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Rotating disc electrodes (RDEs) exploit the induced flushing of a radially spun 

electrode to increase the overall rate of analyte flux to an electrode sensing 

surface and its resulting signal current (i). Here initial efforts to evaluate a rotating 

platinum (Pt) microelectrode for efficacy as a rapid in situ dissolved oxygen (DO) 

sensor when submerged in natural waters, particularly seawater, are reported. 

The sensor tested employs a polished Pt disc (r = 50 µm) working electrode fixed 

at the tip of a rotating shaft as part of a three electrode system that includes a 

large surface area Pt wire (r = 250 µm) as a counter electrode and a silver/silver 

chloride (Ag/AgCl) reference electrode. An applied voltage (E = -0.75V) set 

between the Pt working and the reference leads to the reduction of molecular O2 

at the disc surface and flow of electrons from the counter to the working 

electrode. This resulting electrical current was verified to be linearly proportional 

to concentrations of dissolved oxygen from 30 – 330 µM in seawater (S = 34), 

with sensitivities of ~0.6 nA / µM at 1000 rpm, when the electrode was run in a 



chronoamperometric mode. A similar linear range was also found in filtered fresh 

water collected from rivers. Evidence from flume experiments revealed shorten 

response times (t90% ≤ 0.10 s) compared to the majority of commercially available 

sensors, the result of both the rotational flushing of the electrode surface and the 

use of a bare Pt surface with no membrane. 

 

Physically durable, and an order of magnitude faster in response than the 

majority of reported aqueous DO sensors (t90% > 1.0 s), further optimized RDE 

systems similar to those detailed here could be used to resolve DO at high 

frequencies (2 - 18 Hz) in either fixed-point Eulerian or fast water column 

profiling applications. This first reporting of a truly in situ watertight electrode 

rotator additionally demonstrates the practicality of translating other RDE 

techniques to in situ detection. 
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1.0 Introduction 

 

1.1 Resolving dissolved oxygen 

Dissolved molecular O2 (DO, or bulk aqueous phase [O2]) is a key biogeochemical 

parameter in marine and limnologic settings. Changes in DO reflect biotic and 

abiotic transformations within water masses and the various transport 

mechanisms that drive solute exchange across system boundaries. The primary 

oxidant of marine organic material and one of the most reactive seawater 

constituents, this essential ocean variable (Lindstrom et al. 2012) is routinely used 

to trace biological production and metabolism throughout the ocean. As 

investigations of ocean biogeochemistry shift more to in situ methods and call 

for accurate measurement at finer and finer spatial and temporal scales, there is 

an impetus to explore different sensing approaches that could push the limits of 

response time, signal stability and physical durability for functional DO sensors.  

 

While DO sensors have progressed significantly since their early inceptions (Clark 

1953, 1956, Carritt and Kanwisher 1959), modern devices built to function 

submerged in seawater are not free of limitations and assumptions. Commonly 

cited issues that can become problematic in different applications include poor 

physical durability, limited response times, and a difficulty to maintain long term 

signal stability due to biological fouling of sensor surfaces (Delaney et al. 2010, 



2 

 

Denault et al. 2009). In the majority of settings the capabilities of the most 

common DO probes are adequate. However, a limited number of in situ 

measurement techniques being applied in fast flowing waters have been found to 

require capabilities of response time and durability beyond that afforded by most 

or any commercially available sensors. It was improving the hardware for one 

such approach, Aquatic Eddy Covariance (AEC), that prompted this study of an 

alternative DO sensor based on a rotating microelectrode that could in theory 

respond at rates faster than current sensor formats allow. 

 

A specialized in situ approach used to determine DO fluxes across the sediment-

water interface, AEC comes with a demanding set of sensor criteria (Berg et al. 

2003, Falter et al. 2008, Lorrai et al. 2010, Holtappels et al. 2013, Donis et al. 

2015). The AEC method requires the accurate resolution of DO in a small (<5 cm3) 

fixed control volume at time scales that can capture DO fluctuations caused by 

natural turbulent eddies that move bottom waters to and away from the benthic 

interface. In aquatic environments with low turbulence such as deep lakes and 

marine basins, the typical t90% of ~1 s (t90% being the time it takes for 90% of a 

sensor’s signal to respond to a change in bulk concentration, or the functional 

response time) of most fine-point commercial sensors is appropriate. When in 

higher energy settings, however, smaller eddies can operate at time scales as 

short as 0.2 s (Lorrai et al. 2010). The fastest available sensors (t90% ~0.5 s, Berg et 
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a. 2016, Merikhi et al. 2018) are unable to meet this lower threshold, and thus it is 

possible in some instances a significant portion of mass flux may be missed 

(Reimers personal communication), underestimating eventual DO flux 

determinations..  

 

Another challenging criterion for AEC is the need for DO measurements to align 

in time with the velocity record. While this can be helped by physically 

positioning the sensor at the edge of the velocity measurement volume, the 

measurement volume and oxygen probe cannot actually overlap (as this corrupts 

the velocity measurement).  Thus, there is always some small spatially induced, 

flow direction-dependent, time difference that must be corrected for. In addition 

to this spatial offset, the response time of the sensor must also be accounted for 

when correlating time series. During alignment of the records, small 0.2 s shifts in 

one direction or another can in the worst scenarios create a bias that doubles or 

halves the eventual calculated flux (Berg et al. 2015). While there will always be a 

need to correct for the spatial offset between the DO and velocity measurements, 

reducing sensor response time as much as possible will greatly reduce error and 

uncertainty.  

 

Recent work has also shown inconsistencies in the response time of individual 

microoptode sensors of common manufacture (0.15 < t90% < 0.59 s, n = 10) used 
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regularly in AEC (Merikhi et al. 2018).  This ~0.44 s range speaks to the difficulty 

of applying a fixed time shift to resulting AEC records from multiple deployments. 

While different post hoc mathematical treatments have been developed for 

unidirectional flow and under-wave scenarios, there is no perfectly settled 

procedure that can determine an ideal time shift universally under all conditions. 

DO sensors able to respond on a millisecond timescale would eliminate the 

uncertainty from the sensor’s response lag and produce much more readily 

aligned records of DO and velocity variations. This benefit would also be 

applicable to existing CTD and mobile sensor platform configurations where 

reduced DO sensor response times could also eliminate the need to apply 

response time corrections and greatly improve the overall resolution of water 

column profiling (Daly et al. 2004). While the motivating goals of this 

investigation were an improved sensor for AEC, there is clear potential for further 

developed rotating electrode systems to be a powerful tool for water column 

profiling. 
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1.2 Background on aqueous oxygen sensors 

1.2.1 Electrochemical sensors 

The first sensors used for determinations of DO in aquatic environments were 

electrochemical and adapted from Clark (1956) (Carritt and Kanwisher 1959, 

Reimers et al. 1986, Oldham 1994, Gieseke and de Beers 2008, Berg et al. 2009, 

McGinnis et al. 2014). ‘Clark-type’ or ‘polarographic’ macro and microelectrodes 

today still employ the reduction of O2 on Pt or Au after diffusion of O2 through a 

membrane, although progressive refinements have reduced fouling, lowered 

limits of detection (Revsbech 1989), improved signal stability (Revsbech and 

Ward 1983), and proliferated a multitude of morphologies (Oldham 1994, Suzuki 

et al. 2001, Lee et al. 2008). Similar gains have been made with in situ galvanic-

type microelectrodes (Curtin et al. 2005, Crimmins et al. 2005, Johnson et al. 2011, 

Else et al. 2015), which while fairly stable consume their internal reactants and 

have a limited lifespan of months to years (Nei and Compton 1996). The vast 

majority of these microelectrodes are also constructed within thin glass outer 

capillaries that make them inherently fragile. The ease of breakage from animal 

strikes in situ, or user error during handling, increase costs and can limit the 

usable data produced during deployments. Approaches to cover and protect 

sensors (e.g. in flow through cells, with caps or guards) can reduce this damage, 

but also introduce artifacts and retard direct communication with the 

surrounding environment. 
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Electrochemical approaches inherently utilize the direct consumption of 

molecular O2 and in doing can generate highly reproducible sensor responses 

that are linear with respect to oxygen concentration with definable temperature 

and ionic strength effects (Brendel and Luther 1995, Pletcher and Sotiropoulos 

1996, Gundersen et al. 1998; Sosna et al. 2007, Hutton et al. 2008). This linearity 

simplifies calibrations allowing defined equations for signal current (i ) at 

particular formats of electrode. Most of these equations are underpinned by or 

stem from early definitions of electrode current responses in benchtop steady 

state conditions. 

