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Abstract  
Klett, O. 2003. Electrochemical Aspects of Miniaturised Analytical Systems. Acta 
Universitatis Upsaliensis. Comprehensive Summaries of Uppsala Dissertations from the 
Faculty of Science and Technology 810. 42 pp. Uppsala. ISBN 91-554-5536-0  
 
This thesis deals with some electrochemical aspects of the development and fabrication of 
analytical systems on microchips. The discussion of these aspects develops through the 
fundamentals of amperometric detection in microsystems and microfabrication via the 
interaction of electrochemical detection and electrophoretic separation to finally include the 
interfacing of a microsystem to the macro world. 
Paper I deals with amperometric detection in microscale systems and describes the fabrication 
of the necessary on-chip microelectrodes together with fluidic channels in silicon. The 
possibilities of using an interelectrode distance of a few µm to improve the sensitivity in 
amperometric detection by employing redox cycling was also studied.  
Papers II, III and IV deal with the influence of a separation high voltage field on 
amperometric detection. In analytical microdevices, an electrophoretic separation step (e.g. 
capillary electrophoresis, CE) normally precedes the detection. The interference of the CE 
high voltage with the amperometric detection potential is often considered to be one of the 
main hurdles for an effective combination of these techniques. In paper II, the reason for the 
observed disturbing potential shift was elucidated. It was shown that the positioning of the 
working and reference electrodes on an equipotential surface eliminates this problem. Paper 
III reports an application of this technique involving separation of catecholamines. In paper 
IV, it was shown that this the presence of the CE high voltage can be used to significantly 
reduce the instrumental requirements for amperometric detection in CE based on separation 
high voltage driven electrochemical detection in CE. 
Papers V, VI and VII, finally discuss the interfacing of low volumetric flow rate techniques 
that typically are used in microanalytical devices to other techniques. In the present work, the 
focus was both on the coupling of two liquid phase techniques (Flow injection analysis to CE 
in paper V) and the interfacing of liquid flows to the gas phase (CE to mass spectrometry in 
paper VI and VII). Electrochemical methods were used in this context to evaluate the stability 
and, in paper VI and VII, to increase the understanding of the underlying corrosion processes. 
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Introduction 

Electrochemical methods are generally based on electrochemical processes 
taking place on an electrode surface1. This makes these techniques suitable 
for the study of micro environments since in a given system, the surface area 
decreases with a2, while the volume decreases with a3 upon downsizing with 
a factor a (where a<1). The surface to volume ratio will hence increase with 
the same factor used to decrease the lateral dimensions of a system*. This 
means that bulk and volume effects loose importance in favour of surface 
processes2. 

This thesis describes the use of electrochemical methods in 
microsystems. The electrochemical aspects discussed in this thesis include 
not only electrochemical detection, although this is the most obvious 
application of electrochemistry in miniaturised analytical systems. Besides 
electrochemical detection, electrochemical processes in the high voltage 
field of a CE system are discussed. Processes on electrodes that are used for 
the coupling of CE to other techniques are likewise studied. In one study, the 
stability of a gold-coated capillary-tip electrode was evaluated. This 
electrode was used to couple flow injection analysis to CE by use of a 
microfabricated low dead-volume junction to CE. In two other studies, ESI 
emitter tips, used to couple CE to MS, were examined. In both cases, 
chronoamperometry was used to simulate the effect of high voltage on 
electrodes that were either used for the coupling of a miniaturised flow 
system to CE or for the coupling of electrospray ionisation mass 
spectrometry to CE. 

The first section of this thesis deals with the fundamentals of the 
fabrication and the application areas involving miniaturised analytical 
systems and electrochemical detection. The aim of the second section is to 
develop these fundamentals in more detail and to present the context and the 
possible impact of the included papers. 

                                                 
* A cube with an edge length of 1 mm has a surface to volume ratio of  6 mm-1. By reducing 
the edge length to 0.1 mm, this ratio is increased to 60 mm-1. 



2 

Fundamentals of Micromachining 

Why miniaturise analytical devices? 
The downsizing of analytical devices comes with many advantages. Obvious 
advantages are reduced footprint, reduced solvent demand, increased 
separation speed and efficiency3. Furthermore the prospect of a possible 
realisation of cheap devices4 as well as the possibility to create inexpensive 
portable or remote controllable devices5 have attracted great attention to this 
subject. In the fields of genomics and proteomics, special attention is paid to 
miniaturised systems, because of the fact that the vast amount of chemical 
information present in living cells hardly can be deciphered by traditional 
analytical techniques6.  

What is a µTAS? 
A miniaturised analytical system also called a lab-on-a-chip or a micro Total 
Analysis System (µTAS) includes at least separation and detection of 
components present in, typically liquid, samples in a chip-based device. 
Additional sample pre-treatment, filtering, or derivatisation steps can also be 
implemented7. The typical dimensions of the structures used for the various 
steps are in the range of a few micrometers to several millimetres in length 
or width, and between 100 nm and 100 µm in depth or height.8 The µTAS 
has been considered to become one of the most powerful tools in analytical 
chemistry9. 

The microstructure 
A microstructure, giving the space and functionality required for the analysis 
is obviously essential for a miniaturised analytical device. In traditional 
analytical chemistry, the reactions would be carried out in beakers, test 
tubes, flasks and so on. To produce the desired microstructures, one initially 
made use of micromachining technology that also was used to produce 
integrated circuits and electronic components10. Many standard procedures 
from the silicon industry like the LIGA process (a german acronym for 
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Litographie, Galvanoformung, Abformung, i.e. lithography, electroplating, 
molding) can be used to create structures such as channels, vias, vials and 
reservoirs in planar substrates including silicon and glass. This made it 
possible to create structural elements of the order of some µm or even 
smaller. The key step within this process is the definition of the 
micropattern, which is done by photolithography11. Photolithography means 
that the substrate is covered with a photosensitive layer (photoresist). The 
pattern is created using a CAD system and is transferred to a mask. The 
photoresist is then illuminated through this mask. The resolution is in this 
case limited by the optical diffraction according to the Raleigh Equation (1) 

(1) 

where R is the resolution, k1 is a constant dependent on the type and 
thickness of the photoresist, λ is the wavelength of the used light and NA is 
the numerical aperture of the lens system. With this technique the typical 
minimal feature size is in the range of the wavelength of the used light11. 

Photolithography 

 
Figure 1: The steps of photolithography. A planar substrate is covered with a 
photoresist, illuminated through a mask, containing the pattern, and is finally 
developed.  

After illumination, the photoresist on the substrate is developed. In this step, 
the part of the resist that was illuminated is removed if a “positive” 
photoresist was used. Alternatively, if a “negative” photoresist was used, the 
illuminated part remains, while all unexposed resist is removed. The 
photolithography process is depicted in Figure 1. The produced pattern can 
either be machined into the material by etching or new material can be 

p o s i t iv e  r e s i s t n e g a t iv e  r e s i s t

NA
kR λ1=
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deposited onto the substrate to build a new layer outside the area defined by 
the developed resist. These steps are depicted in Figure 2. 

