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Many of the remarkable biogeochemical processes that graphy

regulate the transfer of mass and energy between the

atmosphere, ocean waters, benthos, and earth’s crust takembodied within sensors or larger analytical systems (Figure
place at small spatial scales, e.g., within single cells, pores1).! Those that are the focus of this review are constructed
of sediments and rocks, aggregates, microbial mats, orwith single (rather than array) electrode surfaces confined
biofilms. Over the past two decades, with advances in within or just behind the tip of a cylindrical glass or PEEK
electroanalytical chemistry and microelectronics technology (polyethyl ether ketone) capillary, so that the electroactive
it has become progressively possible to probe marine g face area determines many of their temporal and spatial

c?:gﬁ])iesrt]rw:r?c;nlﬁgtii t%?gcltnggf;%esf?r?ig g;(sﬁg\r’:tzohno;’]"a?gggﬁ response characteristics (Table 1). Each variety of micro-
y ' p electrode will return an electrical signal (e.g., a current or

in the laboratory, but a significant portion has been possible . X . )
potential) in response to a particular chemical species or be

because of in situ techniques designed for extreme or . :
dynamic environments (e.g., euxinic seas, the deep seaﬂoor,able to detect and resolve a number of different species at

hydrothermal vents). This paper reviews the role that the same t_im_é.ln many texts, the _defin_ition of microelec-
microe'ectrodes have p|ayed (prior to the Calendar year 2007)tr0des is limited to electrodes with diameters of tens of
in providing fundamental information about the chemical micrometers or less, and this distinction is usually because
reactions which structure the marine environment. The intent at this scale, even in a turbulent flow regime, the flux of an
is to illustrate inventive applications that have contributed analyte to the electrode surface will be controlled by radial
new insight about oceanic processes and chemical speciationliffusion2 This condition has the advantage that a steady-
rather than to critique different sensor designs, operating state faradaic response is attained very rapidly and nearly
characteristics, or methodologies. However, where appropri-independent of stirring or natural convection for ampero-
ate, original and review articles that emphasize fundamental metric and voltammetric microsensors. However, because
sensing prinqiples or the pr_omise_ of new mat(_arials or inte- relatively large electrodes (0.08 2r < 1 mm; sometimes
grated analytical systems will be cited to also give the reader . 0.4 sminielectrodes”) may, under nonturbulent conditions
a view of current developmental work on chemical sensors. such as those found in the interstitial spaces of fine-grained

2. Defining Microelectrodes sediments, respond like a microelectrddegrtain electro-
The term “microelectrode” is used to refer to both chemical sensors with these electrode dimensions and tailored
electrochemical sensors and very small electroactive surfacegechniques will be included in this review.
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Figure 1. Schematic drawings illustrating the double usage of the
term “microelectrode” as both an electrochemical sensor (A) and
a tiny sensing surface, often located in the tip region of glass
capillary constructions (B and C). B resembles the tip of a Clark-
type @ microelectrode and C the tip of a Au-amalgam voltammetric
microelectrode. Microelectrode applications require equipment for
measuring electrical quantities in a complete electrochemical cell,
but these components are considered part of a larger analytical
system rather than part of the sensor.

Figure 2. (A) Clark-type oxygen microelectrode (courtesy Unisense

i i i A/S, Aarhus DK); (B) glass pH microelectrode (Unisense A/S);
3. Types of Microelectrodes in Chemical (C) voltammetric electrodes constructed in PEEK and glass
Oceanography capillaries (courtesy of G. W. Luther IIl).

There are more than a dozen aquatic chemical species or
parameters that may be measured with microelectrodes, an
several earlier reviews present detailed information about the