 

An example, eq 1, defines the steady-state current at an immobile disk electrode, 

as in diffusion-controlled chronoamperometry.  

𝑖𝑠𝑠 = 4𝑛𝐹𝐷𝑂𝐶𝑂
∗𝑟0    (1) 

Another, the Cottrell equation (eq 2), defines current response over time to a 

stepped shift in potential at the same disc.  

𝑖(𝑡) =
𝑛𝐹𝐴𝐷𝑂

1/2
𝐶𝑂
∗

𝜋1/2𝑡1/2
    (2) 

Wherein n is the number of electrons involved in a given reaction, F is Faraday’s 

constant, r the radius of the electrode, C*
o the concentration of the 

electrochemically active analyte in bulk solution, A the area of electroactive 

surface, and Do the molecular diffusion coefficient of that analyte. Both of these 
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non-rotating analogs of the hydrodynamic system detailed later in this study, 

seek to define behavior at a planar electrode with no membrane in steady state 

benchtop conditions usually assumed to be at standard temperature and 

pressure (298.15 K, 1 atm). More familiar commercial Clark-type sensors are built 

on these fundamental electrode concepts, but additionally must consider the 

influence of membranes and internal electrolyte and junction effects. As such, the 

signals produced by many sensors with membranes are only loosely definable by 

predictive equations. 

 

The molecular diffusion coefficient and solubility of O2 in seawater are fairly well 

constrained (Himmelblau 1964, Broecker and Peng 1974, Garcia and Gordon 

1992). If the radius of electrode can be measured experimentally or pre-

determined from construction, only the number of electrons involved in a 

particular reaction must be investigated to arrive at a reliable analytical solution 

that can resolve accurate bulk concentrations of the electrochemically active 

species.  
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1.2.2 Photochemical Sensors 

For several decades it has also been practical to resolve in situ DO with 

photochemically driven optical approaches. Though not the direct subject of this 

investigation, Opt-odes as they’re commonly termed, were used for comparisons 

to the RDEs under evaluation. While they’ve become the oxygen sensor of choice 

for AEC, they’ve have also been a ubiquitous field sensor used regularly in situ for 

several decades.  

 

Optodes come in a wide variety of formats and utilize the photoexcitation of a 

specific metal complex embedded in a thin sensing membrane that allows 

ambient oxygen to diffuse to those sensing sites. In this approach, the metal 

complex is brought to a higher energy state by an internal light source supplied 

through a fiber optic cable or window. The complex then becomes unstable and 

quickly emits this excess energy by fluorescence, an emission of visible light. 

These photons travel back through the fiber optic cable or window to be 

measured at a detector. When these complexes fluoresce in the presence of 

oxygen a fraction of energy that would have been emitted as light is instead 

quenched or ‘absorbed’ by molecular O2, lowering the amount of energy seen at 

the detector. As oxygen concentrations go up, the magnitude of quenching 

grows and the emitted signal becomes reduced proportional to the partial 

pressure of O2 (pO2) in equilibrium with the membrane. Rather than quantifying 
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an absolute magnitude of photons, optodes are designed to measure the 

‘lifetime’ of emission, τ, or the amount of time until the measured intensity decays 

below 1/e. Oxygen concentrations are then derived according to the Stern-

Volmer relation (eq 3) which equates pO2 at the membrane surface with 

fluorescence lifetime and a constant. 

𝑝𝑂2 =
(
𝜏0
𝜏
−1)

𝐾𝑆𝑉𝐾𝐻
  (3) 

Since the Stern-Volmer relationship is non-linear, the calibration of optodes is 

not as straightforward as that of electrodes. The raw signal response of optodes 

is to the partial pressure of O2 across its membrane not directly to bulk aqueous 

concentration. While Henry’s law, [O2]Bulk = KH pO2, allows one to arrive at a bulk 

concentration, Henry’s constant KH is itself dependent on temperature and ionic 

strength. In addition, both the τ0 measurement and Stern-Volmer calibration 

constant (KSV) are temperature dependent. Because of these dependencies, the 

response can be biased by temperature shifts common to many naturally 

turbulent settings, where improper corrections can lead to large inaccuracies. 

Increasing pressure also decreases the overall response of optodes, with 

individual sensor pressure compensation coefficients being poorly known (Uchida 

et al. 2010). 

 

The more robust optode designs, such as the common commercial Aanderaa 

optode, utilize large (1 – 3 cm2) sensing windows or ‘foils’ with durable silicone 
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membranes over the sensing material for physical and photic protection 

(Tengberg et al. 2006). While considered “reliable” for extended deployments 

(weeks – months) these and similar large optodes tend to exhibit slow response 

times (60 – 95 s unflushed sensors, Bittig and & Körtzinger 2017), signal drift, and 

are too bulky for sub-decimeter scale spatial resolution.  

 

To measure at finer space and time scales, optical fiber-based microoptodes with 

tips commonly 400 - 800 m in diameter are used both in water column and 

sedimentary settings (Gouin et al. 1997, Holst et al. 1997, Chipman et al. 2012). 

While these sensors are relatively stable over short deployments (1 – 3 days), 

their performance will decay over time proportional to the number of excitation 

measurements.  Thus, high frequency sampling as required for applications such 

as AEC, shortens their functional lifespan, compromising data quality after only a 

few days of intense use. These small microoptodes also bear similar issues of 

breakage to the morphologically analogous glass capillaries of microelectrodes. 

Even the best attempts to protect microoptodes still require some exposure of 

the fragile fiber optic core. The small sensing area and lack of the protective 

silicone layers viable for macrooptodes, also make them much more susceptible 

to photobleaching, wherein the photoactive sites used for detection in the 

sensing window’s membrane degrade over time and loose sensitivity as a result 

of both the internal excitation source (Berg et al. 2016) and solar irradiation.  
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Optode development has largely progressed toward slower more reliable sensors 

that reduce long term drift for moored or Lagrangian deployments, and have 

come to a somewhat unified type of sensor widely applied across disparate 

observing programs in the global ocean (Körtzinger et al. 2005, Bushinsky et al. 

2016, D’Asaro and McNeil 2013, Bushinsky and Emerson 2015). This uniformity is 

useful and can allow for standardized procedures for correction of drift and 

offsets with in situ air calibrations or post hoc climatological considerations 

(Takehashi et al. 2013, Bittig & Körtzinger 2015, Johnson et al. 2015). Recent 

attempts at refinements of the microoptode format (Berg et al. 2016) have tried 

to push the limits of response times and the ease of submersible deployment, 

though t90% values still seem to stall at a floor around ~0.5 s. This limit is possibly 

a consequence of the thin stagnant boundary layer at the sensing surface, or of 

the fluorescence lifetime property of optodes which is exploited to make 

measurements. 

 

Because an optode’s excitation and quenching process does not directly 

consume oxygen, there is no oxygen gradient generated at the sensing surface. 

As a result, the overall response of the sensor is limited by the time it takes for 

the membrane system to equilibrate with the external pO2 (Bittig et al. 2018) 

which depends on physical properties like the membrane thickness. This 
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contrasts with electrochemical determinations which, in consuming O2 directly, 

produce a gradient at the sensing surface that must be renewed with new analyte 

at a constant rate to reach a stable and ‘accurate’ steady state signal. Irregular or 

sporadic delivery of bulk solution to the sensor, such as may occur during 

unsteady flow situations, can create false signals termed “stirring effects” 

reported as problematic in some applications such as microprofiling and eddy 

covariance (Gust et al. 1987, Holtappels et al. 2015, Reimers et al. 2016). Proper 

understanding or control of the hydrodynamics at and near the sensing surface 

of these electrodes is thus crucial to reliable determinations of DO made with 

electrochemical approaches under non-steady flow present in most every natural 

setting. Minimizing and understanding the boundary layer thickness at sensing 

surfaces are also inseparable from flow considerations and important in pushing 

the limits of sensor response times. These considerations and others prompted 

an investigation of hydrodynamic electrodes and their behavior in non-steady 

flow conditions. 
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1.2.3 Oxygen reduction at electrodes 

The reduction of molecular oxygen on Pt metal (often termed ORR) is one of the 

most exploited electrochemical processes employed in sensing and catalysis 

applications. While different sensing materials have been developed for the 

electrochemical determination of O2 (Wang 2005), cathodic reduction on Pt has 

seen the most extensive investigation and application through a diversity of 

communities including environmental systems applications (Kanwisher 1959, 

Revsbech and Ward 1984, Oldham 1994, Santegoeds et al. 1998, Hutton et al. 

