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              Introduction 
 Since the fi rst publications on the basic electrochemical prop-

erties of diamond in the late 1980s and early 1990s,  1 – 3   as well 

as the fi rst patent on the application of diamond anodes for 

treating wastewater prior to discharge into the environment,  4 

interest in the use of electrically conducting diamond elec-

trodes has steadily grown. Today, diamond electrodes fi nd 

widespread use in electroanalysis, spectroelectrochemistry, 

neurochemistry (i.e., chemistry of neurotransmitters used for 

cellular communication), chemical/biological sensing, and water 

disinfection/purifi cation. 

 Diamond electrodes have attracted this level of interest due 

to their excellent electrochemical properties.  5 – 10   These include 

(1) the ability to prepare the material in different architectures, 

(2) a wide working potential window, (3) enhanced signal-

to-background ratios due to the low background current, 

(4) good activity without conventional pretreatment, (5) weak 

molecular adsorption, and (6) optical transparency. It could be 

argued that chemical vapor deposited (CVD) diamond is the 

most versatile of all the different carbon electrode materials 

because it can be used in electroanalysis to provide low detec-

tion limits for analytes with superb precision and stability,  11 , 12 

for high-current density electrolysis (1–10 A/cm 2 ) in aggressive 

solution environments without any microstructural or morpho-

logical degradation,  13   as a corrosion-resistant electrocatalyst 

support,  14 , 15   and as an optically transparent electrode (visible 

and IR) for spectroelectrochemical measurements.  16 – 18 

 This advanced carbon-based electrode provides researchers 

with a material that meets the requirements for a wide range of 

applications. In electroanalytical measurements, diamond elec-

trodes generally provide signifi cant improvements over conven-

tional  sp2  carbon electrodes in terms of linear dynamic range, 

limit of detection, response precision, and response stability. 

Broad application of this novel electrode material has been some-

what limited until recent years because there were no commercial 

suppliers. Today, the situation has changed, as there are multiple 

commercial suppliers of electrically conducting diamond thin-

fi lm electrodes. Importantly, the cost of these materials is not 

high, as often perceived when one hears the word “diamond.”   

 Diamond materials and electrode architectures 
 Several types of diamond electrodes can be prepared in 

different architectures. Single crystal diamond can be readily 

obtained and is most useful for fundamental studies of inter-

facial structure as well as grain boundary and crystallographic 

effects on rates of electrochemical reactions. Polycrystalline 

thin-fi lm electrodes, deposited on properly pretreated substrates 

(e.g., Si, W, Mo, Nb, and Pt), are the most commonly utilized 

form of diamond. Sharpened metal wires can be coated with 

conducting diamond to form microelectrodes that are useful in 
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neuroscience, specifi cally for measurements of neurosignaling 

molecules in tissues or at single cells isolated in culture. 

 Diamond electrodes also can be patterned into micro-

electrode array structures (e.g., discs and bands). In elec-

troanalytical measurements, microelectrode arrays offer 

several advantages over planar macroelec-

trodes, with one of the most important being 

the enhanced signal-to-background ratio. This 

is due to a higher rate of diffusional mass 

transport of an analyte to the small-dimension 

electrodes plus a lower background current from 

the reduced overall electrode area. Diamond 

microelectrode arrays are fi nding use as a plat-

form for nerve cell growth, neural stimulation, 

and action potential monitoring for reading short 

duration changes in the membrane potential of 

an excitable cell.  19 – 21   In the future, these electrode 

arrays may fi nd use for spatially resolved mea-

surements of neurosignaling processes. More 

recently, electrically conducting diamond fi lms 

with a high surface area have been prepared by 

coating substrate powders with a thin layer of 

ultrananocrystalline diamond (polycrystalline 

diamond grown from argon-rich source gas mix-

tures).  15 , 22   In this core–shell process, the excel-

lent properties of diamond can be imparted to 

various substrate powders (e.g., diamond, glassy 

carbon, Ketjen Black [a type of electronconduc-

tive  sp   2   carbon powder], metal oxides). Only 

recently have these materials begun to be studied 

and, in the future, they may fi nd application as 

dimensionally stable electrodes for batteries and 

fuel cells or for chemical and biological sensing. 

