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ABSTRACT 
 
Disposable amperometric electrode chips enable the 

rapid, cost-effective and reliable monitoring of the 
concentration of analytes in fluidic samples. One example 
of high relevance in the health sector is the detection of 
hydrophilic antioxidants in fruit juices and biological fluids 
such as blood and saliva. In order to obtain highly 
reproducible electrodes at low cost and for small sample 
volumes, inkjet printing was used to prepare fully printed 
integrated electrode chips comprising a carbon nanotube 
working electrode, a carbon nanotube counter electrode and 
a silver or silver/silver chloride quasi-reference electrode. 
Silver was printed for the electrical connections and a UV 
curable dielectric ink was used to insulate the electrode 
connections and to precisely define the active electrode 
areas. The presented multi-layer based analytical sensing 
platforms support the recent general assessment that inkjet 
printing has reached the status of a large-scale production 
technique. 

 
Keywords: inkjet printing, electrodes, voltammetry, carbon 
nanotubes, silver 
 
 

1 INTRODUCTION 
 
Electroanalytical sensors and their applications play an 

important role in diagnostics and environmental 
monitoring. Measurements are often performed with 
samples taken from body fluids or in the field. With such 
complex sample matrices, even if diluted, the electrode 
surfaces get easily contaminated or modified influencing 
the electrode response. Therefore, disposable electrodes 
with highly reproducible electrode surfaces must be used. 
Screen printed carbon paste electrode (CPE) chips 
containing a working electrode (WE), a counter electrode 
(CE) and a reference electrode (RE) represent state-of-the 
art electroanalytical sensors [1]. The targeted analyte is 
electrochemically oxidized or reduced at the WE. The 
potential is measured versus the nearly currentless RE. A 
current flows through the WE, solution and the CE where a 
counter reaction takes place. By adjusting the current at the 
CE, the potential of the WE is controlled.  

However, screen printing requires a specifically 
designed mask for each layer, needs proper alignment tools 

for multi-layer printing and comes along with material 
waste.  

 

 
Figure 1: Inkjet printed batch of three-electrode chips 
comprising a CNT-WE, a Ag- or Ag/AgCl-QRE and a 

CNT-CE. 
 
Drop-on-demand inkjet printing represents a promising 

alternative to the established screen printing process. As a 
digital and mask-less material deposition technique inkjet 
printing shows high flexibility in pattern design and ink 
composition, high accuracy of droplet deposition, allows 
multi-layer printing by using parallel printheads, shows low 
material waste and is up-scalable from the prototype to the 
industrial level. Furthermore, it enables printing of various 
advanced carbonaceous materials for electroanalysis 
including carbon nanotubes (CNTs) that have shown many 
advantages over CPEs [2]. In our three-electrode chips, 
CNTs are used as WE as well as CE and Ag is used to 
obtain a reference electrode. Bare Ag does not work as a 
stable reference electrode for electrochemical 
measurements due to a rapid chemical modification of the 
electrode surface, while Ag/AgCl stabilizes the response 
and works as a so-called quasi-reference electrode (QRE). 
By exposing Ag patterns to a bleaching solution containing 
hypochlorite a AgCl and Ag2O layer is formed [3]. The 
preparation of a Ag/AgCl-QRE from an inkjet printed Ag 
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pattern by using such approach was first reported by da 
Silva et al. [4]. 

In this contribution we show how an advanced inkjet 
printing platform comprising three printheads and various 
integrated post-processing techniques can successfully be 
employed for the batch fabrication of disposable sensors for 
electroanalysis. We demonstrate the reproducibility and 
stability of the electrode chips by measuring a standard 
redox mediator and antioxidants. 

 
 

2 EXPERIMENTAL 
 

2.1 Chemicals and Materials 

Ferrocenemethanol (FcMeOH; Sigma-Aldrich), 
potassium chloride (KCl, Carl Roth), potassium nitrate 
(KNO3, Acros), sodium acetate (NaOAc, Fluka), acetic acid 
(CH3COOH, Sigma-Aldrich), sodium hypochlorite solution 
(5%, NaOCl, Acros) were used as received and were of 
analytical grade. Deionized (DI) water was produced by a 
Milli-Q plus 185 model (Merck Millipore). The following 
inkjet inks were used: Silverjet DGP-40LT-15C (w/w 35%, 
Sigma-Aldrich), dielectric EMD6201 (Sun Chemical) and 
CNT dispersion CNTRENE (Brewer Science). 
Polyethylene terephthalate sheets (PET, 125 µm thick, 
Goodfellow) were used as substrates. 

