Springs, 

TX).

2.2 Fabrication of CNS Microelectrodes

The process of CNSs growth was modified from previous research.13 Niobium wires 

(diameter 25 μm, ESPI Metals, Ashland, OR) were fixed to a stainless-steel stage, and 

placed into a custom-built DC plasma-enhanced chemical vapor deposition (PECVD) 

chamber. During the CNS growth, the metal wires served as the cathode for the DC plasma. 

The pressure of the chamber was 6 Torr and the wires were exposed to 100 sccm ammonia 

and 80 sccm acetylene for 6 minutes. The DC plasma discharge was operated at 250 mA and 

480–550 V at 650 °C. The CNS coated niobium wires were inserted into a glass capillary, 

and sealed with 5-minute epoxy (J-B weld, Sulphur Springs, TX).

2.3 Fabrication of CF microelectrodes

Carbon fibers with a diameter of 30 μm (World Precision Instruments, Sarasota, FL) and 7 

μm (T650–35, Cytec, Woodland Park, NJ) were directly inserted into a glass capillary and 

sealed with 5-minute epoxy (J-B weld, Sulphur Springs, TX).

2.4 Measurements and sample characterization

Scanning electron microscope (SEM) images were taken on Merlin field emission SEM 

(Zeiss, Thornwood, NY) and FEI Quanta 650 SEM (Thermo Fisher Scientific, Waltham, 

MA). Secondary electron detector was used at an accelerating voltage of 3.0 kV.

Surface roughness was measured using Wyko NT9800 Optical Profilometer (Bruker 

Corporation, Billerica, MA). Vertical shift interferometry (VSI) mode was used to measure 

the surface profile along the cylinder axis of the electrodes. A 50× optical lens was used and 

the sampling size was 96 nm. Cylinder tilt correction was applied.

Raman spectroscopy measurements were performed using Renishaw 100 confocal 

microRaman system (Renishaw, Hoffman Estates, IL) with 1800 lines/mm diffraction 
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grating. A 532 nm laser was focused to a spot size of about 2 μm through a 100× objective, 

and a Peltier-cooled charge coupled device detector. Laser intensity was 50% and scan range 

was 100 cm−1 to 3200 cm−1.

Cyclic voltammetry, chronoamperometry and electrochemical impedance spectroscopy 

experiments were performed with Reference 600 potentiostat (Gamry Instruments, 

Warminster, PA). A three electrodes system was used where the working electrode was the 

CNS, CNT, or CF electrode, the reference electrode was a standard Ag/AgCl electrode, and 

the counter electrode was a Pt wire. For amperometry experiments, a potential of −0.6 V was 

applied for 10 seconds. For EIS experiments, the frequency range is 100 kHz to 0.1 Hz, and 

the amplitude of the AC voltage applied was 10 mV.

FSCV experiments were performed with a ChemClamp potentiostat and head-stage (Dagan, 

Minneapolis, MN). A two-electrode system was used, with a working electrode versus Ag/

AgCl reference electrode. Four M KCl solution was filled into the glass capillary of each 

electrode, and a metal wire inserted, to make an electrical connection. The buffer and 

neurotransmitter solutions were injected through a flow cell at 2 mL/min by a syringe pump 

(Harvard Apparatus, Holliston, MA) and modulated by a six-port loop injector with an air 

actuator (VIVI Valco Instruments, Houston, TX). The electrochemical data were collected 

and analyzed with HDCV Analysis software (Department of Chemistry, University of North 

Carolina at Chapel Hill).