 

Figure 2: Microfabrication steps following photolithography. To the left, the etching 
of a cavity is depicted while the deposition of additional material is shown to the 
right. 

Finally, the micromachined structures have to be sealed, which is done by a 
variety of bonding techniques12. Patterning, etching and deposition steps can 
be combined and repeated in various ways to produce the wanted 
microstructure. Structures of almost arbitrary complexity can be produced, 
from simple linear groves, used as fluidic channels3, to freely moving 
structures, used as a gate in a fluidic channel13.  

All these fabrication processes were adopted from microfabrication 
techniques that were developed for the field of microelectronics. Manz et al.3 
suggested that the advances made in the electronics industry be used for 
µTAS purposes, since the demands of the development within the fields of 
miniaturised analytical devices and electronics have apparent similarities 
regarding increasing complexity. In fact, advances, e.g. in the field of 
photolithography14 and reactive ion etching15 (RIE), have been readily 
transferred to, and adapted for the fabrication of microfluidic systems. This 
is also reflected in the fact that the fabrication of miniaturised analytical 
devices, since the beginning in 197510, has been coupled to the developments 
made in microelectronics. Initially, this led to hopes that the miniaturisation 
of chemical systems might proceed at a rate comparable to that seen in the 
area of miniaturisation of electronic devices. This turned out not to be the 
case. Although the lab-on-a-chip and some devices already have become 
commercially available16,17, the great expectations exclaimed during the 
early 1990’s have certainly not been fulfilled yet. One important reason for 
this can be described as follows. The microfabrication technology developed 
for microelectronics deals with planar substrates of which the electronic 
properties are the most important. While electrons move through conductors 



they hardly interact with the wire. In chemistry, however, especially 
involving larger molecules of biological origin, the nature of the surface of 
the fluidic channels plays an important role.  

In 1998, Xia and Whitesides11 reviewed alternative techniques for 
microfabrication and micropattern definition. An important problem that 
could not be addressed by traditional microfabrication techniques involves 
the control over the surface properties of the produced microstructures. The 
control of surface properties has recently been reviewed by Rodriguez and 
Li18 and Righetti et al.19. A further drawback of photolithography is its 
infrastructural demands. Clean room facilities, which require access to 
significant amounts of money, materials and energy20 are needed for 
photolithography and the related traditional microfabrication steps. 
Furthermore, the production cycle from photolithographic pattern definition 
to the finished microstructure takes up to several days. Replication 
techniques that can be used to produce large quantities of microfabricated 
structures faster and at a reasonable price have therefore become 
increasingly interesting21. Generally photolithography is in these techniques 
only used to define the micro pattern on a “master”. This master is then 
replicated to give hundreds or thousands of copies of the microstructure in a 
polymer. The replication in polymer enables the use of a large variety of 
surfaces compared to the rather limited choice of materials in traditional 
microfabrication (glass, quartz, silicon and other semiconductors).  Three 
techniques are currently used for microreplication: embossing22, casting23 
and injection molding24, see Figure 3. 
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microstructure exists, the chemistry must be made to work in the system. 
The chemistry in microsystems can, however, deviate from the chemistry 
known in traditional macro systems. In the miniaturised devices, volumes of 
mL or some µL, as used in traditional laboratorial work are replaced by 
volumes of nL or even pL. In the latter volume range, processes on surfaces 
become more dominant compared to the well-known and traditionally 
described processes in bulk solutions. Further deviations from “reality”, as 
known in the traditional macroscale, include the fact that a fluidic flow can 
be strictly laminar for long periods of time, i.e. flows of fluids that meet 
might not mix but build well defined boundaries, and that mass transport by 
diffusion becomes increasingly important upon miniaturisation. 

The increased surface to volume ratio makes the deactivations of 
surfaces18,19 more critical than in macroscopic bulk solutions to avoid 
unwanted binding or adsorption of analytes to the wall. However, the high 
surface to volume ratio also enables short equilibration times in assays where 
specific interactions of molecules in solution with immobilised sites on a 
surface are wanted25.  

The laminar flow in miniaturised devices makes it difficult to mix fluidic 
streams, such as analyte and reagent solutions. The mixing of solutions is 
often needed to perform an analysis. In fluorescence detections it is 
generally necessary to first derivatisate the analyte with a dye, and for PCR, 
it is necessary that enzymes and targets are well intermixed. To mix streams 
in miniaturised fluidic systems various methods26,27 have been developed and 
such techniques have been reviewed by Greenwood and Greenway28. The 
laminar flow can also be exploited as described by Kamholz et al.29 who 
used the diffusion of analytes from one laminar stream into an adjacent 
laminar stream to study the local viscosity and diffusion coefficients. 
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Fundamentals of Electrochemical Detection 

Electrochemical detection is based on the monitoring of changes in an 
electrical signal due to an electrochemical reaction at an electrode surface, 
usually as a result of an imposed potential or current. In a solution, the 
equilibrium concentrations of the reduced and oxidised forms of a redox 
couple are linked to the potential (E) via the Nernst equation (2) 

(2) 

where E0 denotes the standard potential, cox and cred the concentrations of the 
oxidised and reduced forms, respectively while the other symbols have their 
usual meanings.  

For each redox couple, there exists a potential, known as the standard 
potential E0 at which the reduced and oxidised forms are present at equal 
concentrations. If a potential E with respect to the reference electrode is 
applied to the working electrode, e.g. by the use of a potentiostat, the redox 
couples present at the electrode respond to this change and adjust their 
concentration ratios according to Equation (2). In this process, electrons 
have to be transferred. If the potential of the electrode has been made more 
negative, the energy of the electrons in the electrode has been increased and 
eventually an electron can be transferred from the electrode to the lowest 
unoccupied energy level of a species in the nearby solution. This would be 
the oxidised form of the redox couple, which thus is reduced. Vice versa, by 
applying a sufficiently high positive potential, the reduced form can be 
oxidised. The movement of electrons in or out of the electrode can be 
measured as an oxidation or reduction current. This technique is referred to 
as amperometry. In this case, the generated current (i) can be expressed by: 

(3) 

where a denotes the electrode area, F the Faraday constant, D the diffusion 
coefficient, n the number of electrons transferred, c the concentration and δ 
the thickness of diffusion layer.  

red

ox

c
c

nF
RTEE ln0 +=

δ
aFDnci −

=



8 

By an appropriate choice of the applied potential, it is possible to 
discriminate between different redox couples. The range of potentials that 
can be applied in amperometric detection is, however, generally limited by 
redox processes involving the solvent, e.g. the oxidative and reductive 
evolution of oxygen (2 H2O  O2 + 4H+ + 4e-) and hydrogen (2H2O+2e-  
H2 + 2OH-) in water.  A wide range of heavy metals, transition metals and 
their complexes as well as many physiologically and pharmacologically 
important substances exhibit standard potentials within this accessible 
potential range. In fact, many metabolic pathways involve redox processes 
taking place in aqueous systems in the body. Neurotransmitters of the 
catechol type (o-dihydroxy benzene derivatives) were consequently among 
the first reported analytes for electrochemical detection in CE (CEEC) 30 and 
detection limits down to 5*10-10 M have been reported31. 