reat variety of microsensor designs that have been devel- .
gped and th{air detection principleg, construction, measurings'l' Clark-type Oxygen Microelectrode
equipment, interferences, application methods, and experi- The Clark-type oxygen microelectrode senses dissolved
mental concern%;’® Among the many designs, the three oxygen after its diffusion across a silicone membrane
single microelectrode sensors that have been most widelyenclosed at the tip. Technically, the sensor is not one
used in situ and in laboratory investigations of marine electrode but three for it incorporates a complete electro-
samples are the amperometric “Clark-type” oxygen micro- chemical cell and a guard cathode whose purpose is to strip
electrode, the potentiometric glass pH microelectrode, andoxygen from the backing electrolyte solution. It is operated
the voltammetric mercury-plated microelectrode (with images using the technique of chronoamperometry, giving rise to a
of representative examples given in Figure 2). Each of thesecathodic current typically measured in picoamperes (pA).
sensors is presently commercially available and can belts use in the aguatic sciences was preceded by measurements
fabricated with a range of tip sizes and corresponding with an uncombined Au-plated Pt microelectrode with a
performance specifications (Table 2). Their extensive use isrecessed tip and resin coatitfg?
because spatial and temporal variations in dissolved oxygen, A model equation for predicting the signal of Clark-type
pH, and several sulfur and trace metal species measurabléD, microelectrodes from the physical dimensions of the tip,
by voltammetry are ultimately linked to the ocean’s most O, partial pressure, and diffusion properties of the electrolyte
ubiquitous and important chemical reactions. Below a brief and membrane was presented and validated experimentally

verview of these sensors will be followed by looking at
heir most significant oceanographic applications.

Table 1. Definitions of Spatial and Temporal Response Characteristics of Microelectrodes

characteristic definition
spatial resolution measure of the size of the area of the environment that contributes to the sensor signal
response time time required for a sensor signal to reach a percentage (usually 90%) of the total signal change after an abrupt change
in analyte concentration
stirring effect or sensitivity percent change in sensor signal when transitioning from a stagnant to a vigorously agitated fluid

signal sensitivity relative change in sensor signal for a change in analyte concentration; often equated to the slope of a linear calibration
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Table 2. Characteristics of the Three Types of Single Microelectrode Sensors That Have Been Widely Applied in Chemical
Oceanography

Clark-type Q amperometric glass pH potentiometric Hg-plated voltammetric
tip outer diameter 5100G* um 10-1000um 50-3178 um
electrodé diameter +10uxm 10-1000um 5—-100um
sensor type combined gas microsensor witicombined ion-exchange-based uncombined bare or agarose gel-integrated working electrode,
ion-impermeable membrane glass membrane sensor, used used with separate reference and counter electrodes
with a separate reference electrode
90% response time 024 s <60s secondsminutes and dependent on the voltammetric technique
signal sensitivity 0.2—1 pA/uM O 58.1 mV/pH unit 0.02-30 nAjuM and dependent on the electrode diameter,
at 20°C (see Figures 3 and 4) chemical species, and voltammetric technique applied
references 11,19,91 5,229 10, 36-33, 40

aFor some applications where spatial resolution is not critical, sensors have been made with a thick tip to be rugged. For the Clark-type O
sensor this is done by thickening the glass capillary wall around a membrane-filled opening of only a few micrometers. The pipettes of voltammetric
electrodes have been made intentionally wide and filled with nonconductive eploxthis context, “electrode” refers to the electroactive surface
that may be exposed at the tip or enclosed behind a membrane as in Figure 1B%afd &.; Dexter, S. C.; Luther, G. W., IlICorrosion1998
54, 814.
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Model equation for the O, reduction current : :
7 7z \! Figure 4. Two oxygen profiles measured in situ and simultaneously
I = ®arpgy, (W + DDI S) at the sea floor on the Oregon margin (110 m water depth) with
: ~ Clark-type microelectrodes having tip outer diameters ofub

Figure 3. Schematic drawing of the very tip of a Clark-type O  (Unisense OX-25 sensors). Each sample point represents the mean
microelectrode, and model equation for predicting theeduction and standard deviation of five readings takenhwdt 1 sdelay
current (output signat- zero current, A) as a function g, = between readings. The higher average signal-to-noise ratio of sensor
partial pressure of Pa),Z, andZ. = thicknesses (m) of silicone A compared to sensor B produced a profile in which the oxygen
membrane and electrolyt® = O, permeability of the silicone zero depth is resolved with greater certainty. However, the diffusive
membrane (mol m! Pa! s1), D, = O, diffusion coefficient in oxygen utilization rate when predicted from the DBL gradient of
the electrolyte (fhis™1), S = O, solubility in the electrolyte (mol A is 25% lower than the same rate predicted from modeling the
m~3 Pa'l), andr,, r1, andr, = the internal sensor radii (m) at the  curvature of the whole profile (0.34 versus 0480l cnt2 day™1).
cathode and inner and outer boundaries of the membrane. AThe corresponding rate derived for profile B is 0,3#ol cn2
conversion factod® = coulombs per mole ©reduced. Modified day! by either method. These data were collected by the author
with permission from ref 14. Copyright 1998 by the American in 2004.