3. Results and discussion

3.1 Surface area studies

3.1.1 Scanning electron microscopy (SEM)—To compare electrodes of 

approximately equal diameter, CNSs and CNTs were grown on Nb wires with 25 μm 

diameter and carbon fibers were used that were advertised to be 30 μm diameter. Using 

SEM, the measured diameters of cylindrical CNS, CNT and CF microelectrodes are 33 μm, 

29 μm, and 34 μm respectively (Figure 1). Figure 1a and 1b show CNS morphology and the 

CNSs are short, dense, and aligned vertically to the electrode surface. Figure 1c and 1d show 

that CNTs grown on niobium are short and wispy, less dense than CNSs, and while they are 

mostly vertical, they are not fully aligned. CNTs cover most of the niobium wire. However, 

catalyst deposition is directional so the underside of the wire might not be completely 

covered. Figures 1e and 1f indicate that CF has smooth carbon surface without much 

nanostructure. Thus, the SEMs demonstrate differences in nanostructure and surface 

roughness that might influence electrochemical properties.

3.1.2 Surface roughness—The geometric area of an electrode can be estimated by 

measuring the radius and length under a microscope and calculating the surface area of a 

cylinder (2πrl). Optical profilometer was used to measure the physical surface roughness of 

CNS, CNT and CF electrodes (Figure S1). The average roughness (Ra) of a CF is smaller 

than 10 nm, indicating a very smooth surface. The Ra value of CNS (0.13 ± 0.02 μm) is 

smaller than CNT (0.27 ± 0.05 μm), which proves the CNSs are short and dense, and 

relatively shorter than CNTs. However, the surface roughness measured by optical 

microscope does not take into account nanostructuring. To quantify the surface roughness 
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including nanostructuring, we used cyclic voltammetry to measure double layer capacitance 

and then compared this number to glassy carbon to get a surface roughness enhancement.32 

The background current for CNS electrodes is much greater than that of CF or CNT 

electrodes (Figure 2). To estimate capacitance, the anodic and cathodic current response at 

0.5 V was used (see supplemental theory section). As listed in Table 1, the capacitance of 

CF microelectrodes is 26 ± 7 μF∙cm−2, similar to the capacitance of mirror-like glassy 

carbon which is about 24 μF∙cm−2.33 The capacitance of CNT microelectrodes is 43 ± 17 

μF∙cm−2, which is larger than CF microelectrodes. The capacitance for CNS microelectrodes 

was 132 ± 21 μF∙cm−2, which is about five-fold larger than CF microelectrodes.

If we take the measured capacitance values and divide them by the lower limit capacitance 

of glassy carbon (which is considered to be flat),33,34 we can estimate a surface roughness 

enhancement factor. The surface roughness factor was 5.5 ± 0.9 for CNS, 1.8 ± 0.7 for CNT, 

and 1.1 ± 0.3 for CF microelectrodes (Table 1). These numbers reveal that the CF electrode 

surface is essentially flat, like glassy carbon. CNTs have a smaller capacitance than CNSs, 

likely because they are not as dense on the metal wire (Figure 1) or the metal wires are not 

fully covered. Also, CNTs mostly consist of basal-plane carbon, whose capacitance is 

smaller than the edge-plane sites.35 The CNS electrodes have a large capacitance and large 

surface roughness. This matches the SEM images in Figure 1B, which show a large amount 

of nanostructuring. Thus, the CNS electrodes have a much rougher surface than grown CNT 

or CF microelectrodes.

3.1.3 Electroactive surface area—The background current of CV measures the 

amount of material on the electrode that charges, but not all carbon that contributes to the 

background may be available as electroactive sites. For example, if a thick nanomaterial 

layer is applied to an electrode, it will have a large charging current but the analyte will not 

be able to access the whole layer, so it will not be all electroactive. We used 

chronoamperometry to measure the electroactive surface area (see supplemental theory 

section).32 By comparing the electroactive area with the calculated geometric area, which is 

the surface area measured under a microscope, we can estimate how much surface area of 

the electrodes is electrochemically active. Ru(NH3)6
3+/2+ is the optimal choice for 

measuring the electroactive area, because it is a near-ideal outer-sphere electron transfer 

redox probe.36 The thickness of the diffusion layer is about 30 μm at 1 s,32 much larger than 

the nanometer scale of the surface roughness, so surface roughness is not considered in this 

experiment.

