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The following paper describes the development of a screen-printed voltammetric pH-sensor based on
graphite electrodes incorporating both internal indicator (i.e., phenanthraquinone) and reference
species (i.e., dimethylferrocene). The key advantages of this type of system stem from its simplicity,
low cost and ease of fabrication. More importantly, as opposed to conventional voltammetric systems
where the height of the voltammetric peaks is taken into account to quantify the amount of a species of
interest, here, the difference between the peak potential of the indicator species and the peak potential
of the reference species is used. Thus, this measurement principle makes the electrochemical system
presented here less dependent on the potential of the reference electrode (RE), as is often the case in
other electrochemical systems. The developed system displays very promising performances, with a
reproducible Super Nernstian response to pH changes and a lifetime of at least nine days.

Screen-printing

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

Despite the large success of electrochemical sensors in a
number of fields (e.g., clinical, environmental or food industry
[1]), a critical issue has restricted their use for certain industrial
and biomedical applications: the unavailability of a reliable and
durable miniature reference electrode (RE). Miniaturization of
electrochemical sensors has often been limited to the working
electrode and in many cases a commercial macroscopic RE is still
used alongside the miniaturized working electrode [2]. However,
within the last 15 years many different promising solutions
have been proposed. For instance, among the routes pursued to
develop miniaturized REs are thin-film technology [2-6], screen-
printing (SP) technology [7-9], conducting polymers [10-15],
nanofluidic channels acting as salt bridge [16], a solid crystalline
KCI melt [17], polyacrylate microspheres composite [18], and non
organic materials [19]. Very good reviews highlighting some of the
state-of-the-art microfabricated REs have been published recently
[20,21]. However, as agreed by most who have been involved in
the development of electrochemical systems, the miniaturization
and batch-fabrication of a reliable RE is one of the most difficult
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challenges left in the field [22]. It is even considered by many as
being equal to the quest for the Holy Grail [23].

All the previously mentioned work aimed at developing a
stable and reliable RE by solving the endless possible issues
stemming from the RE (e.g., complex or expensive fabrication,
drift, membrane shrinkage and/or delamination, long condition-
ing times, etc.).The present article circumvents these challenges
using a simple approach and low cost alternative type of electro-
chemical system featuring a sensing electrode incorporating both
sensing and reference species in combination with a quasi-
reference electrode (QRE).

The system investigated was intended for pH monitoring and
thus featured phenanthraquinone (denoted here as PAQ) as a
pH-sensitive moiety (i.e., indicator species) and dimethylferro-
cene (denoted here as Fc) as a pH-insensitive moiety (i.e.,
reference species). The redox reactions of PAQ and Fc are shown
in Egs. (1) and (2), respectively.

PAQ +2e~ +2H" < PAQH, 1)

Fct +e” =Fc )

The measurement method used for this type of voltammetric
system is based on evaluating pH changes by monitoring the
deviation in peak potential of PAQ with respect to Fc. This is a
very attractive strategy that allows this type of electrochemical
system to theoretically be unaffected by RE potential drift [24,25].
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In addition, with the voltammetry technique used here, the height
of the peak current is not as significant as in typical voltammetric
measurements, where this height is used to determine the
concentration of a target species. Here, only the location of the
peak currents (i.e., the potential) is needed for analysis.

The sensors developed here were produced by screen-printing
(SP). Adapted from the microelectronics industry, the thick-film
process of SP is one of the most commonly used techniques to
deposit coatings in the sub-millimeter range. SP is an inexpensive,
simple, versatile and highly reproducible large-scale production
technique [26-28]. It involves pressing different pastes or inks
through a porous screen to transfer patterns onto a substrate.
Originally used on ceramic materials due to their good mechan-
ical, chemical and, especially, thermal properties, SP is today also
applied on a broader range of substrates including paper, fabrics
and plastics [8,29]. An important application of this technology
lies in the fabrication of planar components for miniaturized
electrochemical sensors, which have proven their suitability in
the biomedical, environmental and industrial fields [30-33]. All
these advantages and features attest that SP is one of the most
suitable technologies for fast fabrication of low-cost electroche-
mical voltammetric systems in this work.