In an effort to increase the specifi c surface area, 

work has also been done to fabricate nanostruc-

tured forms of diamond (cones and needles).  23 , 24   

Examples of some of these different diamond 

architectures are presented in   Figure 1  a–e.     

 Three types of polycrystalline diamond can be 

deposited by microwave plasma-assisted CVD: 

microcrystalline (few  μ m grain size), nanocrys-

talline (NCD; <100 nm), and ultrananocrystal-

line (UNCD; <10 nm).  25   The conditions used to 

deposit diamond are specifi c to different reactor 

designs. For the conventional 1.5 kW ASTeX 

microwave system (now Seki Technotron), 

microcrystalline diamond fi lms are routinely 

deposited from CH 4 /H 2  source gas mixtures 

of 0.3–1.0%, microwave powers of 0.1–1 kW, 

gas pressures of 35–65 Torr, and substrate 

temperatures in the 700–850°C range. The 

microcrystalline fi lms obtained from this wide-

ly used synthesis procedure are well-faceted, 

with crystallite dimensions on the order of a few 

micrometers or greater. The crystallites are 

randomly oriented, and there is signifi cant twinning. Grain 

boundaries exist at the junctions between crystallites. 

 NCD and UNCD fi lms are categorized based on their 

different growth chemistries and properties.  26 – 28   Structurally, 

UNCD fi lms are distinct from their NCD counterparts, as 

  

 Figure 1.      Scanning electron microscope images of (a) a boron-doped microcrystalline 

diamond fi lm grown from a 1% CH 4 /99% H 2  source gas mixture with B 2 H 6  added for 

doping (scale bar = 2  μ m). (b) A nitrogen-incorporated ultrananocrystalline diamond 

fi lm grown from a 1% CH 4 /4% N 2 /95% Ar source gas mixture. (c) A sharpened Pt wire 

overcoated with a boron-doped diamond fi lm grown from a 1% CH 4 /99% H 2  source gas 

mixture with B 2 H 6  added for doping.  70   (d) Glass carbon powder particles overcoated with 

a layer of boron-doped ultrananocrystalline diamond grown from a 1% CH 4 /5% H 2 /94% 

Ar with B 2 H 6  added for doping (two particles fused together in image, see Reference 22). 

(e, left) 2  μ m diameter glass carbon powder particles overcoated with a layer of boron-doped 

ultrananocrystalline diamond grown from a 1% CH 4 /5% H 2 /94% Ar with B 2 H 6  added for 

doping (two particles fused together in image).  22   (e, right) Diamond microelectrode array 

consisting of three rows of 10  μ m diamond electrodes isolated by a SiO 2  dielectric layer. 

The array was prepared by Michael Becker of the Fraunhofer Center for Coatings and 

Laser Applications at Michigan State University.    
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the former possess a smaller grain size, more grain bounda-

ries, and  sp  2 -bonded carbon atoms in these grain boundaries. 

Various groups have reported on the structural and electro-

chemical properties of nitrogen-incorporated and boron-doped 

UNCD,  27 , 29 , 30   as well as boron-doped NCD.  27   For the most 

part, many of the basic electrochemical properties of NCD and 

UNCD are similar. 