Figure 3a plots the current responses of CNS, CNT, and CF electrodes for 10 s in 5 mM 

Ru(NH3)6
3+ when −0.6 V was applied. The time period after 1.2 s was identified as the 

long-time limit, and using that data, current versus 1/ln τ is linear (Figure 3b). The 

electrochemical area can be calculated from the slope, which is proportional to A/r. Since all 

of the radii are similar, the graph in Figure 3b indicates that CNS electrodes have a greater 

electroactive area than CNT or CF electrodes, which have lower slopes. Table 1 lists the 

electroactive surface area measured by chronoamperometry, the calculated surface area 

using under a microscope, and the ratio of them. CNS microelectrodes have the largest 

active surface area ratio at 0.92 ± 0.09 (n = 10), indicating the best overall activity to outer-

sphere Ru(NH3)6
3+/2+. The active surface area ratio of CNT microelectrodes (0.65 ± 0.17, n 
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= 10) and CF microelectrodes (0.79 ± 0.03, n = 10) are significantly smaller than CNS 

microelectrodes (one-way ANOVA, Bonferroni post-test p < 0.001 for both).

These studies show that CNS electrodes have a higher proportion of active surface area than 

CNT and CF electrodes. Thus, the CNS nanostructuring is adding significant electroactive 

sites and not just adding a thick layer that is inaccessible to the analyte. The increase in 

electroactive sites might be due to more nanomaterial be deposited. Another factor is the 

structure of the carbon surface, because the electron transfer rate is two orders of magnitude 

faster at the edge plane than the basal plane.37 A larger portion of edge-plane sites of CNSs 

may contribute to the greater electrochemical active area, since edge-plane carbon sites are 

much more reactive than basal-plane sites. Thus, the next experiments examined the surface 

structure.

3.2 Surface structure studies

3.2.1 Raman spectroscopy—Raman spectra were collected to understand the 

structures of the carbon in CNS, CNT, and CF electrodes (Figure 4). The Raman spectra 

contain both peaks typical of carbon: a D band (~1360 cm−1) due to defects from 

boundaries, like edge plane sites or doping, and a G band (~1580 cm−1), indicating sp2 

graphitic carbons.38,39 The D/G ratio, which is the ratio of the area under the two peaks, is 

calculated to evaluate the disorder level of the carbon materials. The D/G ratio is the largest 

at 2.2 for CNSs, indicating CNSs are rich in defects, which are favorable for faster electron 

transfer kinetics and can promote adsorption of molecules in FSCV.33,40 CNTs exhibit the 

smallest D peak and the D/G ratio is 1.5, due to the predominance of sp2-bonded carbon 

atoms in CNTs. The D peak of CNTs is observed because of edge plane sites at the end-cap 

and along the tube axis.7,27 CFs have a D/G ratio around 2.0, indicating a defect-rich surface 

but not as many defects as CNSs. The higher D/G ratio of CNSs may be due to more broken 

carbon bonds and defects in the small tapers of the CNSs.41

3.2.2 Surface structure and electrochemistry—To understand how surface 

structure affects electrochemistry, we performed cyclic voltammetry on CNS, CNT and CF 

electrodes. Three redox couples with different surface sensitivity were used to investigate the 

electron transfer kinetics, Ru(NH3)6
3+/2+, an outer-sphere redox couple insensitive to the 

surface,42 Fe(CN)6
3-/4-, a standard inner-sphere redox couple sensitive to carbon surface,

42,43 and dopamine, a surface sensitive redox couple, which adsorbs onto the carbon surface. 

Dopamine adsorption is influenced by surface graphitic types, functional groups, and 

electrostatic interactions.8,44

In Figure 5a, the cyclic voltammograms of Ru(NH3)6
3+/2+ are similar for CNS, CNT, and 

CF microelectrodes. Cyclic voltammograms of CNT microelectrodes show slightly smaller 

current density, which may be due to metal wires that are not entirely covered with CNTs. 