The choice of the working electrode material is an important factor in 
amperometric detection. This stems from the required electron transfer 
between the electrode and the analyte. Carbon based electrode materials, 
such as glassy carbon or porous graphite, perform well for catechols31 and 
phenolic acids32, respectively. Other suitable biologically important 
substances include thiols and disulphides, e.g. cysteine and glutathione 
which are best detected using an Au/Hg amalgam electrode33; amino acids 
and peptides, which can be detected using Cu-electrodes34 as well as 
carbohydrates, glycopeptides and nucleotides, detected on Au, Cu or Ni 
electrodes35. 



9 

Electrochemical Detection in 
Microenvironments 

Amperometry has some features, which makes this technique especially 
suitable for implementation in miniaturised analytical systems. Compared to 
spectroscopic detection methods such as UV-Vis spectroscopy, amperometry 
has one obvious advantage. The analytical signal in spectroscopy is, 
according to Lambert-Beers law, is proportional to the optical path length 
through the analyte solution. This, however, naturally decreases on 
miniaturisation. The analytical signal in amperometry, however, relies on the 
surface concentration of the analyte. This means that amperometry does not 
loose performance upon miniaturisation of the detection cell. However, there 
is also another not so obvious advantage. As stated in Equation (3), the 
measured current is dependent on a factor δ -1, the inverse of the thickness of 
the diffusion layer. For large electrodes, i.e. planar electrodes which do not 
have at least one dimension smaller than approximately 100 µm, the 
diffusion layer is essentially planar. The diffusional mass transport is then 
linear and normal to the electrode surface and the influence of edge effects 
thus can be neglected. This is depicted in Figure 4.  
 

Figure 4: Diffusion at a large electrode. The linear diffusion over the length of the 
electrode dominates over the edge effects. 

The thickness of such a diffusion layer is given by Equation (4)36. 

(4) 
Dtπ

δ 11 =−
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∞→t

The main problem with this is that the diffusion layer thickness becomes 
infinite with time while the rate of masstransport towards the electrode 
decays towards zero. On the other hand, the diffusion layer at 
microelectrodes with at least one dimension smaller than 10 µm rapidly 
becomes spherical. The thickness of such a diffusion layer is given in 
Equation (5)37 

(5) 

where r is the width or radius of the microelectrode. For        this term 
converges to 1/r and the diffusion layer thickness reaches a steady state level, 
which means that a constant rate of mass transport to the electrode is 
obtained and hence a steady state current can be achieved. 

Figure 5: Spherical diffusion at a microelectrode. 

Furthermore, the response time of an electrode is proportional to its 
capacitance38 and hence its surface area. This means that microelectrodes 
perform better than macro electrodes in the sense of that they show faster 
response times. 

However, as amperometry is a surface analysis method that is directly 
exposed to the chemical system, any modification of the surface may change 
the amperometric response of an electrode. Irreversible adsorption, electrode 
fouling and corrosion may thus alter the analytical signal in amperometry 
and decrease the long term stability of working electrodes.  

rDt
111 +=−

π
δ
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Redox cycling 
The small physical dimensions of the structures achievable by 
micromachining facilitates the manufacturing of individual working 
electrodes with interelectrode distances that are in the range of or less than 
the thickness of a typical diffusion layer. If the diffusion layer of adjacent 
electrodes overlap, oxidation (or reduction) products formed during 
amperometric detection at one electrode can be reduced (or oxidised) at the 
other electrode. The reduction and oxidation current of each electrode can 
individually be measured and the currents are proportional to the 
concentration of the analytes near the electrode. Thus, one can increase the 
sensitivity in the detection of a redox-reversible analyte by cycling the 
analyte back and forth between electrodes held at anodic and cathodic 
potentials respectively. The ratio between the number of molecules oxidised 
at an anode and the number of molecules that undergo a reduction at an 
adjacent cathode is the collection efficiency (θ)39. The number of redox 
cycles (RC) can be calculated from the collection efficiency using Equation 
(6). 

(6) 

Experimentally, θ is accessible as the ratio of the cathodic and anodic 
currents. Sanderson and Anderson first studied redox cycling in detail40 in 
1985. The redox cycling process is depicted in Figure 6. 
  

Figure 6: Schematic description of redox cycling at adjacent electrodes. “Red” and 
“Ox” represent the reduced and oxidised form of the redox couple respectively. The 
symbol “+” denotes anodes while “-“ denotes cathodes.  

 
However, the collection efficiency is limited by the detector cell geometry as 
well as the flow velocity if used in a flow system41.  

Red Red RedOx Ox
e- e-e- e- Ox

e-
- - - - -- - - - - +++++++++++++++
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1
θ−

=RC



12 

Recently Sandison et al.42 systematically studied the effects of overlapping 
diffusion layers of adjacent microelectrodes. They concluded that diffusion 
layers of microelectrodes effectively overlap when the interelectrode 
distance does not exceed 10 times the electrode diameter. 

To successfully employ redox cycling in a detection scheme coupled to 
an analytical separation, such as CE, the overlap of diffusion layers has to 
occur on time scales much shorter than the typical width of an analyte peak. 
In the case of CE, with a typical peak width of some seconds, this would 
mean that the overlap of the diffusion layers has to be established within 
some hundred milliseconds. As a rule of thumb, a diffusion layer of 10 µm is 
build up within 0.1 seconds43. Modern micromachining facilitates the routine 
manufacturing of individual working electrodes with sizes and interelectrode 
distances of 10 µm or less and could hence provide electrode arrays or pairs 
of electrodes sufficiently closely spaced to enable redox cycling in CEEC. 

A fabrication process for a microfluidical system that included arrays of 
microband electrodes was presented in paper I. The integrated microband 
electrode arrays were used to perform amperometric detection of a model 
compound and were used for signal amplification by redox cycling. A 
typical example of an array of microband electrodes used in the experiments 
is shown in Figure 7.  
 

 
Figure 7: Microphotograph of a typical array of microband electrodes. The width 
and interelectrode distances are 10 µm. 
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A typical response for the detector described in paper I, is given in Figure 8. 

 
Figure 8: Amperometric responses obtained with an array of microband electrodes 
in a 3 mM solution of potassium hexacyanoferrite (left) and buffer blank (right) 
respectively. The solid line is the response of the anode, while the dotted line is the 
response of the cathode. At the beginning of the experiment both electrodes were 
floating. At point “A” the anode potential of +100 mV vs. Ag/AgCl was applied and 
at point “C” a cathode potential of –200 mV vs. Ag/AgCl was introduced. 

As shown in Figure 8, the anodic current due to the oxidation of [Fe (CN)6]4- 
to [Fe(CN)6]3- increases dramatically when a potential of –200 mV vs. 
Ag/AgCl was applied to the adjacent cathode. This resulted in an increase of 
the anodic steady state current by a factor of eight. Unfortunately, the 
background current was also increased by a factor of six leaving a total 
signal to noise amplification factor of only 1.3. 

