Trade Science Ine.

ISSN : 0974 - 7540 Volume 3 Issue 1

Kesearch & Reviews On

Electrackemistny

Review

RREC, 3(1), 2012[20-25]

Electrochemistry with boron-doped diamond electrodes

Ujjal Kumar Sur
Department of Chemistry, Behala College, Par nashree, Kolkata - 60, West Bengal, (INDIA)
E-mail: uksur99@yahoo.co.in
Received: 28" December, 2010 ; Accepted: 7" January, 2011

ABSTRACT

In recent years, conductive diamond el ectrodesfor electrochemical applica
tions have been a mgjor focus of research and development. It occupies a
specia place as an electrode material with interesting applications in elec-
troanalysis. This review article summarizes some of the recent work on the
use of boron-doped diamond electrodes for el ectrochemical applications.
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INTRODUCTION

Diamond isbest known asthe hardest substance.
It isalso the best known thermal conductor and has
very high electron carrier mobility. It a so exhibitsex-
ceptional optical (high refractiveindex, wide band
gap), tribological (low friction co-efficient) and elec-
trochemical properties (high overpotential for both
oxygen and hydrogen gasevolution). TABLE 1illus-
trates some basic properties of diamond. Synthetic
high purity diamond or natural diamondisan el ectri-
cal insulator with abreakdown voltage upto 10°V mr
!, Hence, it can not be used as an electrode material.
However, if it isdoped with boron (B) atom, boron-
doped diamond (BDD) will become conductive and
it behaves as anew type of electrode material with
interesting applicationsin e ectroanalysis. BDD el ec-
trodes are made of polycrystalline diamond formed
by Chemica Vapour Deposition (CVD) inahightem-
perature process. Inthetetrahedral diamond lattice,
each carbon atom is covalently bonded (sp°) to its
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nei ghbours forming an extremely robust crystalline
structure. Some carbon atomsin thelattice are sub-
stituted with boronto provideelectrical conductivity.
Boron acts asan electron acceptor dueto itselectron
deficiency initsouter shell.

TABLE 1: Somebasic propertiesof diamond

Property Single crystal Diamond
Density (g cm™®) 352
Melting point (K) 4027
Dielectric constant 5.7
Refractive index 2.42 at 546 nm
Thermal conductivity 20W cm™* K™ at 300 K
Vickers hardness (GPa) 57-104
Electrical Resistivity (Q cm) 10%
Electronic band gap (eV) 55

Boron concentrations (10* —10 2t atom cm'3)
produceafilmresistance of 10°-102Q, respectively.
The electrochemical studiesof diamond thin films
started in the mid 80’s and interest in this area of
research rapidly increased. The first papers were
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devoted to thefabrication of thinfilmsof diamond!¥.
These studies showed that conducting diamond el ec-
trodes could be grown in theform of thin filmsby
energy-assisted (plasmaor hot-filament) chemical
vapour deposition (CVD) on several substrateslike
dlicon (S), titanium (Ti), niobium (Nby), tantalum (Ta),
molybdenum (Mo), tungsten (W), glassy carbon
(GC) etc. However, there are some disadvantages
of thisfabrication technique. A Si substrateisvery
brittle, Nb,Ta,W are very expensive and the diamond
film deposited on Ti isunstableduring long term el ec-
troanalysis. In order to make diamond films conduct-
ing, they are doped with different concentrations of
boron atoms and other dopants such as hydrogen,
nitrogen and phosphorous.

At extremely low boron-doping level, the dia-
mond el ectrodeisoptically transparent over awide-
range of wavel engths. Thus, thin diamond film had
been employed as electrode material for in-situ
spectroel ectrochemical studies??. For moderate B-
doping of 108B atom per cm?, the el ectrode behaves
assemiconductor, wheress, it becomes semimetal for
high doping of 10%* ~ 10 % B atoms per cm®. High
quality BDD electrode exhibits several important
properties compared to other type of electrode ma-
terialsincluding carbon-based and metallic e ectrodes.
Theseare
i)  Anextremelywidepotentia window inboth aque-

ousand non-aqueous el ectrolytic media. In case of

high quality BDD electrode, hydrogen evolution
startsat about -1.25V vs SHE (saturated hydro-

gen electrode) and oxygen evolution beginsat +

2.3V vsSHE.

ii) It exhibitsvery low double-layer capacitanceand
background current. Thedouble-layer capacitance
isoneorder of magnitudelower than that of glassy
carbon el ectrode.

iii)y Corrosion stability invery aggressvemedia.

iv) Highmechanical robustness.