However, with an outer sphere, surface-insensitive probe, the response of all three electrodes 

is largely the same. On the other hand, with surface sensitive probes, there is more of a 

difference in the CVs between the different electrodes. CNS microelectrodes are the most 

sensitive to inner-sphere Fe(CN)6
3-/4- since they exhibit the largest oxidation and reduction 

current density (Figure 5b). Similarly, for dopamine (Figure 5c), the peaks are larger and 
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more pronounced at CNS microelectrodes compared with CNT and CF microelectrodes. The 

enhanced currents at CNS microelectrodes are attributed to the large surface area and more 

edge plane sites for adsorption. The CVs in Figure 5 were normalized by geometric area and 

thus the larger and more pronounced peaks are due to greater electroactivity at CNS 

electrodes, not greater surface area.

Peak-to-peak separation (ΔEp) in cyclic voltammetry is an indication of electron transfer 

kinetics. All the electrodes exhibit ΔEp larger than ideal values, which indicates a quasi-

reversible behavior. For outer-sphere Ru(NH3)6
3+/2+, there is an overall effect of type of 

microelectrode on ΔEp (One-way ANOVA, Bonferroni post-test p < 0.001). The ΔEp for 

Ru(NH3)6
3+/2+ of CNS microelectrodes (103 ± 5 mV, n = 10) is significantly smaller than 

CNT microelectrodes (146 ± 33 mV, n = 8, Bonferroni post-test p < 0.001) but not different 

than CF microelectrodes (109 ± 8 mV, n = 8). CNSs provides more edge-plane sites than 

CNTs, which are advantageous for electron transfer kinetics. This trend is more obvious for 

inner-sphere Fe(CN)6
3-/4-, where there is also an overall effect of electrode type (one-way 

ANOVA, n = 8, p < 0.001). The ΔEp for CNS microelectrodes (129 ± 15 mV, n = 10) is 

significantly smaller than both CNT (189 ± 22 mV, n = 8, Bonferroni post-test, p < 0.001) 

and CF microelectrodes (151 ± 13 mV, n = 8, Bonferroni post-test, p < 0.001). For 

dopamine, the ΔEp of CNS microelectrodes is 38 ± 3 mV (n = 4), which is significantly 

smaller than CNT (71 ± 10 mV, n = 4, Bonferroni post-test, p < 0.01) and CF 

microelectrodes (55 ± 7 mV, n = 4, Bonferroni post-test, p < 0.01). Thus, the CNS electrodes 

exhibit fast electron transfer, for both outer sphere and inner-sphere compounds. These 

results are in agreement with previous research, where edge-plane-rich glassy carbon 

exhibits faster electron transfer rates than highly oriented pyrolytic graphite, for both 

Ru(NH3)6
3+/2+ and Fe(CN)6

3-/4-.33 Since ohmic drop and peak current are also contributing 

factors to peak separation, the electron transfer kinetics were further examined by 

electrochemical impedance spectroscopy (EIS).

Figure 5d shows the Nyquist plot of EIS obtained in K3Fe(CN)6 solution (x-axis shifted to 

compensate for solution resistance). The CNS microelectrode has the smallest semicircle, 

which indicates the smallest electron transfer resistance (Rct). The equivalent circuit is used 

to fit the impedance plot can calculate each parameter (See supporting information). Rct was 

4 ± 1 Ω∙cm2 for CNS, 22 ± 8 Ω∙cm2 for CNT, and 18 ± 3 Ω∙cm2 for CF electrodes (Table 2). 

There is an overall trend of Rct varying with type of carbon (one-way ANOVA, p < 0.001) 

and Bonferroni post-tests indicate Rct for CNS electrodes is less than that of CNT (p < 

0.001) or CF (p < 0.001) electrodes. The CNS electrode has the lowest Rct and lowest ΔEp, 

while CNTs have a higher Rct and higher ΔEp. Thus, the CNS surface has better 

electrochemical reactivity.