2008), to commercial uses in chemical production and automotive engineering. 

Unfortunately, as in most all multi-electron electrochemical reactions, many of 

the exact mechanisms and surficial processes involved in the overall reaction 

series have remained elusive (Katsounaros et al. 2013). However, a generally-

accepted scheme with two reaction pathways for non-acidic aqueous solutions 

has persisted (Pletcher and Sotiropoulus 1993):  

𝑂2 + 2𝐻2𝑂 + 4𝑒− → 4𝑂𝐻−    (5) 

𝑂2 + 2𝐻2𝑂 + 2𝑒− → 𝐻2𝑂2 + 2𝑂𝐻−   (6) 

𝐻2𝑂2 + 2𝑒− → 𝑂𝐻−     (7) 

This scheme includes a slower 4e- reaction (5) combining water and oxygen, and 

a two-reaction pathway with H2O2 as a suspected intermediate (6, 7). The 

formation of measurable H2O2 seems to be more pronounced on non-Pt catalysts 
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(Wang 2005, Shinozaki et al. 2015). The persistence of H2O2 is also driven by the 

availability of Pt sites on the electrode and mass flux to the active surface, both 

molecular diffusive and advective (Pletcher and Sotiropoulos 1993). While 

adsorption of halides is understood to crowd active sites (Katsounaros et al. 

2013), the rate of mass flux to and away from the electrode surface has been 

shown to have a much stronger influence on signal current (Pletcher and 

Sotiropoulos 1993). Even though not all H2O2 generated at the surface is resolved 

to hydroxide (7), the electrode response remains linear over typical [O2] ranges 

for natural waters as long as the mass flux is steady (Pletcher and Sotiropoulos 

1993, 1996, Sosna et al. 2007). 

 

Often sensor approaches that employ O2 reduction on Pt use protective 

membranes to reduce the fouling of working surfaces, thus extending the 

working lifetime, and improving signal stability for repeated use (Carritt and 

Kanwisher 1959, Pletcher and Sotiropoulos 1996). Membranes may be directly 

coated on electrode surfaces or separated by a layer of electrolyte solution. The 

addition of a membrane changes the dynamics of reduction at the protected 

working electrode and adds response-time dependences on the diffusion 

coefficient for oxygen over that membrane at a given temperature. Common 

membrane materials like Teflon are only gas-permeable, and do very much 

improve longevity and stability. However, unshielded membrane-free electrodes 
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can offer some unique advantages. Used in situ most routinely in sediment 

applications where matrix flow is negligible (Brendel and Luther 1995, Taillefert et 

al. 2000, Ma et al. 2008), their translation to water column measurement has 

largely been limited to research trials with flushed cells (Atkinson et al. 1995, 

Moore et al. 2007, Sosna et al. 2008) and limited studies in near field 

hydrothermal vent plumes (Rozan et al. 2000, Luther et al. 2001, Mullaugh et al. 

2008). The lack of a membrane affords less encumbered transport of analyte to 

the sensing surface, decreasing the response time greatly. It also eliminates the 

pressure effects of membranes (Atkinson 1996), but clear trade-offs do exist with 

fouling of the surface by biofilm growth, the inevitable intrusion of impurities 

onto and into the sensing material (Shinozaki et al. 2015), and long term 

dissolution of the electrode surface to the bulk solution. 
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1.3 Hydrodynamic electrodes  

Forced flow electrodes, also called hydrodynamic electrodes, use a rotating disc 

or pumped flowline to rapidly and uniformly move solution past a sensing 

surface (Bard and Faulkner 1980). A common format, the rotating disc, consists of 

a planar electrode centered at the tip of a rotating shaft (Figure 1). The shaft’s 

rotation forces the thin layer of solution that’s at the electrode surface to be 

thrown radially away from the center, moving tangentially to the electrode 

surface. The resulting pressure gradient draws in fluid perpendicular to the planar 

surface and rapidly ‘”flushes” the area above the sensing surface and its now very 

thin boundary layer. The faster the electrode spins, the faster the flow toward the 

electrode and the thinner the boundary layer becomes. The forced mass 

transport to the sensing surface overcomes the inherent response lag created by 

the much thicker stagnant boundary layer that exists around every immobile 

sensor over which O2 must diffuse to be detected.  
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Figure 1. Idealized fluid flow (solid arrows) near the head of a rotating electrode showing 

the direction of rotation (dashed arrows) in a larger flow field, u.  
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Hydrodynamic electrochemistry has a long history as a benchtop analytical tool 

using a variety of electrode materials tailored for the detection of a diverse set of 

electroactive solutes (Bennett et al. 1915). Its chemical principles and governing 

hydrodynamics have been well defined for some time (Levich 1962) and while 

used occasionally on seawater samples (Riso et al. 1997, Bruland et al. 1985) and 

in some very limited shipboard flow-line attempts (Wang and Ariel 1978), no truly 

in situ applications have been reported. The increased rate of mass flux forces 

more reactant to the sensing surface, which drives higher rates of transformation, 

and generally higher signal magnitudes. This increase has been demonstrated 

with discrete seawater samples to lower limits of detection for some trace 

analytes like copper (Zirino et al. 2002) and iron (Mikkelsen et al. 2006).  

𝑖𝐿 = (0.620)𝑛𝐹𝐴𝐷2/3𝜈−1/6𝜔1/2𝐶    (4) 

The signal current generated by reactions at a rotating disc is termed the Levich 

current (iL). This current can be defined by the generalized Levich Equation (4), 

which encompasses the area of the sensing surface (A), number of electrons 

involved (n), the analyte’s diffusion coefficient (D), kinematic viscosity of the 

surrounding solution (ν), and the angular velocity of the rotating surface (ω). The 

rotational term is equivalent to the ‘flow rate’ term used for stationary surfaces 

bathed by a solution in fixed flow cells (Wakabayashi et al. 2005, Levich 1962). In 

equation (4) rotational velocity has units of radians per second while most 

rotation is measured in revolutions per minute (RPM). It should be noted that the 
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two are easily relatable by a constant, (1 rad/s = 30/π rpm) though both units are 

used throughout this study. 

 

A rapid analyte transport to an electrode surface will lead to faster response 

times for electroactive species with sufficiently fast kinetics, such as oxygen, and it 

increases the overall volume of bulk solution the working surface comes in 

contact with. This forced contact with the bulk solution allows more analyte to 

bind to the working surface in deposition-dependent forms of detection such as 

stripping analysis for trace metals. In these cases, the increased mass of analyte 

bound to the electrode, when stripped off, gives an increased signal magnitude. 

Often benchtop rotating electrodes are employed in small glass vessels of known 

volumes where purging of gases like N2 or standard additions can be performed 

in tightly controlled conditions. Analyses of many oceanographically relevant 

species require these sample alterations in controlled conditions for appropriate 

resolution via RDEs. While some approaches reported can forego any sample 

pre-treatment (Mikkelson et al. 2006), the possibility of deploying an in situ RDE 

even with some in situ sample treatment in a pre-loaded vessel (acids, etc.) seems 

technologically within reach and potentially useful in qualitative applications. 
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1.4 Research Objectives: 

The central goal of this work was to investigate the behavior and efficacy of a 

rotating microelectrode as an in situ chemical sensor, specifically for O2 in 

seawater. To date, no reported studies have examined the behavior of any 

rotating electrode when exposed to the ambient flow fields present in natural 

waters. The initial interest was in the hydrodynamic benefits of rotating 

electrodes in producing fast response times (<0.5 s) and potentially spinning 

quickly enough to overcome the signal artifacts generated from “stirring effects” 

of natural fluid motions at the electrode. Ideally, a high rotation would produce 

the steady state conditions met with similar sensors in uniformly pumped flow 

cells. Understanding this to be a first order investigation of in situ RDEs, there was 

a focus on four main avenues of evaluation for the O2-reducing Pt RDE 

developed in this study: 

 

1. Adapt an electrochemical procedure with reproducible linear responses to 

DO in seawater able to maintain activity over many hours. 