 In order to have suffi cient electrical conductivity for most 

electrochemical measurements (< 0.1 ohm•cm or > 10 S/cm), 

diamond fi lms must be doped with boron (boron-doped dia-

mond, BDD), generally at a concentration of  ∼ 10 20  cm –3  or 

greater, as this is the most practical dopant to date. It should 

be pointed out that there is ongoing research with alter-

nate dopants such as nitrogen,  31   phosphorous,  32   and sulfur.  33 , 34   

Boron is added to the source gas mixture using B 2 H 6  (dibo-

rane) or B(CH 3 ) 3  (trimethylboron). The fi lms are rendered 

electrically conducting through incorporation of boron dopant 

atoms during deposition, although the electrical conductivity 

depends in a complex manner on lattice hydrogen, defects, 

and dangling bonds, in addition to the doping level. The inter-

action between electronic levels of boron and the forma-

tion of a boron impurity band starts in the 10 18  cm –3  boron 

doping range.  35   At these doping levels, the diamond fi lms 

exhibit semiconducting electrical properties. Metallic con-

ductivity is observed starting around 3 × 10 20  cm –3 .  36   In fact, 

fi lms can be doped as high as 10 21  B/cm 3 . Such fi lms have 

electrical resistivities on the order of  ∼ 0.001  Ω •cm.  37   An 

additional graphitic phase can sometimes appear in heavily 

boron-doped fi lms. Importantly though, in polycrystalline 

fi lms, the boron doping is non-uniform, as the dopant incor-

poration strongly depends on the growth sector.  38 , 39   This 

heterogeneous doping has been confi rmed by Raman mea-

surements,  40 , 41   conducting probe atomic force microscopy, and 

scanning electrochemical microscopy.  42 , 43   Recent transmis-

sion electron microscopy and electron energy-loss spec-

troscopy work has shown that boron is incorporated into 

the defect regions of the diamond grains.  44   Importantly, the 

heterogeneous doping can cause non-uniform electrical and 

electrochemical properties across a fi lm surface. 

 Several factors infl uence the diamond thin-fi lm elec-

trode response (i.e., electrode reaction kinetics): (1) potential-

dependent density of electronic states, which is affected by 

the doping type, level, and distribution, (2) surface chemistry, 

(3) morphology and microstructure, (4) defect density, 

(5) non-diamond carbon impurity content, and (6) double 

layer structure.  45 – 47   The extent to which any of these factors 

affects the electrode response very much depends on the reac-

tion mechanism for the particular redox system under study. 

Importantly, these properties can all be controlled by selec-

tion of the appropriate deposition conditions. The deposition 

conditions and fi lm growth procedures can vary from lab to 

lab, which can affect the resulting fi lm quality and electrode 

properties. For example, differences in substrate pretreatment 

prior to growth, source gas composition used during growth, the 

cool-down procedure after growth, and postgrowth chemical 

treatment (e.g., acid washing) could lead to variability in elec-

trode properties and performance. 

 Here, we highlight how the fi eld of “diamond electrochem-

istry” has diversifi ed and matured in recent years in terms of 

the understanding of structure-property relationships and the 

development of new applications of the material in electro-

analytical chemistry. Specifi cally, we (1) discuss how two 

material properties, the boron-doping level and the  sp  2  carbon 

impurity content, affect the basic electrochemical response 

of polycrystalline diamond thin-fi lm electrodes, (2) highlight 

some recent electroanalytical applications of the material, and 

(3) show how diamond prepared in the form of microelec-

trodes can be used to study neurosignaling processes  in vitro  

in the peripheral nervous system as an example demonstrating 

the possibilities of diamond electrodes.   

 Dependence of the electrochemical response 
on the boron-doping level and  sp  2 -bonded 
carbon impurity content 
 Two factors that infl uence the performance/response of poly-