Björefors et al.41 showed that an increase in the number of used electrode 
pairs does not result in a proportional increase in the degree of redox cycling 
and that the flow rate used in the fluidic systems affects the extent of redox 
cycling. The main reason for the latter is that both lateral and orthogonal 
diffusion decreases the amount of analyte available for oxidation and 
reduction, respectively. Even in quiescent solutions, some of the generated 
electrolysis product does not reach the adjacent electrode, but diffuse back 
into the bulk solution. 
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Figure 9: The effect of diffusion into bulk solution on the redox cycling efficiency. 
The thickness of the arrows represents the approximate mass flows.  

The rate of the mass transport away from the electrode surface increases 
with increasing flow rate. This means that hydrodynamic effects have to be 
taken into account when an amperometric detector cell based on redox 
cycling is designed. Although redox cycling can significantly amplify the 
signal in amperometric detection, it is difficult to combine with a traditional 
CEEC set-up. However, by integrating EC and CE on a planar substrate to 
yield an on-chip CEEC system, it becomes possible to restrict the free height 
over the electrodes and thus control the degree of orthogonal diffusion that 
limits the degree of redox cycling.   
 

Red Red RedOx Ox
e- e-e- e-

Ox
e-

- - - - -- - - - - +++++++++++++++
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On-Chip Analysis 

During a chemical analysis, the separation of the analytes from each other 
and from matrix constituents that interfere with the detection is an important 
step. This has historically been done by separation methods using several 
hundred mL or mg of samples and reagents44,45. Increasingly smaller systems 
for smaller amounts of samples and reagents have been developed. The 
motivations for this development are not only reduced reagent 
consumptions, but also other advantages of smaller systems, including 
reduced demand for laboratory space and increased separation speed and 
efficiency46. Important steps were the invention of column chromatography 
and later capillary based separation techniques such as CE, µLC and 
capillary LC. The miniaturisation trend is thus not new and follows the 
technological possibilities. Based on semiconductor micromachining 
technology, miniaturised on-chip separation systems have become feasible47 
and are currently very much in focus. These systems handle and separate pL 
volumes of solutions with analyte concentrations down to 10-9M, i.e. 
samples containing some thousand molecules. Analytical systems in the 
nano scale for even smaller amounts of sample are already under 
development48.  

The working range of microdevices fits well in with applications where 
very small amounts of sample are available, e.g. in vivo studies of 
neurotransmitter release49 and other clinical applications. Generally 
miniaturised systems are also preferable when the samples or reagents are 
rare, expensive or hazardous. As additional microscale pre-treatment, 
filtering, and derivatisation steps also can be implemented7 in microdevices, 
more complex processes like analyses of Polymerase Chain Reaction (PCR) 
products50, can be conducted. Finally, miniaturised systems are well adapted 
for portable analytical use, which could be utilised for remote51, or on-site 
field analysis52,53 as well as in Point-of-Care testing54.  

Some important analytical methods, e.g. mass spectrometry55, are 
however, less readily adaptable to miniaturisation which is why an 
interfacing of the fluidic flow within the miniaturised device to the macro 
world also is important. 

Separations are often conducted in flow systems. In analytical 
microdevices, volumetric flow rates of 0.1 to 100 nl/min are typically 
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employed. These flow rates can usually not be established with the help of 
conventional pumps, such as those used in liquid chromatography. For low 
flow rate applications, micropumps that are based on different actuation 
principles, such as piezoelectric56, thermopneumatic57, electrostatic58, 
travelling wave59, and mercury surface tension actuation60 have therefore 
been developed and successfully integrated in microfluidical devices to 
establish pressure driven flow. Other fluid handling components that also 
have been integrated in such devices are valves, filters and mixing chambers. 
Kaartinen61, Pisano et al.13 and Larsson et al.62 have discussed different types 
of valves, while filters and mixing chambers were described by van Rijn and 
Elwenspoek63 and deMello et al.64, respectively. Although these microfluidic 
components fulfil their purposes, their fabrication is generally tedious and 
time consuming.  

A pumpless approach to move fluids through channels in micro systems 
based on electrokinetic effects, i.e. electroosmosis and electrophoresis, is 
often used in chip-based analytical devices. Electroosmosis arises from 
immobile surface charges situated on the channel (or capillary) walls and 
requires that an electrolyte is present. This requirement is normally met in 
the applications of interest here. Mobile counter ions present in the fluid 
align along the inside of a charged wall in a relatively stern layer. When a 
high voltage is applied over the channel, the counter ion layer starts to move 
and drags the bulk solution along with it. This effect is called electroosmotic 
flow (EOF). A difference between this type of flow and that generated by the 
previously mentioned micropumps, is that the average flow velocity is not 
significantly dependent on the actual channel shape and cross section, which 
means that combining and dividing channels in flow manifolds is less 
complicated. The flow depends entirely on the composition of the fluid and 
the chemical characteristics of the surface-solution interface65, which makes 
it possible to adjust the analytical device for the samples by choosing the 
appropriate substrate material. These features have led to the fact that 
capillary electrophoresis is the most widely used separation technique in 
µTAS. Many authors have demonstrated CE separations in planar substrates 
such as silicon, glass and various polymers66, 67,68. 
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As an interconnected network of channels filled with an electrolyte can 
be compared to an electrical network of resistors, it is possible to apply 
Kirhoff’s rules* to calculate the HV-field strength required to reach a specific 
flow rate in each channel segment. A control of the flow rates can hence be 
accomplished by merely applying the appropriate electrical potentials69 to 
the channel segments without the need for the inclusion of additional 
fluidical components, such as pumps or valves, on the chip. 

Electrophoresis involves the migration of ions in an HV-field based on 
their characteristic electrophoretic mobility. This means that the utilisation 
of an HV-field for fluid handling not only moves the liquid around in the 
channels, but may also simultaneously give rise to a separation of different 
compounds. The separation efficiency in CE is linearly dependent on the 
electric field strength that can be applied. This field strength is however 
limited as the applied voltage yields a current through the separation channel 
or capillary and hence gives rise to Joule heating. Extensive Joule heating 
that can not be dissipated sufficiently may distort the flow profile within the 
capillary by thermal convection and hence reduce the separation efficiency70. 
However, the Joule heat generated in capillaries or channels manufactured in 
a planar substrate of e.g. quartz, can be dissipated much more efficiently 
compared to in capillaries that are surrounded by air. This is based on the 
fact that solids generally have a much higher thermal conductivity (κT) than 
gases, the κT values for quartz e.g. are 58.8 mWcm-1K-1 and 
110.6 mWcm-1K-1 for a-axis and c-axis respectively71 while air has a thermal 
conductivity of 0.241 mWcm-1K-1. The better dissipation of the generated 
heat in chip systems72 compared to capillary systems allows the use of higher 
separation field strengths (over 400V/cm73 and up to 53kV/cm74 have been 
reported), which leads to faster separations and higher efficiencies. The 
increased heat dissipation in on-chip devices is also advantageous for 
processes such as PCR that depend on the presence of good temperature 
control75. 