V) Excdlent chemica inertnesswith low tendency of
surface oxidation and fouling. Hence, the surface
of BDD dectrodewith low adsorption properties
has strong tendency to resist deactivation.

Vi) Biocompatible.

Thisreview summarizes some of therecent devel-
opmentsand novel applicationsof BDD e ectrodes.

———— Review

ELECTROCHEMISTRY OFBDD
ELECTRODES

BDD dectrodeshavebeenusedincreasngly indec-
trochemica studiesdueto their low back-ground cur-
rent, high current density electrolysis (1-10A cm?), a
wide potentia window, anti-adsorption behaviour and
high overpotentia for both hydrogen and oxygen evo-
[ution. Thin-film diamond d ectrodes of ten possesssome
gp? carbon (C) impurities, which can be deactivated by
anodic oxidation in aqueous electrolytes. In cyclic
voltammograms, it will exhibit ananodic current pesk,
darting from oxygen evol ution. Thisanodic current pesk
rapidly diminisheswith repeated scan. Higher isthe sp?
C content, lower isthe potential window between hy-
drogen and oxygen evol ution in agueous € ectrol ytes.
Thesesp? C activesites, which arepresent at thegrain
boundaries, behave dectrochemically like edge planes
of highly oriented pyrolyticgraphiteinnitricacid. These
sp? carbon active sites can be activated by anodic po-
larizationat 1.7-1.8V vsAg/AQCl in IM HNO,,

BDD dectrodesaredectricdly heterogeneouswith
conductivity and electrontransfer ratesvarying across
the surface. Thisbehaviour can aso be confirmed by
microscopi ¢ characteri zation and redox activity of both
H-terminated and O-terminated®™ BDD € ectrodes.

Cycdlicvoltammetry isoften employed to study the
el ectrochemica responseof BDD el ectrodeusing vari-
ousredox systemssuch asFe(CN) > Ru(NH,) >,
IrClL>*, IrCl %", BQ/HQand Fe*/Fe**. Awiderange
of dataobtained from voltammetric studies performed
on BDD e ectrodes had been published®. Some stan-
dard redox systems had been proposed to provide data
for high-quaity BDD characterigtics.

Therearetwo typesof reactionsin heterogeneous
electrontransfer. Thefirst typeinvolveseectrodere-
actionsthat proceed by ssimplemasstransfer of redox
mol eculesto thee ectrodeld ectrolyteinterface and the
electrode servesasasourceor sink for electrons. The
electrodekineticsarerelatively insensitiveto surface
chemistry and microstructure, but very senditivetothe
electronic density of states closeto theformal poten-
tial. Thisiscalled outer-sphereredox reaction.

The second typeinvolves electrode reactionsthat
proceed viasome specificinteraction of theredox mol-
ecules with the electrode surface. In this case, elec-
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trode kinetics are sensitiveto surface chemistry and
microstructure, aswell aselectronic density of states
near theformal potential. Thisiscalled inner-sphere
redox reaction.

Theouter-spherereactionsinclude Ru(NH,), 3%,
ferrocene *, anthracene *", and IrCl_***. Most con-
ducting diamond € ectrodes havelower dengity of eec-
tronic states compared to the graphitic carbon and this
may be the reason for the slower kinetics of outer-
sphere systemson BDD el ectrode.