2. Evaluate the response time of a Pt-O2 RDE (r = 50 m) in seawater. 

3. Evaluate sensitivity to ambient flow conditions (stirring artifacts).  

4. Construct and deploy a submersible RDE system. 
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2.0 Materials and Methods 

 

2.1 Mechanical preparations  

Rotating disc microelectrodes (microdiscs) were constructed by sealing 100 µm 

diameter Pt wire in non-conductive epoxy (West System 105/205). Custom-made 

pieces were fabricated from nonreactive plastics (polyoxymethylene, ‘acetyl,’ or 

polyether ether ketone, ‘PEEK’) as ‘heads’ with hollow cores to receive the wire 

(Figure 2). Before potting, wire was soldered to an electrical contact at the base of 

the piece, the opposite side of which made electrical contact with the rotating 

shaft when in place. Excess wire was trimmed and the tip ground and polished 

with a series of large grit and subsequent diamond polishes (Buehler: 15, 6, 1, 

0.25 µm) until displaying a mirror finish (Figure 3). This polishing was followed by 

vigorous washing with deionized water (Millipore). Individual tips were 

mechanically prepared and then connected to a shaft for subsequent 

electrochemical treatment.  Head diameter was not varied at this stage of 

development, but is a property to be reduced in future studies. 
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Figure 3. Images of polished Pt surface under x 50 magnification. Disc is 

100 µm in diameter (indicated by red arrow), surrounded by epoxy fill 

which in these images has a diameter of 4.4 mm. 

 



24 

 

 

 
Figure 4. (top) Custom electrode head (Pt disc, r = 50µm) attached to a 

Pine Research rotator shaft. Tip is 4.5 mm in diameter, tapering to 12 

mm at the white sleeve shown. (middle, bottom) Attachment of custom 

tip to commercial rotator shaft. 
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2.2 Electrochemical treatments and instrumentation 

Electrochemical measurements were driven by a DLK-70 WebPstat potentiostat 

(AIS; Flemington, NJ). A three electrode system was employed for all tests and 

chemical treatments, consisting of a working cathode (Pt disc, r = 50 µm), 

reference (Ag/AgCl in 3M KCl), and large counter anode (Pt wire, r = 250 µm, 

length > 1 cm). Many assessments of the rotating approach in this study utilized 

a commercially available benchtop rotator from Pine Instruments (MSR, 

Modulated Speed Rotator). A standard 12 mm shaft from Pine was purchased 

and fitted with the removable tips described above (Figure 4). Subsequent 

assessments of a submersible rotator detailed below utilized electrode heads 

fabricated exclusively from acetyl and showed no discernable differences from 

those fabricated in PEEK. 

 

All electrodes, once mechanically polished and cleaned, were put through an 

electrochemical procedure to both boost their initial activity toward oxygen, and 

help maintain that activity over multi-day measurement periods. Polished heads 

were immersed in a bath of 1M H2SO4 (Sigma Aldrich) with identical reference 

and counter configurations. After 5 minutes in the bath to allow passive cleaning 

of the surface, cyclic voltammograms (CV) were run from +1.25 V to -0.25 V 

under no rotation (Figure 5). In this simple CV procedure, the applied potential 

was ‘swept’ from positive, to negative, and back to positive again. This aids in the 
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removal of impurities bound or embedded at the electrode surface, but also 

reworks that same surface by encouraging a small amount of dissolution of Pt 

that is then redeposited in a well-structured pattern. CVs were run on an 

electrode until a stable, reproducible voltammogram developed, which was 

usually after 10 – 30 scans performed consecutively and without removal to air. 

 

Various electrochemical procedures were examined to arrive at a reproducible 

oxygen measurement for this study. Drawing from earlier efforts to develop Pt-

based sensors (Pletcher and Sotiropoulos 1996, Sosna et al. 2007) a simple form 

of chronoamperometry was determined as the best option for the rotating 

approach. This consisted of an initial brief conditioning potential (in this study an 

oxidative +0.5 V vs. Ag/AgCl) followed by an abrupt “step” to a measurement 

potential that is then held for a longer period of time (-0.75 V for this study). This 

step between two disparate potentials creates a capacitance or charging current 

initially present at the beginning of the measurement potential period. This 

added current masks any true analyte signal initially but quickly decays to allow 

for accurate analyte determinations (Figure 6). Various lengths of time for both 

the conditioning and measurement steps were examined to minimize the 

influence of such charging currents and optimize accuracy of analyte 

determinations over prolonged measurement periods (hours – days). 
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Each curve was interpreted individually to extract an electrical current attributable 

to a specific DO concentration. During benchtop calibrations the steady state 

signal was examined after the charging effect had subsided and measurements 

were averaged within a specific 1.0 s interval to extract the single point values 

shown in subsequent calibration results. All data in this study that isn’t a raw 

signal was extracted using this same averaging of a specific time interval that was 

kept consistent between curves and within a given experiment. Again ignoring 

the first few seconds of each curve, averaging over different intervals didn’t seem 

to strongly affect the linear response to oxygen, so long as the same intervals 

were being compared within each experiment. 

 

On the benchtop under constant DO this averaging method was a fairly 

straightforward process and appropriate for sensor calibrations. However, once in 

situ, it was expected the signal in each 12-s chronoamperometric curve would 

experience abrupt shifts in DO as deviations away from the environmental mean 

(i.e., as expected in eddy covariance). Signal interpretation was complicated, 

however, by the fact that the current always decays in a chronoamperometric 

curve even under steady DO supply. As a result, simply converting the current to 

concentration with a linear calibration relation was problematic. It was 

alternatively expected that even if an absolute value was difficult to resolve, the 

variation of the signal could still reflect real shifts in DO reaching the electrode. In 
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this case a second well-described sensor (like a microoptode) would be 

positioned in the same control volume as the rotating microdisc and used to 

calibrate the RDE in situ. 
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Figure 5. Cyclic voltammogram taken on a Pt microdisc in air-saturated 1M 

H2SO4 prior to measurements in seawater. Such voltammograms were run to 

maintain activity of the electrode surface and clean it of excess impurities that 

would show up on the above voltammogram as peaks. 
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Figure 6. A typical chronoamperometric curve observed using a Pt microdisc in 

air-saturated seawater (S = 30 psu) at 10.2°C, a 150 rpm rate of rotation, and a 

64Hz measurement rate. 
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2.3 Calibrations and hydrodynamic evaluations  

The custom Pt microdiscs made for this study were tested extensively in the 

laboratory on both the commercial Pine rotator and prototype submersible 

rotator prior to field trials. The purposes of these tests were to establish 

calibration characteristics, response times, and interferences or effects created by 

variable external flow. A MCQ 3-channel B-103 Gas Blender was employed with 

two stocks of ultrapure N2 and compressed air (AirGas) to make solutions at 

standardized [O2] in filtered (0.2 µm) seawater or river water. Calibration 

measurements were performed in a glass beaker with a water jacket for thermal 

control and rubber top gasket to restrict exiting gas flow. Gases were mixed 

externally and then pumped into the measurement vessel via nylon tubing, both 

bubbled-in directly with a glass airstone and into the headspace to prevent 

intrusion of ambient air. The rubber gasket was designed with ports to receive 

the rotating shaft, counter and reference electrodes, as well as the gas line, a 

temperature probe, and microoptodes for concurrent calibrations.  

 

Response times were tested separately by passing sensors between N2-purged 

and oxic water volumes without removal to the air. This was accomplished using 

a long track (80 cm long, 8 cm wide) with a gate at its center consisting of two 

equally-sized doors on springs (Figure 7). Seawater on one side of the gate was 

purged for a set period with N2 while seawater on the other side lightly bubbled 
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with compressed air. The less oxic side was never purged to complete anoxia, 

only to create a difference in oxygen concentration between sides. During 

response time tests, the electrode was allowed to equilibrate on one side of the 

gate, then moved quickly through the doors with them shutting rapidly behind 

the sensor from spring-action, affording a relatively clean break from one 

solution to the other without generating a large amount of mixing. The extremely 

physically durable rotator shaft and tip easily passed through the stiff gate (high 

tension springs were used for optimal shutting speed). More fragile sensor 

formats (microoptodes) tested in the same track had to have a partial rigid sleeve 

covering their main body to prevent breakage during testing.  