                                                 
* The Kirchoff rules are defined as 0=∑

n
ni , i.e. the sum of currents leading to and 

from a node equals zero (“Knotensatz”) and as ∑∑ =
n

nn
n

n iRU *)( , i.e. the sum 

of the potential drops within a circuit equals the sum of potentials applied to the circuit 
(“Maschensatz”). 
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Miniaturised CE and integrated CEEC 
Based on the previous chapters, one may conclude that CE and EC are ideal 
methods to be implemented and combined in a miniaturised analytical 
device. Based on the experiences from traditional capillary based systems 
two major disadvantages are however known for this combination. 

First of all, electrochemical detection in conventional CE generally 
requires a careful alignment of the capillary end and the working electrode. 
This alignment problem has been successfully addressed by several 
authors,76,77,78,79,80,81 and was also recently discussed by Cheng et al.82, based 
on the use of various self-aligning devices. However, most of the aligning 
devices are quite tedious to manufacture and to operate which limits the use 
of CEEC in routine applications. 

Secondly, the CE electric field interferes with the EC step. Matysik91 and 
Wallenborg et al.84 showed that the CE electric field resulted in a shift in the 
apparent half-wave potential of a redox couple. Further effects of the CE 
electric field on electrochemical end column detection include variations in 
the detector background level and increased background noise30,85,89. Two 
approaches are currently used to reduce the influence of the CE electric field 
on electrochemical detection in CE, based either on the use of electrical field 
decouplers83,84,85,86,87 or geometric decoupling. In the first case, an alternative 
pathway for the CE-current to ground is provided. The second approach is 
based on a decrease of the potential drop within the detector cell in such a 
way that it does not interfere significantly with the electrochemical 
detection. This can either be achieved by the use of capillaries with 
sufficiently small (e.g. <25 µm) inner diameters88,89,90,91 or, in on-chip 
systems, by widening the separation channel in front of the working 
electrode to reduce the electric resistance92,93 in the detection region. 

The use of decouplers, however, introduces bandbroadening86,31 as well 
as requiring the experimental skill needed for the manufacturing of the 
decouplers. Narrow CE capillaries are, on the other hand, easily blocked and 
make the capillary and electrode alignment more difficult, while the 
widening of the separation channel increases the detector cell dead volume 
and thus introduces band broadening. As the magnitude of the shift in the 
half-wave potential due to the CE electric field depends on several 
parameters, an adjustment of the detection potential is needed whenever the 
position of the working electrode is altered with respect to the capillary end 
or when the potential drop in the capillary is changed. 

This may have contributed to the fact that conventional CE systems are 
much more frequently used in conjunction with UV absorbance detection 
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than with electrochemical detection. However, CEEC has successfully been 
employed by a number of authors as reviewed by Voegel and Baldwin94, 
Wang et al.35 and more recently by Kappes and Hauser95.  

Upon miniaturisation, CE with UV absorbance detection however runs 
into a dilemma. CE separations can be made faster and exhibit higher 
efficiencies for decreasing capillary diameters due to the possibility to use 
higher separation voltages. However, a decreasing capillary diameter 
hampers UV absorbance detection as the optical pathlength is also reduced. 
The opposite is true for the combination CEEC. Analogously to CE, EC 
tends to perform better upon miniaturisation. Furthermore, the main 
disadvantages of conventional CEEC are easily overcome upon integration 
into a microdevice. When manufacturing CE capillary and detection 
electrodes on a single chip92 an additional alignment device becomes 
redundant. The effect of the CE electric field on the electrochemical 
detection originates from the fact that the working and reference electrodes 
of the detection system are positioned at different local electric potentials 
within the CE electric field. The physical size of conventional reference 
electrodes makes it impossible to arrange them together with a working 
electrode close to the capillary outlet on an equipotential position. The use of 
miniaturised (quasi-) reference electrodes that can be positioned sufficiently 
close to the working electrode by microfabrication techniques overcomes 
also this problem. In other words integrating EC with CE on a microdevice 
solves the problems that are connected with CEEC in conventional capillary 
based systems. 
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CEEC and High-Voltage Field Effects 
In the conventional CEEC set-up, the working electrode is placed as close as 
possible to the outlet of the CE-capillary. The reference electrode, the CE 
grounding electrode, and the auxiliary electrode if employed, are most often 
placed elsewhere in the detection cell where space and ease of fabrication 
make it convenient. A typical set-up is depicted in Figure 10. 

Figure 10: Schematic representation of a typical CEEC set-up with A being the 
sample/buffer reservoir, C, the capillary and B the combined waste reservoir and 
detection cell.  

Lu and Cassidy89 have found that most of the CE potential dropped within 
less than 100 µm from the end of a 75 µm capillary. A more detailed study 
of the potential drop outside the end of a CE capillary was carried out by 
Nolkrantz et al.96. In the latter case, the electric field was employed to 
electroporate cells and a steep drop in the potential was found outside the 
capillary tip. The potential as a function of the distance from the tip was 
described using Equation (7). 

(7) 

where V is the electric potential, Ψ the applied CE voltage, Lc the capillary 
length, and Z denotes the dimensionless distance z/a, where z is the distance 
and a is the capillary lumen radius from the tip of the capillary. A graphical 
representation of the normalised potential drop as a function of Z is given in 
Figure 11. 
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Figure 11: The calculated decrease in the CE voltage immediately outside the CE 
capillary as calculated from Equation 7 given by Nolkrantz et al. The potential is 
given as the ratio between the potential, Vx, obtained for a certain distance x and 
that obtained at the capillary outlet, V0, as a function of the normalised distance Z 
(i.e. the distance divided by the capillary radius). 

Considering that the working electrode normally is placed as close to the 
capillary outlet as possible to avoid bandbroadening while the reference 
electrode is placed elsewhere due to its comparable large size, it is clear that 
the working and reference electrodes are situated in different electrical 
environments. The CE high voltage affects the local potential of the solution 
surrounding the working electrode while that near the reference electrode is 
less influenced. This is depicted in Figure 12, which shows an overlay of a 
typical CEEC set-up and a graph of the local potential within the CE electric 
field. 

The difference in the local potentials of the solution causes a shift in the 
half-wave potential in CEEC. The potentiostat that applies the detection 
potential to the working electrode uses the potential of the reference 
electrode as a reference point. To oxidise an analyte, the potential of the 
working electrode has to be sufficiently more positive than the potential of 
the solution. However, due to the CE high voltage, the potential in the 
solution is much higher close to the working electrode than close to the 
reference electrode. This means that a potential that with no CE high voltage 
present would result in the oxidation of the analyte, might not be enough 
with the CE high voltage present. To compensate for this, a potential equal 
to the difference between solution potentials at the working and reference 
electrodes has to be applied. This potential is however quite difficult to 
calculate precisely and generally needs to be determined experimentally. 
However, in the case, where the working and reference electrodes are placed 
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at locations, which have the same local potential, this additional 
compensation potential would be equal to zero. 

 

Figure 12: The voltage drop in the CE system featuring the small voltage drop in the 
detection cell close to the end of a capillary. 