crystalline diamond thin-fi lm electrodes are the (1) boron-doping 

level and (2) adventitious  sp  2 -bonded carbon impurity. The 

primary effect of the doping level is on the electrode’s electri-

cal conductivity, and this affects the response for every redox 

analyte. For most electrochemical applications, one desires 

highly conducting diamond fi lms. The higher the doping level, 

the higher the carrier concentration (holes), and the higher the 

electrical conductivity. More subtle effects on the fi lm mor-

phology and composition can also occur. For example, as the 

boron content in a fi lm increases, the size of the crystallites 

decreases. Additionally, a  sp  2  carbon impurity phase appears 

at very high boron doping levels.  48   In terms of the effect of the 

non-diamond  sp  2  carbon, the voltammetric background cur-

rent increases, the working potential window decreases, and 

molecular adsorption increases with increasing impurity con-

tent.  47   Additionally, the presence of this adventitious impurity 

affects the electron-transfer kinetics of redox systems differ-

ently. For some redox systems, the presence of the impurity 

strongly accelerates the heterogeneous rate of electron-transfer 

(e.g., oxygen reduction), while for others, the impurity has 

little effect on the kinetics (e.g., Ru(NH 3 ) 6  
+3/+2 ).  47   

 For electrochemical detection, the wide potential window 

and low background current characteristics of polycrystal-

line diamond electrodes enable highly sensitive detection 

of various chemical species. As an example, three BDD 

electrodes (BDD-A, B, and C) with various boron concen-

trations (albeit a narrow range of doping levels) were pre-

pared. Two of these fi lms (BDD-A and B) had negligible  sp  2  

carbon impurity, while one (BDD-C) had a relatively high 

 sp  2  carbon impurity content (  Table I  ).  49       

   Figure 2   shows cyclic voltammetric curves for these differ-

ent diamond electrodes in (a) a supporting electrolyte solution 

and in (b) equimolar amounts of Fe(CN) 6  
3–  and Fe(CN) 6  

4–  in 

KCl. Data for a glassy carbon electrode are also presented for 

comparison.  49   It can be seen that the voltammetric background 
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current and the working potential window are affected by the 

boron-doping level even over this narrow range. BDD-A 

exhibits a low background current (signifi cantly lower than 

glassy carbon) and wide working potential window ( ∼ 3 V) 

characteristic of high-quality polycrystalline diamond.  1 – 3 , 5 – 10 , 50   

The highest doped fi lm exhibits the largest background cur-

rent and most narrow potential window, both comparable to 

glassy carbon ( Figure 2a ). This is also the fi lm that has  sp  2  car-

bon impurity at the surface. In fact, the synthesis conditions 

(C/H ratio in the carrier gas, gas fl ow rate, and temperature) 

for the three electrodes were identical in the experiments. 

Only the B/C mixing ratio was varied. The highest B/C ratio 

(BDD-C) produced some  sp  2  carbon impurities on the surface. 

Comparing the curves for BDD-A and C, which are fi lms with 

comparable doping magnitudes, one can see that the surface 

 sp  2  carbon impurities have a signifi cant effect on the electrode 

response in terms of increased background current and 

decreased potential window.  49 , 50   The trends in the background 

voltammetric curves reveal how useful electrochemical mea-

surements can be at assessing diamond fi lm quality.     

  Figure 2b  shows voltammetric curves for the Fe(CN) 6  
3–/4–  

redox system for the different diamond fi lms. The electrodes 

were anodically pretreated prior to the measurements by apply-

ing 1 mA/cm  2   for 10 min. This produces an oxygen-terminated 

surface.  51 , 52   As-deposited diamond normally possesses a 

hydrogen-terminated, hydrophobic surface due to growth in the 

hydrogen-rich atmosphere. However, the surface is easily con-

verted to a hydrophilic, oxygen-terminated one by chemical 

or electrochemical oxidation. 

Two peaks are seen, one on the 

forward scan (positive poten-

tial direction) at  ca.  0.30 V for 

the one-electron oxidation of 

Fe(CN) 6  
4–  to Fe(CN) 6  

3– , and 

one on the reverse scan (neg-

ative potential direction) at 

 ca.  0.23 V for the one-electron 

reduction of Fe(CN) 6  
3–  back 

to Fe(CN) 6  
4– . 