Society of Limnology and Oceanography, Inc.

, . o and recording. Two oxygen profiles measured simultaneously
by Gundersen et af. (Figure 3). This model and similar gt the sea floor but with Clark-type microelectrodes with
formulations for the signals of macromembrane-covered giffering signal-to-noise ratios are illustrated in Figure 4. In
oxygen electrodés*®stem from the principles used to derive  hjs example, the higher noise and lower signal sensitivity

the Cottrell equation] which also predicts a time-dependent (g 45 pALM) of sensor B compared to A (0.59 Vi)
concentration profile at an electrode surface after applicationyakes the second profile less precise.

of a constant potentiaf Ideally, Clark-type oxygen micro-

electrodes restrict the diffusive concentration gradient of i

dissolved oxygen to within the sensor. When this condition 3.2. Glass pH Microelectrodes

is met, as is assumed for the model in Figure 3, the sensor The glass pH microelectrode is an example of a miniatur-
is insensitive to stirring. For sensors whee~ ry ~ r, ized ion-selective electrode that senses the activity of H
increasing the ratio of./(Zn + Zo) can extend the oxygen because of a membrane potential created as a consequence
gradient to outside the sensor, causing a stirring effect. Of selective charge exchange between the outer solution and
However, a relatively greateg will increase the sensor signal ~ the hydrated pH glas®.The protruding pH glass tip may
sensitivity, while decreasingZf, + Zg) will shorten the be fabricated into a sharp point or bulb, and recessed tips
response time. Thus, there is a tradeoff between sensoi@re also workablé: The persistence of glass pH microelec-
response characteristics with a middle ground preferred bytrodes (and minielectrodes) in oceanographic research is an
most users. Other small adjustments that can improve theindication that they are more rugged, have better longevity,
signal of a Clark-type @microelectrode at a giveRo, and and are more available than many newer varieties of pH
temperature (without sacrificing stirring independence) are microsensors including polymeric liquid membrane pH
a greater relative membrane thicknegs/[Ze + Z»]) and a microelectroded? sol-gel-based optoded,and solid-state
more conical-shaped tig4 > r,).141°Without an adequate electrodeg® One adaptive application of the pH microelec-
signal-to-noise ratio, it can be difficult to precisely resolve trode has been its incorporation intgp@0;, sensof’

oxygen microgradients or the onset of anoxic conditions in  The potentiometric measurement of pH requires a high
the marine environment. Microelectrode performance in situ impedance voltmeter and a nearby reference electrode such
may also differ from predeployment evaluations due to as a silvef-silver chloride electrode (SSCE) to complete the
pressure influences on the sensor or changes in noise sourceslectrochemical cef® Response times are typically less than
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a minute (Table 2) but dependent on the pH glass thicknesscontrol or restrict flow across the electrotteExamples of

and the magnitude of the pH shit.One of the greatest  such applications are discussed below. The greatest remaining
challenges for field applications of pH microelectrodes is challenges associated with voltammetric microelectrode
eliminating sources of drift. Drift in the sensor signal under measurements are refinement of techniques to optimize
constant temperature and pressure conditions may be causesensitivity, simplify calibration, and eliminate complicated
by adhesion of natural materials to the pH glass, changes ininteractions that occur when multiple reactive species are
the liquid junction potential of the reference, or leakage oxidized or reduced at the electrode surface. In other words,
currents through the reference. These factors have limitedthis kind of work relies on paying careful attention to the
the precision of pH microelectrode measurements to at bestdetails of voltammetric techniques that can produce species

+0.01 pH units during marine applications. at a mercury surface that are not present in situ. This means
these sensors, more than oxygen and pH microelectrodes,
3.3. Voltammetric Sensors require an investment of a significant amount of training time

Robust mercury-plated microelectrodes with hemispherical and effort before they can be applied successfully.