This indicates that very small working and reference interelectrode distances 
are needed to reduce the influence of the CE electric field on end column 
detection in CE, which is not compatible with the use of conventional 
mm-sized reference electrodes. The latter was shown both theoretically and 
experimentally, in paper II, where the effect of the CE electric field on the 
detection practically was eliminated, without using a decoupler, by 
positioning the reference electrode sufficiently close to the working 
electrode. The experimental set-up used included neighbouring microband 
electrodes on a chip, positioned 30 µm from the end of a conventional CE 
capillary, where the microbands were used as working and reference 
electrodes, respectively. The short distance (i.e. 10 µm) between the working 
and reference electrodes ensured that both electrodes were very similarly 
affected by the presence of the CE electric field. With this experimental set-
up, no significant influence of the CE voltage on the peak potentials for gold 
oxide reduction could be seen for CE voltages up to +30 kV (Figure 13). In 
contrast to this, a similar set-up with an identical reference electrode 
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positioned approx. 6 mm away from the working electrode resulted in a 
significant potential shift (Figure 14). 
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Figure 13: Detail of a filtered and 
averaged (n=5) CV recorded with the 
working electrode 30 µm from the outlet 
of a CE capillary and the gold quasi 
reference electrode 10 µm away from 
the working electrode with an applied 
CE voltage of 0 kV (solid line) and +30 
kV (dotted line). 
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Figure 14: Detail of a filtered and 
averaged (n=5) CV recorded with the 
working electrode 30 µm from the outlet 
of a CE capillary and the gold quasi 
reference electrode 6 mm away from the 
outlet with an applied CE voltage of 
0 kV (solid line, peak at 195mV) and 
+30 kV (dotted line, peak at 230mV). 
 

In addition to the elimination of the potential shift, a reduction in the 
detector noise level was also found.  
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Deviceless decoupled CEEC 
One of the traditional applications for CEEC is the separation and detection 
of catecholamines30. In this application the use of carbon or carbon-based 
working electrodes is generally recommended. The microfabrication of 
carbon electrodes in microdevices is however somewhat complex97 and from 
a microstructure technology point of view, gold and platinum, are more 
favourable electrode materials as there are many standard procedures 
available for the deposition and etching of these metals98. To be able to use 
gold working electrodes a good control of the detection potential is required. 
Catecholamines can be detected oxidatively at potentials more positive than 
approximately +0.5V (vs. Ag/AgCl). A more positive detection potential 
may be required to compensate for any CE electric field induced shift of the 
catecholamines half-wave potential, as demonstrated by Zeng et al.99. 
However, for gold working electrodes, potentials of more than about +0.7V 
(vs. Ag/AgCl) give rise to oxidation of the electrode material. A 
simultaneous oxidation of the working 
electrode gives rise to a rather high 
background current and Zerbino and 
Sustersic100 have also shown that the 
oxidation of gold plays an important role 
for electrode fouling during the oxidative 
determination of catecholamines. Hence 
there is only a potential window of some 
100 mV available for the detection of 
catecholamines using gold electrodes. In 
paper III the oxidative determination of 
catecholamines in CEEC employing a 
gold electrode was shown. The detection 
potential could be controlled within some 
millivolts for CE electric fields of up to 
300V/cm using the deviceless 
decoupling technique presented in paper 
II. 
Figure 15: Cyclic voltammograms recorded in the running buffer in the absence 
(solid line) and presence (dotted line) of 315V/cm applied over the capillary using 
an array with a single gold microband as the working electrode and the two 
adjacent microbands the as a quasi reference electrode. The array electrode was 
positioned approx. 30 µm in front of the capillary tip. The scan rate was 50 mV/s. 
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CE electric field driven EC 
Based on the fact that the position in the CE electric field defines the local 
potential of a solution, the effect of the CE high voltage field on 
amperometric detection can be eliminated by the positioning working and 
reference electrodes sufficiently close to each other that they virtually are 
located on a equipotential surface. However, instead of eliminating the 
difference between the solution potential of two electrodes, this induced 
difference can be employed.  

The duty of a potentiostat in amperometric detection is, to apply a 
potential to a working electrode relative to a reference point. As stated 
above, there will be a potential difference between electrodes positioned at 
different locations in the CE electric field. In paper III, the possibility of 
using the CE electric field for the application of the necessary potential 
difference between the working electrode and reference electrode was 
studied. Microband electrodes with a fixed interelectrode distance of 10 µm 
were positioned close to the outlet of a CE capillary and different high 
voltages were applied over the capillary. The generated potential difference 
and the generated current between the two electrodes were recorded. A plot 
of the obtained potential difference (∆E) as a function of the applied CE 
voltage is given in Figure 16. 

Figure 16: Potential difference (∆E) obtained between two 10 µm spaced microband 
electrodes in a 10 mM solution of Fe(CN)6

4- and Fe(CN)6
3- as a function of the CE 

high voltage. The electrode chip was positioned in a wall jet configuration 
approximately 50 µm from the capillary outlet. 

The dependence of ∆E on the CE voltage includes a linear part for low 
applied voltages. Such a linear dependence would be expected if the 
resistance between the electrodes is constant, i.e. no electrochemical reaction 
occurs. However, when the CE separation voltage is increased further, 
deviations from this linear dependence is seen. The deviations from the 
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linear dependence seen in Figure 16 can be explained by the oxidation and 
reduction of small amounts of Fe(CN)6

4- / Fe(CN)6
3- at the electrodes which 

become possible as the microband electrodes start to behave as bipolar 
electrodes due to their extension in the CE electric field101. This means that 
different parts of the 1 mm long microband electrodes would act as local 
anodes and cathodes, respectively, due to the fact that these parts would be 
exposed to different electrochemical potentials in the solution as a result of 
the CE electric field. This effect would give rise to changes in the 
concentrations of the redox couple at the electrode surfaces and 
consequently a change in the potentials of the electrodes. As a result of their 
different positions in the CE electric field, it is likely that the effect would be 
larger for one of the microband electrodes than for the other. This would 
result in a net potential difference between the electrodes and a deviation 
from the linear dependence between ∆E and the CE voltage. This potential 
difference can be used similar to potential differences generated by a 
potentiostat. Using the same set-up of microband working electrode and 
microband quasi reference electrode, similar results were obtained both 
when the detection potential was applied by a potentiostat and when it was 
induced by the CE high voltage. These findings are depicted in Figure 17.  

Figure 17: Current versus potential plots obtained in a 10 mM Fe(CN)6
4-/Fe(CN)6

3- 
solution. The squares ( ) denote the current obtained between one microband 
electrode and an adjacent microband electrode close to the capillary outlet, as a 
function of the CE high voltage. This current was recorded with an amperemeter. 
The solid line denotes the oxidative branch of a cyclic voltammogram (scan rate 
1 mV / s) obtained in the same solution. The latter voltammogram was recorded 
using a 3-electrode potentiostatic in set-up in which one microband electrode was 
used as the working electrode while an adjacent microband electrode used as a 
(quasi-) reference electrode. A stainless steel wire was used as the counter 
electrode. 
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In Figure 17 it is seen that the current response for the CE high voltage 
driven amperometry is only about 5% of the response yielded when the 
potentiostat was used, although the same working electrodes were employed 
in both cases. This, however, fits in well with theory, as the CE high voltage 
should only affect a small region of the electrode right in front of the 
capillary outlet significantly. The inner diameter of the used capillary was 50 
µm, while the length of the microband electrode was 1 mm. Using the set-up 
in paper IV, only about 5% of the length of the working electrode would be 
active, when the CE high voltage is used to drive the amperometry, while the 
total electrode length would be operative when the potentiostat was 
employed.  