Although, the Ru(NH,), */** redox couple exhib-
itsclassical voltammetric waveson BDD electrodes,
similar to those obtained by glassy carbon el ectrode,
the rate constant on BDD electrode is much slower
(0.012-0.017 cm s?) compared to GC electrode
(0.51 cm s?). The voltammetric responses for
Fe(CN)>* and Ru(NH,) *">* on BDD electrodes
reveal theabsence of double-layer effects, which are
commonly observed on GC and other sp? carbon
based € ectrodes. The heterogeneousrate constant of
0.01/0.02 cm staretypical for both conducting mi-
crocrystdlineand nanocrystdlinefilmswithout exten-
sivepre-treatment. Cyclic voltammogramsof aplati-
num and H-terminated BDD electrode with redox
couple Fe(CN), *** are comparable, although, Ptis
morereversiblé”. Thedopinglevel and pre-treatment
of the BDD electrode play animportant role on the
kinetics of heterogeneous chargetransfer reactions.
BDD film electrodes exhibit a1.5~ 2.5 timeswider
potential window (~5-7.5V) in non-agueous el ec-
trolytic mediathan the aqueous el ectrol yte.

ANALYTICALAPPLICATIONSOFBDD
ELECTRODES

The use of mercury has been banned in most of
the devel oped countries of world. Thus, mercury based
electrodes are not used for el ectroanal ytical applica-
tions. Carbon based materials such asgraphite and
GC electrodes provide alarge overpotential for hy-
drogen evolution. But such electrodes undergo sur-
face oxidation and biofouling processes. These car-
bon based electrodes will react with oxygen and wa-
ter to form oxygen-contai ning functional groupssuch
asphenol, lactones, carboxyls, ethers and carboxy-

lateson the el ectrode surface. Therefore, they might
Research & Reotews On

require considerabl e surface cleaning and condition-
ing and areless suitablefor electroanal ytical applica-
tions. In contrast, no oxide formation and reduction
reactions between oxygen and hydrogen evolution
occur on BDD surfaces.

In (bio)sensing applications, both the pristineand
modified diamond el ectrodes can be employed, de-
pending on the specific anayte. Their low capacitive
current, large potential window and high stability, sen-
sitivity and alow detection limit can be utilized for
electroanalysis. Severd e ectroanalytical techniques
such as amperometric detection, anodic stripping
voltammetry (ASV), cathodic stripping voltammetry
(CSV), abrasive stripping voltammetry (AbSV) and
squarewavevoltammetry (SwV) have been employed
with BDD electrodes. Thetarget analyte can be an
organic compound or an inorganic speciesincluding
metd ions.

In AbSV, the polycrystalline BDD electrode is
scratched across the surface of an analyte and small
quantitiesof anayte sampletransferred during thispro-
cess arethen detected by stripping voltammetry after
immersing theelectrodein asuitableelectrolytic me-
dium. However, theunreligbledectrical contact between
the sample and BDD surface can cause problem.
Manivannan et al . firgt reported the experimenta use
of AbSV techniqueinlead (Pb), iron (Fe) and alloy
analysis. Recently, arefined abrasion processwasin-
troduced with silver (Ag) andtin (Sn) samples?.

Electrochemica stripping analysiswithBDD dec-
trodes might bea powerful tool for detection of trace
amount of hazardous metalssuch asPb, Cd, Hg, As,
Th, Seetc. inppb or ppt limits. Variousanions, metals
and organic compounds have been analyzed by BDD
electrodes (SeeTABLE 2and TABLE 3).

TABLE 2: Analysisof inorganicionsand metal ions

;r?;I%/?e Electrode Material dLétn;cI:Iigl;l
Azideion H-terminated BDD 8nM
Hydrazine Pd nanoparticles on BDD 25uM
H,0, Pt modified BDD 30nM
Nitrate Cu nanoparticleson BDD .1'5 MM in

mineral water

Nitrite Cu nanoparticleson BDD 7nM
A1) Pt nanoparticles modified BDD 0.5 ppb

. -
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TABLE 3: Analysisof or ganic compounds

Target Analyte Limit of detection
Adenosine 10nM
Ascorbic acid 12nM
Caffine 1-400 uM
Chlorophenols 1-250 uM
p-cresol 1-200 uM
Dopamine 50 nM
Glucose 670 nM
Sulfadrugs 50 nM
Tetracycline 10 nM
Xanthine 1-100 uM

Amperometric detection can be performed with
flowinjectionanadysis(FIA) HPLC and capillary el ec-
trophoresis(CE) including the CE chip.