 
 

2.2 Electrode Fabrication 

Electrode chips were prepared by using an X-Serie 
CeraPrinter (Ceradrop) comprising permanently three 
printheads in parallel, i.e. two Dimatix Fujifilm Q-Class 
256 Sapphire printheads with optionally 10, 30 or 80 pL 
nominal droplet volume and one disposable Dimatix 
Fujifilm DMC-11610 cartridge with 10 pL nominal droplet 
volume. An integrated UV LED FireEdge FE300 (380-420 
nm; Phoseon Technology) allows simultaneous printing and 
UV photopolymerization with the Dimatix cartridge. In a 
post-processing chamber, a PulseForge 1300 photonic 
curing system (Novacentrix) is integrated for the optional 
in-line curing of each printed layer. The entire system is 
controlled by the printer software. 

Firstly, Ag patterns for the electrical connections and 
the quasi-reference electrode were printed on PET. After a 
short drying period at 60 °C well adhered and conductive 
Ag traces were obtained by photonic curing. Secondly, two 
CNT patterns were printed and overlapped only slightly 
with the Ag for the electrical connection forming a stand-
alone CNT electrode on PET. Thereafter, the CNTs were 
treated with photonic curing as well to produce a well 
attached and conductive electrode surface. Thirdly, the UV 
curable insulator was printed to define accurately all the 
three electrode areas and to insulate the Ag connection 
traces. All parameters for printing and photonic curing were 

adjusted according to the ink properties and desired 
electrode functionality. 

The Ag/AgCl-QRE was formed by exposure of the Ag 
electrode area to the hypochlorite solution for a few 
seconds followed by a washing step with water. The 
electrodes were then ready to use and could be stored for 
several months without showing an aging effect. 

 
 

2.3 Optical Characterization Methods 

The printed electrodes were optically analyzed by using 
a Keyence VK 8700 laser scanning microscope (LSM) in 
reflection mode and a FEI Teneo scanning electron 
microscope (SEM). 

 
 

2.4 Electrochemical Characterization 
Methods 

Cyclic voltammograms (CVs) and linear sweep 
voltammograms (LSVs) were recorded with a potentiostat 
Autolab PGSTAT101 (Metrohm) using the printed 
electrodes in a three-electrode arrangement with one CNT 
pattern acting as WE, one CNT pattern as CE and the 
pristine Ag or Ag/AgCl pattern as QRE. All potentials 
given herein are reported in respect to the QRE and all 
electrochemical measurements were performed under 
ambient conditions at room temperature. A small droplet 
was deposited on the sensor allowing the use of only few 
µL of sample solution. 

 

 

Figure 2: SEM of inkjet printed CNTs on PET. 
 
 

3 RESULTS AND DISCUSSION 

The printed electrode chips are shown in Figure 1. The 
geometrical electrode areas of the WE, QRE and CE were 
identical (Ag ≈ 1 mm2). The homogeneous CNT patterns on 
PET (Figure 2) represent stand-alone electrodes with good 
conductivity and electrochemical properties as reported 
previously [5-6]. The modification of the Ag electrode 
surface was first characterized by using optical microscopy 
and SEM (Figure 3). Before this transformation, a uniform 
and dense coverage of spherical Ag nanoparticles (NPs) of 
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around 50 nm diameter can be identified. The optimized 
photonic curing program was beneficial for the adhesion of 
the Ag pattern. Photonic curing is a non-equilibrium 
heating process based on short light pulses of a Xe flash 
lamp [7]. The Ag NPs in the printed but still not completely 
dried ink absorb a major part of the Xe lamp emission while 
the transparent PET substrate does not. The heat built up in 
the Ag layer stays for a very short time period, enough to 
cure the Ag NPs but not to affect sufficiently the PET 
substrate. However, it seems some heat was transferred 
from the Ag NPs towards the PET resulting in a slight 
sinking of the Ag pattern into the PET sheet. The result was 
a much better adhesion of the Ag during all performed 
experiments in solution while the major properties of the 
Ag, such as conductivity, were kept. After formation of 
AgCl, the electrode color changed to purple, most likely 
from large crystals of AgCl and Ag2O formed on a 
submicrometer scale (Figure 3).  
 

 

Figure 3: Chemical modification of Ag pattern to generate a 
Ag/AgCl-QRE similar to ref [4]. 