  Δ E p  (E p  
ox –E p  

red ) is a useful diagnostic that can be related 

to the heterogeneous electron-transfer rate constant for the 

redox system if ohmic resistance effects from the electrolyte 

solution and electrode are negligible. Generally speaking, for 

a diffusion-controlled process, the smaller the  Δ E p  (closer to 

the theoretical limit of  ∼ 59 mV for a 1-electron redox reaction), 

the larger the rate constant, and the faster the rate of electron 

transfer. It can be seen in  Figure 2b  that unlike the background 

voltammetric curves,  Δ E p  for this redox system is largely 

independent of the doping level over this narrow range as well 

as the presence of the  sp  2  carbon impurity. While there is some 

variation in peak current magnitude,  Δ E p  for the different dia-

mond electrodes is similar to the value for activated glassy 

carbon. This indicates that the rate of electron transfer for this 

redox system, under these conditions, is similar for all of the 

diamond electrodes and comparable to that for glassy carbon. 

 Fe(CN) 6  
3–/4–  is well known to be a surface-sensitive redox 

system at diamond and  sp  2  carbon electrodes.  46 , 53 , 54   For example, 

it has been shown that  Δ E p  for Fe(CN) 6  
3–/4–  is relatively inde-

pendent of the  sp  2  carbon impurity but highly dependent on 

the surface chemistry of diamond electrodes. 46,53  Δ E p  has been 

shown to increase at diamond electrodes with increasing sur-

face oxygen coverage. This trend reveals more sluggish elec-

tron-transfer kinetics for the oxygen-terminated electrode as 

compared to the hydrogen-terminated electrode.  46 , 53   This trend 

can be reversed simply by rehydrogenating the surface in a 

hydrogen microwave plasma. It would appear, based on the data 

in  Figure 2b , that the surface chemistry effects on the kinetics 

of this redox system depend on the boron-

doping level of the fi lm (i.e., the effects are less 

evident for more heavily doped fi lms). The 

take-home message is that in order to optimally 

apply diamond electrodes for electrochemical 

detection and sensing, it is important to under-

stand how the doping level, adventitious  sp  2  

carbon impurity, and surface chemistry affect 

the redox reaction kinetics for the particular 

analyte species under study. 

 Other electrode characteristics that are 

important in electroanalysis are the background 

current magnitude and noise (fl uctuations in the 

background current) in electrode displays, which 

can mask the target analyte’s electrochemical 

signal and, as a consequence, ultimately control 

 Table I.      Gas phase composition and boron-doping level for a series of highly boron-doped 
diamond electrodes.  49    

Electrode  B/C ratio in the 
gas phase (%)

[B] in diamond (cm –3 ) G-band (1520 cm –1 ) in 
Raman spectrum  

BDD-A  0.5 2 × 10 21  (1.1 at.%) Not observed 

BDD-B 1 4 × 10 21  (2.3 at.%) Not observed 

BDD-C 5 5.5 × 10 21  (3.1 at.%) Observed  

    BDD, boron-doped diamond.    

  

 Figure 2.      (a) Background cyclic voltammetry (I-E) curves in 0.5 M H 2 SO 4  for boron-doped 

diamond (BDD)-A, BDD-B, BDD-C, and glassy carbon electrodes. Scan rate 100 mV/s. 

(b) Cyclic voltammetry (I-E) curves for 0.5 mM [Fe(CN) 6 ] 
 3 –  and 0.5 mM [Fe(CN) 6 ] 

 4 –  in 1 M KCl at 

BDD-A, BDD-B, BDD-C, and glassy carbon (GC) electrodes. Scan rate 100 mV/s.  49      
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the limit of detection (LOD). The LOD is the minimum con-

centration of an analyte detectable, usually at a signal-to-noise 

ratio of 3 or greater. The background voltammetric current 

has various distinct origins. When the electrode potential is 

scanned during a measurement, a capacitive current due to the 

electrochemical double layer at the interface arises. In addi-

tion, materials such as glassy carbon tend to have a signifi cant 

coverage of redox-active carbon-oxygen functional groups 

on the surface.  55 , 56   For example, the quinone/hydroquinone 

couple is a typical surface functionality. These functional 

groups contribute a Faradaic current component as well. An 

important advantage of diamond is that the background cur-

rent tends to be low, especially for higher-phase purity mate-

rials, leading to lower detection limits. The low background 

current typical of diamond results from a lower capacitance 

than glassy carbon ( ∼ 5 versus  ∼ 30  μ F/cm 2 ) and the absence of 

signifi cant quantities of electroactive surface carbon-oxygen 

functionalities.  2 , 6 , 7 , 50 , 56     

 Some recent electroanalytical applications 
 An important application of electrochemistry is the fi eld of 