One considerabl e advantage of BDD electrodes
over other typesof electrodesisthe chemical stability
at very positive potentia salong with alow background
current and high overpotentia for oxygenevolutionre-
action. These characterigticsintroduce new opportuni-
tiesfor anodic el ectrochemical detections. On conven-
tional electrode materialssuch asmeta or glassy car-
bon, oxidation of phenolsisblocked by large back-
ground current and followed by formation of
poly(phenoxy) typedeposits. Thisprocesscomplicates
analytical detection. Pollutantssuch as chlorophenols
had been detected at BDD d ectrodesin aflow-through
electrochemical cdl*®, Theoxidation of 4-chlorophe-
nol, 2-chlorophenal, 2,4-dichlorophenol, phenol and
4-chloro-3-methyl phenol havebeen observed at + 1.5
V vsSCE inacidicaqueoussolutiona BDD dectrode.
Inaflow-cell configuration, detection upto 20 uM had
been carried out. The detection of chlorophenols at
BDD dectrodesin the presence of ultrasound had also
been reportedY.

Sonod ectrochemistry introduces severa improve-
mentsin el ectroanal ysis such asbetter signal to noise
ratio and absence of |aborious sample pre-treatment
processes. Depending on the mechani cal hardness of
thedectrodemateriad, consderabledamagetotheeec-
trode surfacetakes placewithin ashort period of time
inthe presence of power ultrasound . BDD dectrodes
under power ultrasound have been demonstrated to
show no signsof cavitation or mechanica damagedue
to the robust mechanical hardness of diamond sur-

———— Review

face™¥, The detection of 4-chlorophenal by oxidation
at BDD electrode in the presence of 20 kHz ultra-
sound had been reported to be possiblewith alower
detection limit of about 1 uM concentrations and a
linear range of 1-300 uM in aqueous media™. Saterlay
et al.l*Y reported the successful development of an
aqueous 4-chlorophenol voltammetric sensor. Theuse
of power ultrasound during the el ectrooxidation of 4-
chlorophenol at BDD el ectrode had a so been shown
to bebeneficial intheelectrochemical degradation of
this pollutant, which need to be constantly monitored
intheaguatic environment, potentialy offering further
waste-water clean-up applications. Similar to phenols,
organic pollutants such asdyestend to form passivat-
ing layerson dectrode surfaces. A study on the detec-
tion and bleaching of reactive dye Procion Bluere-
ved ed that the formation of the passivating layer oc-
cursgradualy. At low dye concentrations, well-defined
guasi-steady state voltammogramsare observed inthe
presence of ultrasound and well-defined andytical Sg-
nal swere obtained over aconcentration range upto
approximately 50 uM2,

Thedirect oxidation of L-cysteinewas compared
on GC and BDD dectrodes®?. Slower kineticsdueto
the desorption of L-cysteine on GC electrode exhibits
much poorer voltammetric response. In contrast, BDD
el ectrode was used to detect thisamino acid directly
down to uM concentration range.

Thevoltammetric behaviour and detection of sulfa
diazinedrug and of NADH (nicotinamid adeninedi-
nucleotide) werereported at BDD thinfilm and micro-
eectroded. Smilarly, eectrochemica andysisof dif-
ferent nucleic acids had a so been reported on BDD
electrodes®. tRNA, singleand double stranded DNA
and 2'- deoxyguanosi ne 5'-monophosphate (dGMP)
werewel | studied and well-defined voltammetric peaks
wereobservedinall thecases, which had been directly
assigned to the el ectrooxidation of deoxyguanosine
monophosphate.

Other nitrogen containing organic compounds
(dopamine, indole, aminochrome) had been studied on
polycrystalline BDD electrodes™®. The oxidation of
Xanthinederivativesand caffeinewerereported a the
BDD €l ectrodes*”. Antidepressant drugssuch asimi-
pramine, desi pramine, clomipramine, amitriptylineand
doxepinwerereadily oxidized at both BDD and GC
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electrodes®®. However, background current werere-
duced and detection procedure was more reproduc-
ibleat the BDD €l ectrode compared to GC e ectrode.