geometry that are used with voltammetric techniques such . . . .
as cyclic voltammetry and square-wave anodic stripping % Applications of Major Significance to Chemical
voltammetry (SWASV) were introduced to the aquatic Oceanography

sciences by Tercier et #.and Brendel and Luthét. Their For the remainder of this review microelectrode applica-
development for in situ measurements has progressed in tWQtjons that have had major impacts on the field of chemical
directions: (l) fabrication on an electro-etched Ir substrate Oceanography are described. As in any Synthesis’ this
(polished electroder2= 5—16 um) in combination with an  assembly of accomplishments could not include every study,
agarose gel antifouling membrafand (2) fabricationona  and emphasis is colored by the author's field of expertise.
Au wire substrate (usually r2= 100 xm) without a  However, it is hoped that the diversity of problems addres-
membrane (Figure 1¢§.The intended field applications of  saple with microelectrodes will become evident and that this

the two designs impose radically different operational and summary will illustrate how a basic analytical approach can
performance requirements. The first enables highly sensitivecatch on and advance a scientific discipline.

measurements of dissolved trace metals such as Cd and Pb
without interferences from colloidal and/or macromolecular 4 1 parametrization of Benthic Carbon Fluxes:
materials and was developed primarily for water column qganic Matter Oxidation and CaCO 5 Dissolution
studies. The gel layer is usually 6:2 mm thick and ensures
purely diffusive transport of ions to the microelectrode  As a tool applied by chemical oceanographers, microelec-
surface. Sensitivity is dependent on deposition times that aretrodes have had their greatest impact on studies of benthic
typically 5—15 min in duration before applying SWASV  carbon cycling. Prior to 1980 there was little information
conditions** The most recent advancements have beenon how much organic carbon reaches the sea floor, what
interconnected and individually addressable gel integrated portion is recycled by different diagenetic processes, or how
Ir-based microelectrode (GIME) arr&y$® and their modi- and where organic carbon oxidation impacts Ca@i8solu-
fication to include a metal-complexing resin (CGIMEBy tion and accumulation. In fact, dissolved oxygen profiles in
incorporating both varieties of sensor into a Multi Physical sediments were rarely measured but instead were often
Chemical Profiler equipped with three separate microflow inferred on the basis of coarsely measured distributions of
through systems (a flow-injection analysis system for on- other chemical species such as N@r Mn2*.4344 Oxygen
line sample pretreatment, controlling hardware, and soft- microelectrodes made it possible to assay dissolved oxygen
ware), free ion and dynamic fractions of trace metals have in marine sediments and estimate rates of oxygen production
been monitored in coastal waters down to subnanomolarand consumptiof2#®¢ Oxygen microelectrodes applied to-
levels together with total extractable metal concentratidns. gether with pH (and in a few cas@€0,) microelectrodes
Recent reviews of these developments stress the significancén situ have provided critical data for constraining rates of
that these microelectrodes are able to detect chemical speciesalcite dissolution driven by metabolically produced £0*
based on their chemical reactivity and mobifity?® This At this juncture, the importance of the advent of techniques
capability means that they have great potential for monitoring to deploy microelectrodes underwater utilizing landers,
bioavailable and other environmentally relevant groups of submersibles, and remote operated vehideserves special
trace metal speciés. mention. Decompression, warming, and sampling disturbance
The second variety of voltammetric sensor, the Au-amal- bias rate estimates derived from shipboard measurements.

gam electrode, was developed primarily for the concurrent These artifacts have been born out by comparisonsof O
measurement of OQMn2t, Fe*, |-, and /or forms of reduced ~ and pH profiles measured at the sedimentter interface

S at micromolar concentrations in the pore waters of marine in situ and in recovered cores, and they are especially great
and freshwater sedime@tsvith subsequent work on other ~ for surficial sediments from deep and fauna-rich environ-
complex natural samples enriched with either these or ments!®*%>Thus, in situ techniques were a prerequisite for
additional Mn, Fe, Pb, and /or S species (see sectiorf%.4). the contributions microelectrodes have made to documenting
Their larger size and bare mercury layer can withstand the benthic carbon fluxes.