The stability of the as prepared QRE was first verified 
in 3 M solution versus a standard Ag/AgCl/3 M KCl 
reference electrode (potential difference ΔE = 11 mV after 
1 h). Secondly, CVs in an electrolyte solution containing 
FcMeOH as redox mediator were performed using three 
sensors with pristine and three with a modified Ag-QRE. 
As can be seen in Figure 4a, all curves show the one 
electron oxidation of FcMeOH to FcMeOH+ during the 
positive forward scan of the CV, while the reduction of 
FcMeOH+ back to FcMeOH was detected during the 
negative reverse scan. The CV curves of the electrode chips 
with Ag/AgCl-QRE overlap perfectly indicating the high 
reproducibility of the entire electrode chip fabrication 
process qualifying these sensors for reliable measurements 
in electroanalysis. In contrast, bare Ag as QRE is unstable 
and the CV plots indicate clearly a shift of the electrode 
potential and show poor overlapping. For all further 
measurements, only electrode chips with a Ag/AgCl-QRE 
were used. 

The CVs recorded with different scan rates in FcMeOH 
solution suggest a quasi-reversible electrochemical 

behavior with some small deviations from theory. As 
discussed previously, this deviation could be explained by 
an IR drop along the CNT electrode pattern, possibly some 
kinetic limitations and non-linear diffusion effects based on 
microscopic inhomogeneities [5]. For instance, the latter 
can be seen by the relatively large peak separation, which 
was 84 mV at a scan rate of 100 mV/s compared to the 
theoretical value of 59 mV for a fast one-electron transfer 
reaction.  

As discussed below, the CNT based electrode chips can 
be used for the rapid detection of hydrophilic antioxidants 
(AOs). AOs protect biological targets from harmful free 
radicals, such as reactive oxygen species (ROS), by acting 
as reducing agents. One example is ascorbate (or ascorbic 
acid), which is present in the human metabolism as well as 
in fruit juices. AOs can be detected electrochemically by 
running a linear potential scan. The current caused by the 
electrochemical oxidation is recorded as the response and is 
proportional to the concentration of the AOs in the sample.  

 

 

Figure 4: a) CVs (2nd cycle) obtained with bare Ag and 
Ag/AgCl-QRE (3 different electrodes each), scan rate 100 

mV/s. b) CVs (1st cycle) with different scan rates (in mV/s, 
one electrode with Ag/AgCl-QRE): 25, 50, 100, 250. 

Exp. solution: 2 mM FcMeOH in 0.1 M KCl. 

Upon electrochemical oxidation, ascorbate can 
polymerize and strongly attach to the electrode surface 
resulting in a significant change of the recorded signals in 
subsequent measurements. Therefore, disposable 
electrochemical AO sensors are normally used. We applied 
the three-electrode chip to detect 2 mM ascorbate in pH 4 
buffer solution (Figure 5a). This well known composition 
of the solution can be used as a reference system for AO 
measurements in real systems containing various redox 
active species. The electrochemical oxidation of most 
relevant AOs takes place with fast kinetics at low 
potentials. As a consequence, the first peaks in the recorded 
LSVs are mainly caused by the AOs in the sample. One 
example is the detection of AOs in a fresh apple juice 
sample (Figure 5b). It is known that apples contain 
flavonoids and polyphenols, but also ascorbate. 
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Recently, we have developed a strategy to discriminate 
the signals based on AOs from those originating from other 
compounds present in the sample. This concept is called 
electrochemical pseudo-titration and is based on a Fermi-
Dirac function, which is unity at low potentials and zero at 
higher potentials [8]. Consequently, upon multiplication of 
the measured LSV with the Fermi-Dirac function a peak-
shaped curve is obtained. The area under the curve is 
calculated and reflects the AO content in the sample. The 
obtained value, called antioxidant power (AOP), can be 
used for the analysis of the antioxidant content of various 
samples. Such analysis, in combination with the presented 
inkjet printed CNT electrodes, provides attractive tools for 
various applications in electroanalysis. 
 

 

Figure 5: a) LSV in 2 mM ascorbic acid and 0.1 M acetate 
buffer (pH 4), scan rate 100 mV/s. b) LSV in apple juice, 

scan rate 100 mV/s. 

4 CONCLUSIONS 

The large-scale fabrication of electroanalytical sensors 
based on multi-layer inkjet printing of a CNT working and 
counter electrode as well as a Ag/AgCl quasi-reference 
electrode has been demonstrated. An integrated photonic 
curing station for in-line post-processing speeds up the rate 
of electrode fabrication and improves the adhesion of 
several sensor layers. Reproducible and reliable data were 
obtained during electrochemical measurements in various 
systems demonstrating the functionality and stability of the 
electrodes. Indeed, the present batch production process for 
electroanalytical platforms demonstrates that inkjet printing 
can be used on the industrial level. We believe that inkjet 
printing offers great opportunities for the flexible and rapid 
design, prototyping, optimization and fabrication of a wide 
range of commercial electrodes. 
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