3.3 FSCV detection of neurochemicals

3.3.1 FSCV detection of dopamine—FSCV is the predominant electrochemical 

technique used to make real-time measurements of neurotransmitter changes in the brain.2,45 

Carbon fibers used for FSCV in tissue are typically 7–10 μm in diameter, but we used the 30 

μm carbon fiber to keep the size consistent with CNS and CNT microelectrodes, and its 

performance is similar to traditional 7 μm CFs (Figure S3). While CNSs and CNTs have 
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been explored for enhanced dopamine detection with FSCV,13,27,46 here, we directly 

compare the FSCV responses to understand which material is more advantageous for FSCV 

detection of neurotransmitters.

First, we compared the background charging currents (Figure 6). The magnitude of 

background current for CNS microelectrodes is much larger than CNTs and CFs, due to 

their large surface roughness. In the FSCV background, there is a peak at around 0.25 V for 

the CNS and CF but not for the CNT microelectrodes, which is due to surface oxides on 

graphitic defect sites.47 The surface oxides groups are advantageous for dopamine 

adsorption and thus increase the sensitivity for dopamine detection.48,49 Therefore, defect-

rich CNS and CF electrodes exhibit the feature, while highly-ordered CNT electrodes do 

not.

Second, we compared the FSCV responses for dopamine. The shapes of CVs are similar and 

there is no significant difference in ΔEp (Bonferroni post-test, p < 0.001). At a scan rate of 

400 V/s, ΔEp is 0.86 ± 0.09 V for CNS, 0.84 ± 0.06 V for CNT, and 0.84 ± 0.04 V for CF 

electrodes. In FSCV, the scan rate is comparable to electron transfer rate, therefore the ΔEp 

is large for all electrode materials and differences in ΔEp cannot be observed. The average 

anodic peak currents for CNS microelectrodes (92 ± 5 nA, n = 8) are larger than for CNTs 

(22 ± 6 nA, n = 12, one-way ANOVA Bonferroni post-test, p< 0.001) and CFs (49 ± 5 nA, n 

= 5, Bonferroni post-test, p< 0.001) microelectrodes, also due to more adsorption sites 

provided by the defect-rich carbon surface.

To further examine the adsorption of dopamine, we varied the scan rate and plotted the log 

peak current (i) vs. log scan rate (v) curve of the electrodes (Figure 6d). In a diffusion-

controlled process, the peak current is linear to the square root of scan rate while in an 

adsorption-controlled process, the current is linear with the peak current. Thus, the slope of 

log i vs.log v curve indicates the extent to which the electrochemistry is governed by 

diffusion (expected slope 0.5) or adsorption (expected slope 1.0). The slope for CNS 

microelectrodes is 1.07, CF is 1.05, and CNT is 0.77, which indicates dopamine is an 

adsorption-controlled process at CNS or CF electrodes, and a mixture of diffusion and 

adsorption controlled at CNT electrodes. CNTs are composed of mostly basal-plane carbon, 

which lacks functional groups, therefore only the edge-planes at the end-caps and along the 

tube axis are adsorption sites. Although the basal planes in CNTs are not the most favorable 

sites for adsorption, dopamine can still diffuse to these sites and react. Thus, we observed a 

mixture of diffusion and adsorption kinetics at CNT electrodes.

3.3.2 FSCV detection of other neurochemicals—We also performed FSCV 

detection of other neurochemicals, including epinephrine, norepinephrine, serotonin, and 

ascorbic acid. The structures of the neurochemicals and their pKa values are shown in Table 

S1. Epinephrine, norepinephrine, and serotonin are positively charged at physiological pH of 

7.4; therefore, they are able to pre-adsorb onto the negatively charged electrode surface. 