 

A second response evaluation was conducted in a 150 x 15 x 15 cm re-circulating 

linear flume using the commercial rotator. Instead of a clean break between two 

disparate solutions, the electrode was placed in a ~2 cm/s steady background 

flow and allowed to reach a steady reading in air-equilibrated seawater. Once 

steady signals were observed, a small nozzle attached to a vessel of N2-purged 

seawater (positioned above the flume and gravity siphon-fed) was placed 

upstream from the RDE. Anoxic solution was then siphoned into the flume and 

carried by the flow to and past the RDE, introducing small ‘puffs’ or ‘pockets’ of 

low oxygen water that could be detected by the sensor. 
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Additional tests were performed to identify any flow-induced artifacts (i.e. the 

“stirring effects” seen in capillary microelectrodes). Using the same laboratory 

flume with no recirculation, the RDE was allowed to equilibrate at one end of the 

flume at a fixed rotation rate. A single wave motion was then initiated from the 

opposite side of the flume by manual immersion of a foam wedge into the water, 

generating a clean wave that would travel down the flume and pass by the 

sensor. Due to the interruption of the electrode measurements by reqular 

conditioning (described in section 2.2. and below) and the short travel time of the 

wave down the flume, these tests did not always produce a consistent wave 

arrival but were able to show (1) any pronounced wave motion effects that 

occurred during the measureable signal period and (2) if these effects were 

dependent on the rate of rotation.  
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2.4 A Submersible Electrode Rotator 

A watertight electrode rotator, WER-I, was designed and constructed following 

the principles of common laboratory electrode rotators in partnership with the 

Sexton Corporation (Salem, Oregon) (Figure 8). This prototype device consists of 

an electrode head, as described above (Figure 2), positioned at the end of a 

rotating shaft. The shaft itself has a low resistance conductive core that makes 

contact at its non-electrode side to a low-noise slip ring, affording stable signal 

transmission under rotation. Rotation of the shaft is accomplished by a brushless 

DC motor (ElectroCraft, 7.6 amp) driven by an accompanying controller that 

communicates via USB to a computer running a common interface software 

Roborun+. Both motor and board are contained in a watertight housing and 

physically isolated from the sensor signal path, though no additional shielding 

was employed to isolate the sensor signal from motor noise (magnetic 

influences) in this prototype.  
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Figure 8. Schematic of the WER-I prototype with photograph of same 

instrument. Cylindrical polycarbonate housing shown is 15 cm in diameter, and 

the protruding shaft is 12 mm in diameter, extending 18.5 cm from the 

bulkhead seal of the pressure housing. 
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Intended to span a range of shallow water depths (<10 m), the WER-I is the first 

truly in situ electrode rotator described. The main housing cylinder was not 

optimized for size and is 15 cm in diameter and 24 cm long, with the shaft 

extending 18 cm from the main housing. The shaft has a double-wiper seal to 

prevent water intrusion into the housing, and its internal electrical contacts and 

paths are isolated from the external solution. The shaft extending outside the 

housing ends as a male thread with an electrical contact designed to receive the 

custom electrode tips (Figure 4) containing the working electrode. An additional 

O-ring seal used at this threaded connection (see Figure 4) prevents water 

intrusion to the shaft’s contacts under rotation and pressure. 

 

The WER-I has a bulkhead connection with 8-pin submersible connector and 

cable to carry power for the rotator motor and control board, as well as to carry 

the working electrode signal. The cable is split after 1 m to separate the working 

electrode signal path, controller communication path, and power lines into 

isolated cables. When deployed as part of a three electrode system, counter and 

reference electrodes are run with separate dedicated cables and positioned at a 

fixed location <60 cm from the rotating head. 
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2.5 Field deployments 

Field trials of the WER-I were conducted in Yaquina Bay, a small drowned river 

estuary on Oregon’s central coast. Its lower reach is marine-dominated with 

generally high salinities (S >25 psu). Tests were carried out in < 2 m of water 

depth on flood tides absent of much wave activity. Sites were chosen along the 

South side of the bay, away from the main channel and strong cross bed flows. 

Sensors were positioned above a non-vegetated sandy bottom. Three useable 

deployments were completed. The first was only with the WER-I, which was 

positioned with its microdisc pointed vertically downward, attached to a small 

steel frame. The sensor head was ~30 cm above the bed and in a total depth of 

just above 1 m. No other sensors were included, but measurements of 

temperature and salinity near the rotator were made regularly during the 

deployment with a hand-held probe (YSI Pro-30, Yellow Springs, Ohio). 

 

For the second and third deployments, the WER-I was fixed horizontally in the 

center of a cubic titanium frame 1 meter tall (Figure 9). A microoptode 

(Pyroscience FireSting) was co-located with the rotating head, with its tip 

positioned ~1 cm away horizontally from the electrode head so as to not 

obstruct flow being drawn to the electrode from rotation. Microoptodes were 

controlled via a Rockland Scientific (Victoria, BC Canada) Microsquid control unit 

attached to the frame and integrated with a velocimeter (Nortek Vector) 
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sampling at 64 Hz in a fixed control volume 5 cm away from the rotator head but 

on the same vertical plane. Also, on the frame were a pair of HOBO temperature 

and light loggers. Additional point measurements of temperature and salinity 

were made by wading into the water and lowering the YSI probe within the frame 

to the vertical height of the rotating sensor during measurements. Counter and 

reference electrodes were run on independent cables from the shore terminal to 

the frame, and attached within the frame at the same height of the rotator ~40 

cm away.  

 

For all deployments the working electrode was run identically as in laboratory 

evaluations with pre-deployments calibrations (3-point). The 

chronoamperometric electrode procedure was run continuously from the start to 

end of the experiment, but due to the potentiostat used, there were periods of 

no measurement during “data archiving” steps required by the instrument 

programming. During these periods the electrode was left to be at open circuit 

with no set holding potentials. 
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Figure 9. Images of prototype WER-I on field frame awaiting an incoming 

tide in Yaquina Bay, February 2019.  
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3.0 Assessment 

 

3.1 Conditioning and linearity 

Various iterations of the chronoamperometric procedure described above were 

examined. As with prior studies it was found that an oxidative conditioning step 

was necessary to maintain stable activity toward oxygen over any prolonged 

period of time. Once the signal stabilized after a few seconds it would continue to 

decay were no oxidative step re-introduced. This decay will finally plateau after 

roughly 72 h to a somewhat consistent reading (Figure 10), but the 92% loss of 

signal magnitude makes an unconditioned Pt microelectrode too insensitive to 

be used as a reliable sensor.  While not a new finding for Pt generally, it was 

important to verify this in the rotational format and to determine an optimal 

reduction time to maximize the period of resolvable signal. Ultimately a 

measurement period of 10 – 15 s at -0.75 V proceeded by 0.25 s at +0.5 V was 

found to be optimal for maintaining activity over multi-day periods (Figure 11).  

 

Conditioning in H2SO4 was also verified as a crucial preparation step to boost 

electrode activity and maintain signal viability over multi-hour long measurement 

periods. Conditioning CVs exhibited unidentified peaks indicative of plated and 

adsorbed material on the electrode surface seen on similar Pt microdiscs when 

used in seawater (Sosna et al. 2007). It should also be noted that following acid 
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conditioning, the electrode would have to be run in the described 

chronoamperometric procedure repeatedly before it reached a consistent 

measurement. This regularly took 20 to 50 repetitions, but was usually run for 

upwards of 100 iterations to be sure the response was stable. 
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Figure 11. Times series showing the applied potential, E, and resulting current 

output, i, from the Pt microdisc. This was the predominant electrochemical 

procedure applied throughout laboratory and in situ measurements. 
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The linear range of electrode response to oxygen was also examined. While the 

linearity of a Pt electrode to oxygen is often taken as a given, this linearity is 

actually contingent on the type of electrode used, matrix composition, and 

electrical noise considerations. With multi-point calibrations the Pt disc under 

rotation was found to exhibit a tight linear response (r2 > 0.90, Figure 12) to 

dissolved oxygen with a maximum value tested at 285 µM in 35 psu seawater, 

and 365 µM in filtered river water. This linearity is sure to extend to higher 

concentrations, but mixtures with oxygen above atmospheric values were 

avoided because gas mixing with pure oxygen was found to introduce too much 

uncertainty and variability. Ten percent saturation was chosen as the lower limit 

for multi-point calibrations to avoid any uncertainties introduced by the gas 

mixer when mixing at small ratios. While a nitrogen “zero” point was obtained for 

all calibrations, these points regularly exhibited the highest uncertainty with % 

standard deviations taken from the most quiescence final seconds of usable 

signal being as high as 10 - 16 % of total signal, as opposed to a ~ 1.5 % mean 

deviation seen when oxygen was present (Figure 12). 
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Figure 12. Examples of two different Pt microdisc responses to dissolved 

oxygen (a) and (b), with (b) showing the % standard deviation which in this case 

is largely electrical noise. % values for [O2] = 0 µM in panel (b) were between 

10 – 16%.  
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3.2 Matrix effects 

While an extremely complex mixture, seawater tends to exhibit a relatively 

consistent composition in regards to chemical species and properties that can 

influence the Pt ORR. As such, only major effects from variations in temperature 

and salt content, or salinity as defined in an oceanographic context, were 

investigated. Temperature was varied widely (4 – 35 °C) between experimental 

runs but was kept consistent within the period of measurement (±0.1 °C). Effects 

were examined by measuring with the same electrode without any mechanical 

cleaning or acid reconditioning over a day-long experiment where the 

temperature of the solution was shifted up and down. After corrections for the 

oxygen solubility at those particular temperatures and salinities the 

measurements were overlaid with one another and revealed no discernable 

deviation (r2 > 0.95) from the linearity exhibited by calibrations at a single 

temperature (Figure 14). Though this can only be said to be verified for the 

steady state conditions in laboratory measurements.  