In paper IV, CE high voltage driven amperometry was used as a 
detection method and was found to yield a linear signal to concentration 
relationship for the Fe(CN)6

3-/4- redox couple. However, only a moderate 
limit of detection of about 100µM was achieved. The reasons for this are that 
in the presented set-up about 95% of the working electrode merely generate 
noise and that the alignment of the electrodes and the capillary introduced 
some uncertainties and thus variations in the currents. Upon implementing 
this method into a microdevice, the total length of the electrode can be made 
active and the alignment of electrodes and CE channel would be under full 
control as a result of the microfabrication steps. 
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Electrochemical low volume flow interfacing 
Although almost all procedures in the field of analytical chemistry can be 
downsized to fit onto a chip-sized device, such miniaturisation is, however, 
not always practical. One challenge in combining miniaturised systems and 
traditional sized systems is associated with the minute volumetric flow rates 
used in miniaturised systems. These flow rates are often in the range of 
10-100 nl/min. In papers V-VII, electrophoretic or electrochemical 
interfacing of capillary based systems operating at such low flow rates is 
discussed. In all cases, an electrode, electrochemical processes on the 
electrode and the stability of the electrode play important roles. Either an on-
capillary electrode was used to introduce the high voltage to a CE system, or 
an ESI emitter was used to introduce the high voltage to an ESI-MS 
interface. A common feature of the studied electrodes is that they were used 
to apply a high voltage to an aqueous solution. 

The electronical equivalent of CE and ESI can be considered as a series 
of resistances in a high voltage circuit. The CE capillary with its small inner 
diameter represents a considerable resistance. So does the air filled gap 
between end of the spray capillary and the MS-orifice. The resistance over 
the electrode-electrolyte interface is much lower and the smallest potential 
drop in this resistance series circuit is hence found at the electrodes. The 
dominating electrode processes are generally the oxidation of water 
(2H2O  4e- + O2 + 4H+) and the reduction of hydronium ions 
(2H+ + 2e-  H2) in acidic solutions, or the reduction of water 
(2H2O + 2e-  H2 + 2OH-) in neutral or basic solutions. These reactions are 
responsible for the charge transfer between the electrodes and the solution102. 
The relative potential difference between the electrode and the solution 
remains constant, as long as the rate of the electrode processes are sufficient 
to support the resistance controlled current103. This means that a potential 
difference of only a couple of volts generally is present at the electrode-
solution interface and that the vast majority of the applied HV thus is used to 
establish either the separation electric field over the capillary, or the electric 
field in the ESI gap. This means that, under normal conditions, the electrical 
environment of a HV-CE electrode or of an ESI emitter is very similar to 
that of an electrode immersed in an electrolyte, polarised to a couple of volts.  

Based on this similarity, rapid and straightforward chronoamperometric 
and voltammetric experiments can be used to gain information about the 
stability and performance of both electrode types.  
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Low volume flow-CE coupling by use of gold-coated capillary 
tip junction electrodes  

The motivation to interface liquid low-volume flows lies in the fact that a 
combination of methods based on different separation mechanisms will 
increase the selectivity and thereby also the resolution104 dramatically. In the 
analysis of peptides and proteins, the resolution is particularly important. 
The separation speed and the potential low unit cost make microfluidic 
devices attractive for these applications. On the other hand, the low volume 
load capacity of CE, the predominant separation technique used in these 
devices and its need for rigorous sample pre-treatment105 are 
disadvantageous in this context. Ordinary liquid-to-liquid coupling 
techniques as used e.g. in liquid chromatography would introduce 
unacceptable dead volumes and hence ruin any separation that could be 
obtained in orthogonal liquid-liquid separations systems. Besides the dead 
volume, discrimination between sample zones that should be injected to the 
subsequent CE step and waste is also important. Further important 
parameters when coupling separation methods in a LC-CE system are the 
interface material and the electrode material used to introduce the CE high 
voltage in the interface. Different materials, e.g. metals106, or more mass-
producible and extrudable materials like polycarbonate 107 have been used in 
LC-CE interfaces. Depending on the choice of material used in the interface, 
the introduction of the CE high voltage electrode may be more or less 
difficult to implement. A metal interface will allow the whole interface to 
behave as a CE-electrode, but the manufacturing and deactivation of the 
interface is less straightforward. On the other hand, a polymeric interface 
including a well-defined CE electrode offers the advantage of a confined 
electrical field. In 2001, various approaches to couple LC and CE were 
reviewed by Valcarcel et al.105. 

A material that has become of significant interest in the field of micro- 
and nanostructured materials11, 108, is poly(dimethylsiloxane) (PDMS), which 
can be casted into well-defined structures. Its softness also provides 
possibilities to insert capillaries tight in pre-made connections. Both 
properties are essential for a good control of the fluidic flows in the coupler. 

In paper V, a microfabricated PDMS capillary coupler was employed to 
interface the outlet of a FIA (or µLC)-capillary to another capillary that 
could be used for CE separations. A first crude separation step would result 
in sample zones that subsequently could be injected into the CE system. To 
reduce the complexity of the necessary micromachining, the tip of the 
CE-capillary was prepared to act as the HV-electrode for the CE separation.  
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Figure 18: Miniaturised liquid-liquid fluidic coupling.  

The tip electrode consisted of a conductive on-column graphite/polyimide 
coating mediating the high voltage to the capillary entrance. The interface 
was initially evaluated with flow injections of peptide samples from a LC 
buffer followed by CE separations coupled to sheathless ESI-TOFMS. The 
use of the integrated electrode described in paper V gave rise to the same 
separation performance as obtained with a platinum electrode positioned 
several mm away from the capillary inlet in a conventional vial based 
injection.  