Figure 7 shows the CVs with the current response. Similar to dopamine, the peak potentials 

and the peak-to-peak separation are largely the same for all materials for these compounds, 

indicating no significant difference in electron transfer rate for all electrodes. CNS 

microelectrodes show the highest peak current for epinephrine, norepinephrine, and 
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serotonin, because CNSs have more defect sites for adsorption of cations. The peak shapes 

for the cations are also quite different at CNT electrodes, with broader peaks than for CNS 

or CF electrodes, likely due to less adsorption. The anodic peak current ratio for each 

neurochemical to the dopamine current are shown in Figure S3. The ratio of ascorbic acid to 

dopamine is smaller for CNS than CNT electrodes, since the electrochemical reaction of 

ascorbic acid is controlled by diffusion, not adsorption. The ratio of serotonin to dopamine 

current is also smaller for CNS electrodes, which might due to serotonin fouling on the 

electrode surface, which could block some active sites. These results indicate that CNS 

electrodes would have greater selectivity for cations over anions than other carbon materials.

Scan rate studies were performed for all of the analytes and results are shown in Figure 7a–c 

and Table S2. The slopes for the cationic norepinephrine, epinephrine, and serotonin are 

close to 1 for CNS and CF microelectrodes, which indicates adsorption-controlled processes. 

The slope for CNT electrodes is between 0.5 to 1 indicating a mixture of adsorption and 

diffusion occurred during the electrochemical reaction. Ascorbic acid is negatively charged 

at a pH of 7.4, and the electrostatic force prevents its pre-adsorption onto the negatively-

charged electrode surface. Therefore, the slope for ascorbic acid is smaller than 0.5 because 

it would also be repelled from the surface (Figure 7d and Table S2). Overall, the results 

further proved the defect-rich carbon surface structure of CNS electrodes is advantageous 

for detection of a variety of cationic neurochemicals due to adsorption.

4. Discussion

CNSs are an ideal material for neurotransmitter electrochemistry because they have both 

large surface roughness and a high proportion of edge plane sites for adsorption. Table 3 

summarizes both the surface properties of CNS, CNT and CF microelectrodes and the 

electrochemical properties that result from them. CNS electrodes have a very rough surface 

that results in a larger current density and enhanced sensitivity. CNTs grown on metal wires 

are not as rough and CFs are relatively smooth, so they have smaller current densities. All 

the electrodes were roughly the same size for geometric area, thus the CNS electrodes 

provide much more current for the same size of implanted sensor. CNTs electrodes are also 

more defect-rich than the highly-ordered CNTs, therefore, the percentage of area that is 

electrochemically active is higher for CNS electrodes. More defects also lead to both higher 

currents and smaller ΔEp values for inner-sphere compounds compared at CNS electrodes 

compared to CNTs and CFs. The CNS electrodes have a very low resistance to charge 

transfer. In FSCV detection of dopamine and other cationic neurotransmitters, adsorption-

controlled kinetics are observed at CNS electrodes while CNT electrodes have a mixture of 

diffusion and adsorption-controlled kinetics. This study shows that CNS electrodes have a 

larger current for cationic neurotransmitters due to two effects: a larger surface area due to 

enhanced surface roughness and more active area due to enhanced adsorption to defect sites.

By correlating the surface properties of the carbon materials to their electrochemical 

properties, we can better understand and predict the behavior of the microelectrode sensors. 

Increasing the surface area, by materials such as CNTs is beneficial, but not as beneficial as 

increasing the area with carbon nanomaterials that are more defect-rich. Future studies 

designing new carbon nanomaterials for neurotransmitters should focus on not only 
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increasing area, but also promoting a structure with graphitic defects. One of the main 

advantages of CNSs is that they can be grown on almost any substrate without using a 

catalyst. Thus, CNSs can be grown on metal wires to batch-fabricate microelectrode sensors, 

or they can be coated onto an existed carbon structure, such as carbon fiber and pyrolyzed 

carbon,50 to improve the electrochemical activity. CNSs are a promising carbon 

nanomaterial that could be more widely used because of the ease of growth and their 

impressive electrochemical performance.