 

Salinity was investigated in a similar manner, with a series of filtered seawater 

solutions diluted with deionized water to various concentrations, and a filtered 

volume of river water collected from the middle reach of the Willamette River 

used as the ‘zero’ salinity value. The ion content of the river water was deemed 

high enough to act as a sound electrolyte but negligible compared to the much 
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higher concentration aliquots of seawater. A linear response to DO concentration 

was found to be maintained in all of these samples (Figure 15). It must be noted 

that while reproducible calibrations were derived at specific salinity values, 

salinity was not varied in a complex way during measurements, and it was seen 

that calibration slopes did decline with less electrolyte in solution.  This behavior 

suggests the response of a bare Pt RDE would be difficult to interpret in 

environments with highly variable salinity, as with many other DO sensors.  
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Figure 14. Pt microdisc calibration measurements in seawater (S = 31) at 

four different temperature values: 35.0 (x), 30.1 (+), 20.1 (Δ), and 10.5°C (•). 

All of these points taken together have a R2 = 0.975 and a collective slope of  

0.34 nA / µM / at 500 rpm. However, the 10.5°C curve shown did deviate 

clearly from the warmer measurements, and may speak to temperature 

effects on reaction intermediates of the ORR like peroxide. 
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Figure 15. Pt microdisc calibrations in solutions of varying dissolved oxygen 

and salinities, S (psu), performed under low rotation (30 rpm).  
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3.3 Hydrodynamic evaluations of rotation rate dependence and response 

time 

Initial tests verified with high confidence that the signal of a RDE was dependent 

on rotation rate as predicted by the Levich equation (eq 4). This was consistent 

both for the microdiscs (r = 50 m) used in the bulk of this study and a 

commercial Pt macrodisc (r = 5 mm) employed during early experiments (Figure 

16). The linearity of the macrodisc (Figure 16a) is particularly useful, as its linear 

response is evidence that there are no significant heterogeneity influences of 

reduction across Pt-sites at a rotating electrode surface that should be much 

more prominent on a disc 3 orders of magnitude larger (Pletcher and 

Sotiropoulus 1996). Current increased predictively with rotation rate during the 

previously described flume tests. This was done to examine if there was any the 

influence of a ~2 cm/s horizontal flow on the rotational dependence of the 

signal, which was found to still exhibit a tight relationship (r2 = 0.97, Figure 17). 
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(a)        

(b)  

Figure 16. Oxygen reduction current dependence on angular rotational 

velocity, shown here in radians per second on (a) a commercial 10 mm 

diameter Pt disc electrode (Pine Research) (b) and a custom-built 100 µm 

diameter Pt disc in 0.45 M NaCl solution. Values were electrical current at E = 

-0.75 V and were obtained by linear sweep voltammograms from +0.1 V to -

1.0 V.  
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Figure 17. Dependence of i on rotation rate in a flume (a) under 2 cm/s. 

Measurements are 1 s averages taken from chronoamperometric curves. 
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Response time evaluations in the gated apparatus used contained a great deal of 

inconsistencies from human operation, however, it was still possible to reproduce 

results of fast response times. Overall the fastest response times measured were 

on the order of t90% ~ 50 ms (n = 3, 2500 rpm) and generally <100 ms. The RDEs 

consistently had response times that were roughly an order of magnitude faster 

than ‘fast responding’ microoptodes concurrently evaluated (Figure 18). The 

quality of these responses was shown to be heavily dependent on the presence 

and severity  of electrical noise, which  in a laboratory environment outside of a 

Faraday cage regularly polluted the signal at frequencies comparable to the time 

scales of interest (see Figure 18c) . 
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Figure 18. Examples of Pt microdisc responses under rotation to abrupt shifts 

in oxygen concentration (see Figure 8). Includes (a) test pairing a commercial 

rotator at 1000 rpm and a microoptode (Pyroscience) tested in tandem, (b) one 

of the faster RDE response times measured, (c) response of same microdisc 

performed without any physical shielding or signal filtering. Clear oscillation 

patterns (c) illustrate the issues of electrical noise regularly encountered with 

these systems in the laboratory and that noise level increases with the 

magnitude of output signal. 

 

 

 

 

 

15

20

25

30

35

40

45

4

6

8

10

12

14

16

-2 -1 0 1 2 3 4 5

d
p

h
i, 

Φ
( 

)

C
u

rr
e
n

t,
 i
 (

n
A

)

Time (s)

0

10

20

30

40

50

60

70

80

90

15 15.5 16 16.5 17
Time (s)

C
u

rr
e
n

t,
 i
 (

n
A

) 

Time (s) 

Time (s) 

40 

4 

6 

8 

C
u

rr
e
n

t,
 i
 (

n
A

) 

30 

d
p

h
i, 

Φ
 (

°)
 

20 



57 

 

Further tests in the laboratory flume were undertaken to introduce strong wave 

motions around the rotating electrode surface in a larger water body and note 

any anomalies. The most discouraging finding of this work was that wave-

induced signals were detected consistently (Figure 19). At lower rotation rates 

this bias was much more prominent, but there was what appeared to be the 

hoped for “wash-out” threshold, where the rate of rotation would overcome or 

be so much higher than ambient motions that those motions would not be 

significant in the eventual electrode signal. Though this threshold was found to 

be above 4000 rpm, with the ‘cleanest’ values seen at even higher rates. At these 

high rates of rotation significant amounts of momentum are also introduced to 

the surrounding solution.  

 

Further response tests, described as ‘puff’ tests above, performed in a re-

circulating flume showed evidence of this rotationally induced external mixing in 

the sensor response. A stream of anoxic water volume was passed back and forth 

across the width of the flume upstream from the electrode. Rather than clean 

breaks as in the gated response tests (Figure 18), smooth rises and falls were seen 

(Figure 20) that are likely indicative of the eternal mixing induced by the rotating 

head. As the anoxic stream approaches the rotating head it is mixed externally 

within the electrode’s own flow field with the surrounding oxic water, producing 
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the smooth rise and fall rather than a break as seen when passing through 

discrete parcels.   
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          Time (s) 

Figure 19 a. Results of ‘wave tests’ described in methods at increasing rates of 

rotation (18.2°C, S = 34) using a commercial rotator (Pine MSR). Each color is a 

different 12 s period of measurement. The smooth ‘baseline’ curves were taken 

from measurements just before introduction of the wave.  
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Figure 19 b. See above caption and ‘wave tests’ described in methods. 
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Figure 19 c. See above caption and ‘wave tests’ described in methods. 
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Figure 20. Examples of ‘puff’ response tests described in methods, 

performed in seawater at 1000 rpm. Red arrows indicate the point where the 

low-oxygen stream is first seen by the microdisc signal. 
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3.4 In situ measurements 