electroanalysis, which relates to the use of electrochemistry to 

determine the concentration of chemical species in a sample. 

Compared to many analytical techniques, electrochemical 

methods normally involve relatively low cost and highly 

portable instrumentation, so they are suitable for real-time 

monitoring in the fi eld. Furthermore, electrochemical methods 

generally offer high sensitivity, low detection limits, and wide 

dynamic range, and can readily be miniaturized to achieve 

excellent spatial sensitivity, for example in probing living 

organisms. Perhaps the best-known example of electroanalysis 

is the blood glucose sensor.  57 , 58   Electrochemical sensors have 

been and continue to be used in a number of areas, for 

example, the detection of CO,  59    in vivo  monitoring of bioac-

tive species,  60   and environmental detection of heavy metals  61   

and organic pollutants.  62   

 Electroanalytical sensors frequently utilize voltammetric 

techniques, which encompass the measurement of current-

voltage relationships associated with the oxidation or reduc-

tion of the target analyte at the electrode surface. Properties 

of the electrode have a profound infl uence on the observed 

response, as mentioned previously, and it is here that the 

unique properties of boron-doped diamond can be exploited. 

One general requirement for electroanalysis is that the target 

analyte be electroactive within the potential range defi ned 

by the values at which the solvent, most commonly water, is 

oxidized and reduced. For a catalytic electrode like Pt, this 

accessible range in water is practically limited to about 1.2 V. 

Importantly for diamond electrodes, kinetic limitations asso-

ciated with water electrolysis can usefully broaden the acces-

sible potential range to >3 V,  1 – 3 , 5 – 10 , 50 , 63   which is vital for the 

detection of analytes that are oxidized at high positive poten-

tials. A typical example showing how this can be exploited is the 

use of diamond electrodes for the analysis of the active ingre-

dients in pharmaceutical preparations. Some representative 

voltammetric data are shown in   Figure 3  , revealing distinct 

electrochemical currents associated with the oxidation of 

paracetamol (pain relief; 0.75 V), caffeine (1.37 V), and 

orphenadrine (blocks the neurotransmitter acetylcholine 

[e.g., used to treat muscle spasms]; 1.60 V) with good linear-

ity in the 100 nM–60  μ M range.  64   The ability to use diamond 

electrodes at high potentials is key to this type of application.     

 A multitude of surface functionalization strategies have 

been developed for diamond, and generally they all yield a 

relatively stable surface chemistry. This can be exploited 

to tune the electrode activity to suit a particular application. 

Surface functionalization can be benefi cial for electroanaly-

sis by promoting specifi c interactions with the target analyte 

that lowers the activation barrier for electron transfer. Surface 

functionalization can also be benefi cial by prohibiting strong 

site-blocking interactions of an analyte or a reaction product 

with the electrode, which would normally lead to electrode 

fouling. 