5. Conclusions

Surface properties of carbon nanomaterials have dramatic effects on their electrochemical 

performance. CNSs exhibit rough surface morphology, which leads to a larger surface area, 

and their carbon structure is rich in graphitic defects, which enhances the electrochemical 

performance. Due to the abundant edge-plane sites which are more electroactive, CNS 

electrodes show a faster electron transfer rate and more surface adsorption. In FSCV 

detection, the responses of cation neurochemicals are better for cations than anions, due to 

enhanced adsorption at CNS electrodes. CNSs are grown without a catalyst layer; therefore, 

growing CNSs is a relatively low-cost and simple strategy to produce uniform coating. 

Future research can focus on growing CNSs on different electrode substrates to batch-

fabricate electrochemical sensors, or using CNSs to modify an existing surface to enhance 

the electrochemical properties. For future studies designing new carbon materials for 

neurotransmitter detection, a structure with graphitic defects should be the focus in addition 

to increasing surface area.
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Figure 1. 
SEM images of a-b) CNS, c-d) CNT and e-f) CF microelectrodes. a), c) and e) Zoomed out 

CNS, CNT and CF cylindrical microelectrodes to see the coating efficiency; b), d) and f), 

Higher zoom images to understand the morphology of the CNS, CNT and CF electrode 

surface.
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Figure 2. 
The background charging current CV for CNS, CNT and CF microelectrodes. Electrodes 

were scanned from −0.2 to 1.0 V at 100 mV/s scan rate in 0.1 M PBS pH 7.4 buffer.
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Figure 3. 

a) Chronoamperometry current response with time, b) linear fitting of current vs. 1
lnτ .
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Figure 4. 
Raman spectra of CNSs, CNTs and CF. The peak at 1360 cm−1 is the D peak and at 1580 cm
−1 is the G peak.
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Figure 5. 
Electrochemical characterization of CNS, CNT and CF electrodes. Currents are normalized 

by geometric area. a) CV of 10 mM Ru(NH3)6
3+/2+; b) CV of 10 mM Fe(CN)6

3-/4-; c) CV of 

20 μM dopamine; and d) EIS Nyquist plot obtained in 10 mM Fe(CN)6
3-/4-.
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Figure 6. 
Fast-scan cyclic voltammetry background current (Left column) and background subtracted 

detection of 1 μM dopamine (Right column) for a) CNS microelectrodes; b) CNT 

microelectrodes; c) CF microelectrode. d) Scan rate study for all electrodes (n = 3).
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Figure 7. 
Detection of other neurochemicals at CNS, CNT and CF microelectrodes. FSCV responses 

(Left column) and scan rate study (Right column, n = 3) of a) 1 μM epinephrine, b) 1 μM 

norepinephrine, c) 1 μM serotonin, d) 200 μM ascorbic acid in PBS buffer. For slopes of 

lines in log i vs log v plots, see Table S2.
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Table 1:

Capacitance and surface area measurements of electrodes

Capacitance (μF∙cm
−2)

Surface roughness (x-
fold over GCE)

Electroactive area 
(×10−3 cm2)

Calculated area 
(×10−3 cm2)

Electroactive area 
ratio

CNS
(n = 10)

132 ± 21 5.5 ± 0.9 1.9 ± 0.2 2.1 0.92 ± 0.09

CNT
(n = 10)

43 ± 17 1.8 ± 0.7 1.1 ± 0.4 1.8 0.65 ± 0.17

CF
(n = 10)

26 ± 7 1.1 ± 0.3 1.7 ± 0.1 2.1 0.79 ± 0.03

Values are mean ± standard deviation.
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Table 2:

Electron transfer data for CNS, CNT and CF microelectrodes.

Ru(NH3)6Cl3 ΔEp (mV) K3Fe(CN)6 ΔEp (mV) Dopamine ΔEp (mV) Rct (Ω∙cm2)

CNS
(n = 4–10)

103 ± 5 129 ± 15 38 ± 3 4 ± 1

CNT
(n = 4–8)

146 ± 33 189 ± 22* 71 ± 10* 22 ± 8*

CF
(n = 4–8)

109 ± 8 151 ± 13* 55 ± 7* 18 ± 3*

*
The value is significantly different than that of CNS microelectrodes (p < 0.01).
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