physical abrasion of sediments but limits their ability to  To appreciate carbon fluxes based on in situ microelectrode
produce voltammograms that can be interpreted quantitativelymeasurements further, it is essential to understand that
when exposed to turbulent flof¥.However, some of these  organic carbon is the ocean’s ultimate reductant that balances
effects have been overcome by using rapid scan rat&8({0 changes in dissolved oxygen through the opposing processes
mV st with either cyclic or linear sweep voltammetry) and of photosynthesis and respiration. Chemical oceanographers
by enclosing the voltammetric electrode (and reference andcan derive benthic organic carbon fluxes from benthic oxygen
counter electrodes) in flow-through cells or “wands” that can fluxes provided accounting is also made for burial fluxes of
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equivalent to the suggestion that microbial nitrate reduction
(denitrification) competes with the chemical reduction of
nitrate with Mn(ll) (because the latter implies concurrent
MnO; reduction). Field evidence that sparked debate about
Mn and N interactions began with voltammetric Au/Hg
electrode profiles in continental margin sediments document-
ing separation between where, @ depleted and the
appearance of Mn(IR%?

In the future it is anticipated that gel-integrated Hg-plated
Ir-based microelectrodes may be used in studies similar to
those just cited in order to follow rapid reaction-based
changes in trace metal speciation. To date, the primary
emphases of groups employing these sensors have been
comparing dynamic (i.e., mobile through the gel) trace metal
concentrations (particularly for the metals Pb, Cd, Zn, Mn,
and Cu) to total (ICP-MS measured) concentrations in lakes
and estuaries and establishing the dependence of speciation
on other environmental factors such as pH, salinity, turbidity,
and water deptt37 In such studies there is greater complex-
ity when interpreting long time-series data because the effects
of both water mass transport and biogeochemical reactions
are being sensed. However, there is also the capability of
building detailed spatial and temporal data banks for
ecosystems through which the sources, sinks, and exchanges
of different trace metal forms can be thoroughly descrilfed.

5. Concluding Remarks

Microelectrodes are analytical tools, but there is also
considerable engineering, art, and science behind their
application. The microelectrodes that have been applied
widely in the ocean are still very few. This review has
stressed the breadth of microelectrode-based information that
has been gained about ocean chemistry since Revsbech et
al.t% first reported using microelectrodes to measure O
profiles in coastal sediments. No one could have predicted
at that time the inventiveness of these applications. Their

Figure 10. (A) Time-course voltammetric microelectrode data of variety has constrained fundamental biogeochemical pro-
the reduction of 50Q«M quantities of three Fe(lll) phases IS cesses at many temporal and spatial scales under a host of
putrefuacienstrain MR-4; (B) semilog plot of the time course data  enyironmental and laboratory conditions. The examples in
used to determine pseudo-first-order rate constants; (C) competitionic raview should inspire ongoing development efforts to

exp':eri(rlrllsnt? i”tWhiCh nitra';]e WaSM?EDRdfd dto C”“]E”es alrfefg())/ g((t)r\]/ving produce additional reliable and durable microsensors for field
on Fe(lll) citrate or amorphous edrawn from ref 100 wi uce _ ; . \
permission from EIsevieE. Copyright 2000 Elsevier. applications. Certainly, the recent and rapid extension of flb_er
, and planar optodes to sediment and water column studies

_Dollhopf et al*®followed the reduction of Mn and Fe by 54 grown out of microelectrode approacésio¢ Further
direct voltammetric measuremétin cultures ofShewanella  yeyelopment and experimentation needs only the objective
putrefaciensa facultative anaerobic bacterium isolated from 4 generate high-quality sensor data for environmentally
the suboxic zone of the Black Sea. One selection of datagensitive marine chemical species. Students also need to be
(Figure 10A and B) shows the derivation of pseudo-first- yaineq in the fundamentals of electrochemistry in order to
order rate constants for the respiration of three different forms fully understand the subtleties of an electrode response. With
of Fe(lll). A second data selection (Figure 10C) displays petter sensors and more trained marine analysts, the science
the results of experiments in which nitrate was introduced jiscoveries will come and new data will form the basis of
to compete with amorphous Mn@nd Fe(lll) citrate. Both  g1opa| biogeochemical models. This is especially certain as

datasets indicate that marine bacteria will utilize a soluble e scientists enter into initiatives for widespread ocean
chemical oxidant before a colloidal mineral. A significant observing as is planned for the next deci#fe.

time lag before reduction was also only observed with

insoluble electron acceptors, implying cells must first orient
to mineral surfaces. 6. Acknowledgments
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