Important issues when using an HV-electrode directly in the separation 
capillary are electrode stability and the influence of gas bubble formation on 
the CE current, as the presence of bubbles may interrupt this current. Both 
issues were assessed in chronoamperometric experiments. The 
electrochemical stability of the on-column polymer imbedded graphite 
electrode was evaluated by chronoamperometry using potentials either 
sufficiently positive to oxidise water (e.g. +2V vs. Ag/AgCl) or sufficiently 
negative to reduce water (e.g. -2V vs. Ag/AgCl). The chronoamperometric 
experiments were employed to simulate the oxidative and reductive 
environments in the injection end of a CE column used together with MS 
and UV detection. The chronoamperometric potentials were chosen based on 
cyclic voltammograms recorded in the used buffers. A steady state current of 
117.4 ± 0.8 µA (average ± sdev, n=10000) was obtained during more than 
24 h in the reductive mode.  In the oxidative mode, a steady current of 
12.02 ± 0.77 µA (average ± sdev, n=10000) was found over more than 30 
minutes. However, due to bubble formation and detachment, some 
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fluctuations in the current were seen. The electrochemical stability of the 
electrodes was confirmed by the fact that the CE performance found after the 
electrochemical stress was comparable to the performance observed prior to 
the chronoamperometric experiments. The bubble formation in the oxidative 
mode can, however, cause significant problems when the miniaturised 
liquid-liquid fluidic interface is used. 
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Low volume flow-MS coupling using sheathless ESI-emitters 
Electrospray emitters are extensively used in applications where analytes are 
transported or separated in a liquid media at very low flow rates, and 
interfaced with mass spectrometers109. The applications involve nanoscale 
liquid chromatography (nano-LC)110, capillary electrophoresis (CE) and 
capillary electrochromatography (CEC) 111 with column diameters of 200 µm 
or less, combined with the nanospray technique that has contributed 
significantly to the success of low flow rate mass spectrometric analysis. 

Electrospray is achieved by applying a high potential (typically 2-4 kV) 
to a sharp emitter versus the orifice of a mass spectrometer. The spray 
process relies on the high electric field created by this potential, as well as 
the generation of an electric current by electrochemical reactions.112, A 
number of different methods to apply the electrospray voltage are in use.  

Among these is the highly robust and widely used sheath-flow interface, 
where a co-axial liquid with a distal electrode provides for the electric 
contact.113 However, the addition of an additional liquid dilutes the eluting 
analytes, most prominently when the separation is performed at very low 
flow rates, causing a decrease in sensitivity.114 The alternative set-up, the 
sheathless approach, does not make use of an additional solvent.115 In this 
case, an electrode is placed in direct contact with the liquid somewhere in 
the separation system. This contact could be distal or proximal to the spray 
aperture. A distal electrode could be placed somewhere within the fluidic 
channel prior to the spray aperture. Often this kind of electrode needs an 
own compartment, sufficiently large to deal with possible bubble formation 
during the application of the spray voltage.  

A proximal electrode can be obtained without introduction of dead 
volumes or flow distortions in a capillary based system, if a thin layer of 
conductive material, commonly silver or gold, is deposited on the outside of 
the spray aperture116 and is referred to as pure sheathless electrospray. The 
deposition can be made either by electrolytic deposition117, sputter coating118 
or vapour deposition116. To assist the spray process, a microspray device, 
such as that reported by Deng et al.119 can be used at the risk of introducing 
dead volumes. The pure sheathless spray approach is the most attractive 
option for low flow electrospray, in particular when the spray aperture is 
integrated with the separation capillary. Indeed, excellent sensitivities and 
efficiencies of nanoflow separations have been achieved120, and the pure 
sheathless approach is totally dominating the nanospray applications. Yet, a 
central obstacle for the pure sheathless approach has, despite many efforts, 
remained unsolved: most conductive coatings used are highly unstable and 
disappear after a few hours of usage.121 An interesting exception is the 
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“fairy-dust” approach, where 2 µm gold particles are secured within a 
polymer and used as a conductive layer122 In a recent paper, Nilsson et al. 
showed that the electrospray wear of the mechanically stable vapour 
deposited gold upon an adhesive layer of chromium and nickel, is due to 
electrochemical stress123. It was further proposed that any mechanically 
robust conductive coating would be stable in the electrospray environment if 
one of two criteria were met. The first case is when the used materials are 
electrochemically stable, while the second case involves the use of an 
electrochemically unstable material forced to act in a potential window 
where it is stable, e.g. by the superposition of a sufficiently large reductive 
current. The outstanding durability of the fairy-dust, as well as the related 
“black-dust” approach124 (where graphite instead of gold particles are used) 
is explained by the satisfaction of the first criteria.  

Figure 19: Chronoamperometric current transients obtained for a variety of ESI 
emitters A: "Black Dust", B: WPI, C: New Objective, D: Protana, E: "Black Jack" 
and F: Ti/Au coated emitter. Data for figure A-E were taken from paper VII, while 
data for curve F was taken from paper VI. The ordinate gives the normalised 
current (current divided by initial current), while the abscissa represents the time in 
seconds. The emitter tips were held at +2.5V vs. Ag/AgCl in 0.5% nitric acid. 

In order to test the validity of these proposals, a more conventional batch 
mode process including chemical vapour deposition (CVD) was tested in 
paper VI. It was assumed that the issue of gold film stability in an 
electrospray environment could be solved if a stable adhesion layer were 
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used. In a study by Hoogvliet and van Bennekom, titanium and chromium 
adhesion layers were compared by use of electrochemical quartz crystal 
microbalance (EQCM).125 It was found that Ti/Au layers were stable at 
anodic potentials where gold oxidation occurs (+1.6 V vs. SCE), while the 
Cr/Au layers were not. Transferred to electrospray conditions, where the 
oxidation of water is an important reaction in the positive mode (potentials > 
+1.6 V), Ti/Au coatings should hence show greater electrochemical stability. 
The study in paper VI confirmed the validity of the previous proposals123 as 
the use of a more electrochemical stable Ti adhesion layer instead of Cr 
resulted in longer emitter lifetimes in sheathless electrospray. The results of 
similar investigations, conducted with a variety of metal and carbon based 
emitter tips, which were compared in paper VII, showed a good agreement 
between electrochemical stability and ESI robustness. 
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Concluding remarks 

Studying microstructure technology, one often meets the famous quote 
“There’s plenty of room at the bottom” 126. However, other rules may apply 
in systems sufficient smaller than those working in hands-on size. Besides 
pure engineering problems in manufacturing microstructures for chemical 
microdevices, there are some differences compared to the macro world that 
can lead to trouble in the development of microsystems. Theses are for 
instance the presence of laminar flows and the great importance of surface 
effects. These effects can be both disturbing and beneficial and hence have 
to be considered.  

One particularly interesting combination in a µTAS is electrophoretic 
fluid handling and separation (CE or CEC) combined with electrochemical 
detection. In the macro world, this combination is hindered by serious 
obstacles such as the difficulty to align the separation channel and the 
working electrode and the impact of the CE high voltage on the detection 
potential in on-column and end-column electrochemical detection. These 
obstacles are however almost automatically removed by moving from the 
macro scale to the micro scale; integrated on a chip, no further alignment of 
the electrode and the channel is necessary, and by designing the CEEC chip 
in such a way, that the working and the reference electrodes are exposed to 
the same CE separation high voltage, no high-voltage induced shift in the 
detection potential occurs. 

In the present work, electrochemical methods have been used at different 
complexity levels in the development and use of miniaturised analytical 
systems. The techniques proved adequate and useful at the fundamental 
microengineering and detection level, at the chemical application level and 
in the interfacing of microfluidic systems to the macroscopic laboratory 
environment. It is clear that electrochemistry supplies valuable tools, both to 
work in microenvironments and in our strive to better understand processes 
in microenvironments. 
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