Field deployments of the WER-I have been only partially successful thus far and 

require a second phase of development and testing. All deployments showed 

some quiescent periods where 12 s chronoamperometric curves appeared to 

exhibit steady-state conditions like those seen on the benchtop, implying a 

constant DO signal for that 12 s (Figure 21a) or a smoothing of any variations by 

the rotational-induced mixing.  Conversely, various periods of non-steady signal 

were also observed (Figure 21b), but attempts to match these apparent DO 

concentration variations to a co-located microoptode record or to changes in 

velocities has not produced any results that are readily correlated. While some of 

these curves are only slightly non-steady, the more extreme examples (Figure 

21c) have abrupt shifts (< 15 ms) similar to those seen in gated response time 

tests on the benchtop. However, more thoughtful examination reveals these 

shifts to be on the order of ~40 nA, which from calibrations is a very 

unrealistic >100 µM shift in DO. A possible interpretation of these jumps is 

intermittent stalling of the rotation speed. There are smooth rises and falls 

between these sharp drops that can be attributed to wave influence, but the 

massive decrease in signal can only be explained by sharp changes in DO 

transport to the electrode surface as could be caused by inconsistencies in the 

speed of rotation during the deployment. 
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It was also observed that signal values in the field started off much higher than 

pre-deployment calibrations, suggesting the superposition of an unusually large 

charging current. After ~60 min of measurement, signal returns tended to have 

decayed to match more closely with pre-deployment calibration values (Figure 

22) but were not yet stable. The source of this capacitance effect is speculated to 

have been an artifact of placing the counter electrode (anode) too far away from 

the working cathode. It’s also possible this effect stemmed from exposure to air 

or allowing too much time between conditioning in lab and deployment in the 

field. 
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Figure 21. Examples of three different trends seen in chronoamperometric 

curves taken on Pt microdisc attached to the WER-I deployed  in Yaquina Bay, 

Oregon. (a) is typical of a quiescent period, (b) indicative of mild non-steady 

flow conditions, and (c) showing an extreme case of signal fluctuations likely 

attributable to changes in rotation rate. 
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4.0 Discussion 

 

4.1 Signal behavior 

Overall the electrode format detailed here showed a combination of linear 

responses to DO over a typical seawater range and high signal magnitudes. This 

contrasts with many capillary microsensors which, while linear in their responses, 

have much smaller output currents (picoamp ranges) that are recorded and 

translated to a concentration. The multiple order-of-magnitude increase in signal 

achieved with the induced flow of the rotational approach could help improve 

signal-to-noise ratios in certain applications. This higher signal from the 

increased flux has also been shown in benchtop seawater applications for other 

analytes to lower limits of detection by several orders of magnitude over 

equivalent stationary electrodes (Zirino 2002). This is likely true for oxygen, 

though no attempts to optimize for lower limits of detection were made in this 

work. The averaged signal output was also found to be consistent over many 

hours of operation (Figure 13), a finding that tracked very closely with previous 

studies on Pt microsensors applied to seawater (Atkinson et al. 1998, Pletcher and 

Sotiropoulos 1993, Sosna et al. 2008). 

 

While a linear response to changes in oxygen concentration was resolved in the 

lab, this finding comes with many caveats. Calibrations were made by comparing 
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averages of the signal value for the final few seconds, or over particular 1 s 

intervals, within the chronoamperometric curve. Always the initial 3 seconds were 

ignored which, combined with the oxidative conditioning step, leaves only 67.5 – 

78% of the total time taken up by each curve possibly resolvable as a brief time 

series measurement. Additionally, the most problematic caveat is that this curve 

is continually decaying, and in fact never reaches a truly asymptotic value as 

shown by experiments both with and without oxidative reconditioning (Figure 

10). 

 

In benchtop applications, chronoamperometric procedures aren’t generally 

applied outside of steady state conditions as it complicates their interpretation, 

as has been encountered here. These typical benchtop applications are looking to 

the whole curve as an integrated representation of a single resolvable data point, 

not many points within the same curve as this investigation has attempted to do.  

Flume tests have shown that the electrode can clearly respond abruptly within 

the curve in confined laboratory conditions, and it was anticipated that in natural 

settings DO variation would appear as small fluctuations proportional to the 

actual in situ concentration shifts, all while the overall signal decays during the 

~10 s period of measurement.  
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Furthermore, while a linear response was established, it must be noted that a 

significant number of sensor tests were unusable for a variety of reasons. Before 

reliable calibrations or measurements could be made, the electrode often had to 

be run in a continuous chronoamperometric mode for some time. This appeared 

to be a property of the electrode surface itself (perhaps dependent on polishing) 

and not a given matrix. It regularly took 50 – 100 chronoamperometric curves 

before a stable condition was reached and reliable calibrations could be 

developed. Conversely some experimental runs didn’t require this period, and the 

sensor stabilized very quickly after just 5 – 10 curves. Electrical noise was also a 

major consideration and often made measurements unusable. Even when the 

system was contained in a Faraday cage there was some noise introduced 

through the rotator motor itself, both with the benchtop commercial model and 

WER-I.  

 

Interestingly, the rotational dependence tests made here provide some 

information about the ORR itself, which is what the RDE approach has generally 

been used for in physicochemical studies. Were the reaction of interest (the ORR) 

to be limited in its overall rate at relevant time scales, the tight linear relation 

between current and ω1/2 would eventually reach a plateau where the current 

would be limited by the speed of the reaction, not the ability to force more 

reactant to its surface. With an upper limit on the commercial rotator used in the 
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lab of 9999 rpm, this plateau was not reached. While the ORR is a complex multi-

electron reaction that cannot benefit from tools like Kotecky-Levich plots (Bard 

and Faulkner 1980), this investigation was only attempting to measure any first-

order influences at the given timescales of interest (milliseconds) not to 

investigate the reaction itself as has been done exhaustively by whole 

communities of researchers. The use of a larger Pt RDE in early assessments gave 

confidence that there would be little influence of site heterogeneity on the 

overall output of a much smaller sensor. Were this to be the case, an inconsistent 

ω1/2 vs i comparison would have been seen (Figure 16). Good agreement was also 

seen between rotation rate and signal output on the microdisc when placed in a 

slow background flow field (Figure 17), though it must be noted this was done at 

very low flows (~2 cm/s) compared to those present in many natural settings, 

including those encountered in field deployments described in this study. Future 

work requires a repeat of this assessment in a much larger flume with the truly in 

situ WER where flow can be tightly controlled and turbulent structure of varying 

properties introduced to the sensor in a controlled manner. 
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4.2 Response characteristics 

The most compelling findings of this work were the reproducible rapid responses 

to large abrupt shifts (50 – 100 µM changes) in DO. This t90% = 50 ms average is 

roughly an order of magnitude faster than any reported DO sensor and speaks to 

the possible benefits of hydrodynamic sensors in future development avenues. 

It’s also suspected that the ~20 ms lower limit that appeared to be reached was a 

limitation of the response apparatus used (along with the large size of the 

rotating head).  It is speculated that the response could actually be pushed much 

lower, possibly only limited by the speed of the ORR itself. Because the response 

time tests in this study involved a fairly crude operation (moving the sensor down 

a track by hand) any attempts to make fine comparisons of the response time’s 

dependence on either rotation rate or temperature of the solution were not 

attempted. It would seem likely that there is a mechanistic dependence of the 

response time on the rate of rotation as that will largely dictate the boundary 

layer thickness at the electrode surface. This is similarly true for the 

considerations of temperature’s influence on diffusion for its role in eq. 4 

generally and the diffusion coefficient for oxygen in this case specifically. A 

consistent mechanically driven response apparatus is all that would be needed to 

evaluate these dependencies. 
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4.3 Mixing and stirring artifacts 

With a thin boundary layer and ‘self-flushing’ mechanism, the RDE sensor is able 

to respond quickly to rapid shifts in DO. Though it’s evident from the response 

tests that the size of electrode head used in this study, not the sensing surface 

itself, introduces mixing artifacts to the signal, such that water parcels of small 

size but varying DO are subject to a kind of in situ integration by mixing before 

solution reaches near the electrode surface. A head size and geometry of 

significantly smaller proportions would afford less of these mixing artifacts and 

likely give a cleaner signal while still benefiting from a very thin boundary layer. 

Use of a membrane coating would likely reduce the magnitude of this flow-

induced signal bias but not eliminate it, as the same stirring artifacts are 

documented for stationary microelectrodes with membranes in other applications 

(Gust et al. 1987, Reimers et al. 2016). 

 

These external-to-the-electrode mixing effects were also seen in the “puff” tests 

conducted. During these tests there was never a clean break between one 

solution to another as in the gated response tests. Instead what was seen 

appeared to be a smooth drop and rise back to normal levels (Figure 21) that can 

be speculated as likely a mixing of the anoxic water passing by the rotating head 

with the oxic background flow. The rotation of the head was likely spinning the 

parcel of anoxic solution away from the sensor as much as it was pulling it 



73 

 

towards the sensor surface, mixing the whole solution rather than sensing a sharp 

change as a discrete parcel moved toward it. With both the commercial and 

submersible rotators, seeing small scale (<3 cm) water parcels in their intact form 

was impossible as any non-dispersing parcel was obliterated by the rotational-

induced mixing as it approached the head. While assessments of the influence of 

this rotational-flow were not made specifically, the highest rates of rotation, had 

influences several centimeters away from the sensor (Levich 1962). It is likely that 

the diameter of electrode head combined with the rate of rotation dictate an 

effective “mixing distance” that the electrode is drawing fluid from. 