Both CSV and ASV offer powerful toolsfor the
detection of traceleve sof metalsand impurities*® and
thesetechniquesare based on theamplification of the
andytica responseby apre-accumulation/pre-concen-
tration step. Stripping voltammetry isapowerful eec-
troanaytical techniquefor thedetection of traceamount
of metalsintherangeof ppb (partsper billion). Itshigh
sensitivity isattributed to the pre-concentration step,
duringwhichthetarget metd sareaccumul ated/depos-
ited on to the working electrode. Early works were
focused mainly on metal deposition and stripping pro-
cessesat BDD electrodes. Thedetection of tracelev-
elsof Pbat BDD electrode by ASV wasreported by
Fujishimaet al.. The el ectrochemical detection of
ionic mercury in the concentration rangefrom 10°to
10° M at BDD electrodes were reported by
Manivannan et al .24, Theextremely low back ground
current for BDD electrodes provides astrong advan-
tageintrace metal detection.

Theuseof thermd activation in €l ectroanaysis of -
fersvariousbenefitd??. The use of focused microwave
activation in electrochemistry wasfirst reported by
Compton et al .2 and has since been investigated for
various interfacial processes such as adsorptionf?4,
metal deposition®!, and e ectron transfer reactions?.
It hasbeen shownthat at metal dectrodes sdlf-focusing
of themicrowave radiation occurs?? and avery high
power dengty isavailabledirectly a thetip of theelec-
trodeimmersed in e ectrolytic solution. M ost € ectro-
chemicd studieswith microwaveradiation have been
carried out with meta e ectrodes. Inoneof theprelimi-
nary report, themicrowaveactivation of €ectrochemi-
cal processesfor the deposition and stripping of PO,
at carbon and BDD €l ectrodes had been reported?®,
The microwave-enhanced anodic stripping detection of
Pbinariver sediment had been proposed asanovel
procedure employingaBDD dectrode?.

BDD ELECTRODE FORWASTE WATER
TREATMENT

Electrochemistry providesan attractive aternative

to traditional methods for waste water treatment!2.
Research & Reotews On

Severa carbon-based el ectrodes have been used for
wastewater treatment, but some of them demonstrated
arapidlossof activity dueto thefouling of the elec-
trode surface’™®. Anode materiaslike IrO, gave selec-
tiveoxidation, while PbO, released toxicionsand SnO,
showed alimited servicelife.

Ontheother hand, BDD electrode has proved to
be excellent material for waste water treatment and
water disinfection dueto itshigh anodic stability and
wider potential window. Theoxidation of organic com-
poundsat the BDD electrode can follow two mecha
nismsdepending ontheapplied potentid. Thefirst one
isthedirect eectron transfer inthe potentia region be-
foreoxygen evolution (water stability). Thesecond one
istheindirect oxidation viad ectrogenerated hydroxyl
radicals(OH), intheregion of oxygenevolution (water
decomposition).

On the basis of different experimental results,
Comnindlig®*3 proposed amechanism for the oxida-
tion of organic compoundswith theevol ution of oxy-
gen concurrently. Thisassumesthat both organic oxi-
dation and oxygen evol ution can take placeonaBDD
electrodeviatheformation of OH radica astheinter-
mediate through thedectrolysisof water.

BDD +H,0 —»BDD (OH) +H * + e 1)
BDD (OH) + R — BDD + m CO, + n H,0 )
BDD (OH) > BDD +% 0,+H “+e& ©)

Reaction (2) isincompetitionwiththesidereaction (3)
of hydroxyl radical discharginginto O..

A largenumber of organic pollutantsarecompletely
mineraized by thereaction of € ectrogenerated hydroxyl
radica duringthedectrolyssat BDD dectrodesat high
applied potential 3+,

SUMMARY

Diamond el ectrodes and in particular highly B-
doped diamond e ectrodesare highly beneficia inmany
applicationsin electroandysis® ¥, wastewater treat-
ment¥. It has been shown that BDD is much better
electrode material compared to GC and other tradi-
tional electrode materias. However, despite the sev-
eral benefitsof BDD el ectrodes, they have not found
wideindustrid applications, mainly duetotheir high cost
and thedifficultiesto find asuitable substrate for the
deposition of thindiamond films.
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