 A potential problem in electroanalysis is the electrode 

passivation that can occur due to the undesired adsorption of 

chemical species from solution. This adsorption causes elec-

trode response attenuation referred to as fouling. Diamond 

electrodes naturally exhibit a high resistance to fouling due 

to the  sp  3 -bonded carbon microstructure, the absence of an 

extended  π -electron system, like that which exists in graphitic 

carbons, and the relative non-polar nature of the hydrogen-

terminated surface.  50 , 65   

 The easiest-to-achieve surface functionalizations include 

hydrogen termination, which produces a strongly hydropho-

bic surface, and the “oxidized” termination, which produces a 

surface with hydrophilic character.  46 , 66   For example, the elec-

trochemical detection of an important class of environmen-

tal pollutants known as endocrine disruptors using diamond 

 E/V versus Ag/AgCI  

 Figure 3.      Square-wave voltammograms showing the oxidation 

waves seen from paracetamol (0.75 V), caffeine (1.37 V), and 

orphenadrine (1.6 V) mixtures in dilute sulphuric acid at a 

boron-doped diamond electrode for a range of increasing 

concentrations (scans 1–15). Reproduced with permission from 

Reference 64. © 2013 Wiley.    
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electrodes has been studied.  67   These compounds interfere with 

the endocrine system in mammals causing a range of health 

disorders. Whereas these analytes, and potentially their reac-

tion products, adsorb strongly at practically all electrodes, 

resulting in electrode passivation and poor detection fi gures of 

merit, negligible adsorption was observed at oxygen-terminated 

diamond, resulting in a wide linear detection range up to 

100  μ M. Conversely, if the diamond electrode was hydrogen-

terminated, strong adsorption could be promoted, enabling 

the investigation of the low concentration range by adsorptive 

voltammetry.  67   

 This ability to produce a stable surface chemical modifi -

cation of diamond also enables the construction of high per-

formance, high selectivity electrode sensors, for example, for 

the detection of specifi c oligonucleotide sequences in DNA 

analysis.  68   As shown in   Figure 4  , arrays of oligonucleotides 

can be stably grafted to the diamond surface. These can then 

selectively bind with the complementary oligonucleotide 

from solution, an event that can be detected sensitively using 

electrochemical methods.  68   In  Figure 4 , this is illustrated 

for the detection of a cancer marker, CK20. The key to the 

success of this approach is the unusually stable surface 

functionalization that can be achieved on diamond. The present 

example clearly opens up a new approach to next-generation 

electrochemical gene sensor platforms.       

  In vitro  electrochemistry 
 An emerging application of diamond electrodes is in the area 

of neuroscience. Small-sized microelectrodes (micrometers 

in dimension, or smaller) are needed for these measurements. 

They can be prepared by coating a conducting diamond fi lm on 

a sharpened metal wire, typically W  69   or Pt.  70   Electrochemical 

methods provide exquisite details about dynamic changes in 

the concentration of an electroactive neurosignaling molecule 

near its site(s) of release and action. What is needed for these 

measurements is an electrode with a response that is unaffected 

by the complex biological (tissue) environment. Diamond 

meets this requirement. Changes in local concentration of a 

neurotransmitter can be recorded as an oxidation or reduction 

current. The measured current is proportional to the concentra-

tion of an electroactive species in the extracellular space near 

the electrode. A body of literature now exists showing that 

diamond microelectrodes  71   can be used to sensitively, repro-

ducibly, and stably measure (1) norepinephrine (NE) release 

from sympathetic nerves, which is important for regulating 

the diameter of arteries and veins (i.e., vascular tone)  72   and 

(2) serotonin release from enterochromaffi n cells lining the 

mucosa of the small and large intestine, which is an important 

fi rst-step in propulsion of intestinal content.  73   

   Figure 5   demonstrates the concept of continuous ampero-

metric monitoring of NE release from sympathetic nerves that 

supply blood vessels. Through the release of NE and/or ATP, 

these nerves play a critical role in controlling the diameter 

of blood vessels. Abnormalities in these regulatory processes 

are associated with hypertension.  74   The stable surface micro-

structure of diamond at the positive detection potentials and 

its resistance to molecular adsorption in the complex tissue 

environment (i.e., electrode fouling) make these measure-

ments possible. The innervating nerve fi bers and localized 

storage areas for the vasoconstricting NE are depicted in the 

drawing by the solid circles (varicosities or storage sites) con-

nected by the solid lines (nerve fi bers). The diamond micro-

electrode is positioned against the blood vessel surface. NE 

released from multiple nearby storage sites is detected via a 

two-electron, two-proton oxidation reaction 

that is shown in the lower right of the fi gure.     