 

The most discouraging finding of this work was decidedly the flow-induced 

biasing of the electrode signal under wave motions (Figure 19)). Small flume tests  

showed serious artifacts introduced to the signal by wave motion, and while 

running the electrode at higher rates of rotation reduced this wave influence, 

faster rates were not a perfect solution. For one, the rates that actually began to 

see the “wash out” of the wave signal were very high (>5000 rpm). While certainly 

it’s possible to construct in situ rotators to run at these high rates, the tests in the 

flume show that these high rates introduce an unsettling amount of rotational-

induced mixing. While tests were performed in confined flumes where 

momentum communication with the boundaries of the flume likely helped to 

make the mixing worse, it was so pronounced an issue that the only conclusion is 
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the current size of rotator head and shaft is not viable for “fine point” 

measurements under variable flow.  

  

4.4 Field considerations 

As mentioned, all field measurements to date have been unsuccessful in 

measuring in situ DO concentrations in a prolonged time series mode with the 

WER-I and a Pt microdisc.  

 

With the rotational format there are some added mechanical issues in situ that 

weren’t appreciated until in situ deployments were made. Increased mass flux, 

the thing that theoretically benefits the system’s response time also comes with a 

drawback, that it is forcing everything suspended in solution at the electrode 

surface. In filtered media this isn’t a problem, but natural waters contain a wide 

combination of colloidal and solid phase particles of varying sizes. It was seen 

during post-deployment microscope examinations that the Pt surface was being 

blasted by these fine particles, with visible gouges and scrapes in both the Pt 

surface and the surrounding plastic. These marks would affect the sensor 

response two-fold: first by exposing fresh electrode surface that will immediately 

be more reactive than the conditioned surface that had been in its place, and by 

increasing the overall surface area of the electrode. This last effect is particularly 

problematic both because of the already small electrode size and the 
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dependence of signal output on surface area predicted by the equations defining 

electrode output (Eq 1, 2, 4). 

 

4.5 Prototype performance 

Finally, a WER-I was built as a first-order proof of concept and has shown that a 

functional submersible rotator is possible and not difficult to construct. The 

limitations of this prototype include its lack of electrical shielding, size, depth 

rating, rotation rate and control, electrode signal path internally, and lack of 

integrated anode.  

 

Overall the housing for the WER-I is much larger than it needs to be and future 

iterations will certainly reduce this size. The shaft itself is also quite long and large 

in diameter. As detailed, the size of the shaft and tip diameter is a main factor 

driving the rotational-induced mixing and a smaller shaft diameter would reduce 

this. The 15 mm of diameter currently employed was chosen to reduce wobble 

over time that would damage bulkhead seals. The most important geometric 

consideration is surely the electrode head itself. It is very likely that a different 

head design informed by fluid dynamics work either in aerospace or maritime 

engineering could provide smoother transport of analyte that further reduces 

rotational-induced flow to the external system. Studies varying the size of the 

non-reactive portion of the disc tip would be useful, and may find a better 
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optimization between reducing mixing of the surroundings and maintaining the 

benefits of a thin boundary layer. 

 

The rate of rotation and its steady maintenance were also a recurring issue with 

this prototype. Features of commercial rotators are that they carry a relatively 

noise-free signal from a spinning shaft to an instrument, and they maintain a very 

consistent rate of rotation. This was less true for the prototype here which had an 

upper limit of rotation ~1500 rpm, which is both quite low compared to the 

10,000 rpm limit of benchtop models, and well below any vague “wash-out” 

range discernable from the wave tests performed in the lab (the range speculated 

here is somewhere between 2000 – 4000 rpm). This is likely a main culprit in the 

stirring effects seen throughout the described deployments. Additionally, this 

prototype system also had serious issues in maintaining a consistent rate of 

rotation. This was both an issue out of water during calibrations where the shaft 

would stall from lack of lubricating material (external solution), as well as in situ 

where the shaft would regularly fluctuate between the 1000 and 100 rpm ranges 

over the span of seconds.  

 

Lastly, there were electronics issues. Noise generated by the rotating motor 

impacted the RDE signal. The internal working electrode signal path would have 

benefitted from shielding to prevent the introduction of motor noise to the 
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relatively small signal of the sensor. While using a hardware filter built into the 

DLK potentiostat helped to remove noise, this is not ideal, as it prevents a clean 

separation of any remaining noise influence and possibly real signal. This is an 

easily remedied problem that is first to be changed in subsequent iterations.  

 

Another benefit would be the integration of an anode into the rotating head 

itself, possibly as a ring electrode around the primary working electrode (Hsueh 

et al. 1983). Bringing the anode and cathode closer together will reduce both the 

time of initial charge drop and likely return cleaner more consistent readings 

(Sosna et al. 2007). Uncertainties from variability in the speed and direction of 

flow that could influence how the anode and cathode communicate with each 

other would also be reduced or eliminated in this configuration.   
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5.0 Comments and Recommendations 

While the results of this study indicate that rotational electrodes, or some other 

hydrodynamic sensor format, have some key benefits, there is much to be done 

to translate these sensors to in situ use. Resolving high frequency DO signals 

remains a significant challenge for sensors of all types.  

 

With no other chemical sensors able to respond at comparable rates, the 

accuracy of any measurement frequency > 2 Hz will be difficult to truly verify. 

Future tests in settings with mixing of disparate water masses varied in both 

oxygen and temperature may hold the key, as thermistors are one of the only 

sensors capable of responding at rates faster than those trying to be resolved 

with this RDE approach. In this scenario co-located temperature and RDE 

measurements could bealigned, provided that temperature is mixed 

conservatively with respect to O2 in the given setting. 

 

This too, however, requires a further developed rotating system, one which 

utilizes a much smaller shaft and head geometry to reduce its own influence on 

the surrounding system while possibly still capturing natural flow structures 

without obliterating them. This speaks to careful and controlled flume studies 

with laser Doppler velocimeters able to resolve 3-dimensional flow field patterns 

at and around the sensor head in flumes of adequately large size to eliminate any 
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boundary influences. It is possible that vibrational microelectrodes, now regularly 

developed for environmental measurements, could produce similar boundary 

layer benefits without the drawback of rotational-induced flow.  

 

While much of the hydrodynamic theory of RDEs has been settled by Levich and 

his contemporaries decades ago, they rarely considered the constraints of a fluid 

system without boundaries and regularly not at steady state as is seen in the 

ocean and other natural bodies. As a result this may complicate what we’re able 

to discern or model is happening during the complex interactions of a rotated 

shaft exposed to both advective and turbulent motions of the varied length and 

time scales present in moving fluids. Ultimately it may be found these non-steady 

influences introduce too much uncertainty regardless of the electrode material or 

analyte of interest. Outside of free-fall profiling scenarios where the sensor 

wouldn’t be as affected by non-steady flow, it’s likely that any fixed-point RDE 

application, even if analytically constrainable, will require secondary measurement 

of fluid motion at or near its electroactive surface. 

 

The future of an in situ rotational approach is far from certain, though O2 

reduction on Pt is only one of countless materials and procedures that could be 

examined and applied in situ. Likely any future for this format of approach lies 

not in fast response applications, but in low concentrations. As noted many times 
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the RDE format has been shown time and again to lower limits of detection for 

many analytes in seawater. Most of the issues that have been detailed with the 

current system come from the attempt to develop a sensor for eddy covariance 

applications. Systems optimized and specific to trace metal detection at sub-

nanomolar levels have already been applied in flow-lines to estuaries and 

shipboard. Similarly non-rotating solid state electrodes have been used regularly 

in the water column for decades with matrix influences well described. The leap 

to put these proven approaches on a spinning shaft is a short one if you already 

have a functioning submersible rotator and reliable electrochemical procedure. 

 

This investigation has shown that there are some intriguing benefits to the 

implementation of sensors with deliberate control of hydrodynamics at their 

interface. The attempt to fit a well-understood chronoamperometric approach to 

determine dissolved oxygen on an unshielded platinum microdisc may not have 

been the best fit, but it has allowed the measurement of response rates an order 

of magnitude shorter than reported for any in situ oxygen sensor. Alternative 

constructions, electrode materials and procedures may in the future lead to 

systems with reliably stable readings able to be applied for DO in fixed-point 

Eulerian or fast water column profiling applications that can benefit from this 

rapid response induced by rotation.  
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