 Lower left in  Figure 5  shows an oxidation 

current-time curve of a typical measurement. 

A few details are warranted about the curve 

shape. The current increases from the baseline 

level, due to the electrically evoked release of NE, 

reaches a maximum, and then decays back to the 

baseline after the release ceases. The measured 

oxidation current is related to the time-dependent 

fl ux ( Δ  C / Δ  x ) of NE to the diamond microelec-

trode.  Δ  C  is the NE concentration difference 

between the sites of release and the electrode 

surface. Since a detection potential is selected at 

which the current is limited by mass transport, 

the surface concentration of NE is effectively 

zero at all times. The parameter,  Δ  x , is the dis-

tance from the release sites to the microelectrode, 

which remains constant during a measurement. 

Therefore, it is the change in NE concentration in 

the extracellular space that affects the measured 

current. In  in vitro  measurements at blood ves-

sel surfaces,  Δ  x  is kept constant by placing the 

  

 Figure 4.      (a) Schematic of the electrochemical attachment of a phenyl linker molecule to a 

diamond electrode exhibiting a nanowire morphology, which is subsequently used to bind 

single-stranded oligonucleotide probe molecules. (b) Binding of CK20 cancer marker DNA 

to the oligonucleotide probe modifi es the interface and can be detected electrochemically. 

Reproduced with permission from Reference 68. © 2009 Elsevier.    
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recording microelectrode against the vessel. If this is done 

with a bit of tension, then the microelectrode will move with 

the vessel as it contracts and relaxes.  72 , 74   

 The time-dependent NE fl ux to the diamond microelectrode 

is infl uenced in a complex manner by several processes: the 

number of neurotransmitter molecules released from nearby 

sites offset by (1) the inhibition of release through activa-

tion of prejunctional autoreceptors and (2) clearance by the 

prejunctional norepinephrine reuptake transporter (NET).  74   

A large fraction of the NE molecules released will be quickly 

cleared from the extracellular space by NET and not be detected. 

Therefore, release in combination with autoinhibition and 

reuptake dynamically affect  Δ  C.  This is refl ected in the cur-

rent-time trace in  Figure 5 . Immediately after stimulation, the 

current rises quickly as the NE fl ux at the microelectrode sur-

face increases. Shortly after release and at the end of the stim-

ulus,  Δ  C  reaches a maximum. Activation of the prejunctional 

autoreceptors by excreted NE turns off the release process. At 

this point, the fl ux becomes controlled by NET. Clearance by 

NET causes the NE fl ux to progressively decrease, as refl ected 

by the decreased current. The peak current or the peak charge 

can be used as a measure of NE in the extracellular space. 

These measurements, which typically take a couple of hours 

to complete, can be made with diamond in arteries and veins 

from rats, mice, and humans. Diamond is clearly an enabling 

material for these measurements, as the material provides 

superb response sensitivity, reproducibility, and stability.  72 , 74     

 Conclusion 
 Boron-doped diamond is now a well-developed and mature 

electrode material. New applications of the material for a variety 

of chemical and bioanalyte species continue to 

emerge. A diverse array of diamond electrode 

architectures is available, many of these com-

mercially, for use in multiple electrochemical 

applications, including electroanalysis, spec-

troelectrochemistry, neurochemistry, chem/

biosensing, and water disinfection/purifi cation. 

For electroanalysis, diamond generally out-

performs other carbon electrode materials in 

terms of response sensitivity, response preci-

sion, limit of detection, and response stability. 

Several properties infl uence the diamond elec-

trode response for a redox analyte, the degree 

to which very much depends on the particular 

analyte. In order to realize the best diamond 

electrode performance for an electrochemical 

application, appropriate electrode properties 

must be obtained through control over the 

boron doping level, the  sp  2  carbon impurity 

content, and the surface termination.     
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