To the authors’ knowledge, screen-printing of this type of
voltammetric pH-sensors has previously only been investigated
by Kampouris et al. in 2009 [25]. Inspired by this article and other
relevant papers dealing with quinone and ferrocene based electro-
chemical systems [24,34,35], the presented work intends to pursue
the development of low cost voltammetric pH-microsensors.
However, here the aim was focused on developing microsensors
for a narrower application range (i.e., medical applications),
namely, for monitoring pH in physiological samples.

2. Experimental
2.1. Reagents

1,1’-Dimethylferrocene and 9,10-Phenanthrenequinone as well
as the reagents used for the electrochemical characterization of the
sensors (i.e.,, KNO3; and K4Fe(CN)g) were all of analytical grade and
were used as received from Sigma-Aldrich, Denmark, without
further purification. Stock solutions were prepared weekly with
deionized (DI) water with a minimum resistivity of 18 MQ cm.

2.2. Materials and instrumentation

2.2.1. Fabrication of the voltammetric sensors

The screen-printed platforms were produced with a DEK 248
screen-printing machine (DEK, UK). Three different polyester DEK 230
screens with the appropriate stencil patterns were used for printing
the relevant layers of the electrochemical systems. The screens were
aligned semi-automatically using a DEK align-4-vision system.

A manual SP setup was developed for the fabrication of the
voltammetric sensors. It was composed of a polymethylmetha-
crylate (PMMA) platform and frame and a 100 um thick cyclo
olefin polymer (COP) screen structured with the desired patterns
by either micromilling [36] or CO,-laser ablation [37,38].

A SP squeegee (Speedball Art Product Company, US) was also
used for manual SP of the sensors on top of the platforms. Dust
free cellulose polyester wipes (Sitix IMTEX, Denmark) were used
to gently polish the sensor surfaces.

For the sensor fabrication, graphite (C10903P14) and Ag/AgCl
(C2040308D2) inks were obtained from Gwent, UK. The dielectric
material (242-SB) was obtained from Electro-Science Laboratories
(ESL), Inc., USA. 500 pum thick PET sheets from HiFi Industrial Film,
France were utilized as substrate material.

Fig. 1. Microfluidic flow cell for screen-printed electrodes (SPEs): 1-developed
chip with SPEs, 2-PMMA bottom part, 3-PDMS chamber with fluidic tubing,
4-PMMA middle part, 5-PDMS o-ring, and 6-PMMA top part (with insertion plug
for RE or CE). The test solution flows across the cell as depicted by the arrows.

2.2.2. Micro-fluidic flow cell

In order to reduce sample volumes and facilitate electrochemical
characterization of the developed sensors, a fluidic flow-cell (volume
of 280 pl) was fabricated (Fig. 1). This cell was composed of PMMA
parts (Fig. 1, layers 2, 4 and 6) structured by micromilling, and
polydimethylsiloxane (PDMS) parts (Fig. 1, layers 3 and 5) made by
replica molding. PMMA sheets (Nordiskplast, Denmark) of thick-
nesses ranging from 1 to 5 mm and PDMS (Dow Corning, Denmark)
were used for the fabrication of this flow cell.

The PDMS parts were especially designed in order to reversibly
seal the fluidic cell on the sensor chip to be tested. For instance,
the fluidic chamber part (Fig. 1, layer 3) featured a small ridge
(200 pm wide x 100 pm high) at its bottom providing a leak proof
sealing with the electrochemical chip. The top part of the fluidic
cell featured a plug (Fig. 1, layers 4, 5 and 6) designed to permit
the easy introduction of a macro-electrode (i.e., reference or
counter electrode) in the fluidic chamber. Moreover, if the use
of an additional macro-electrode was not necessary, the top part
of the cell could also easily be closed by replacing layers 4, 5 and
6 in Fig. 1 with a simple PMMA lid.

2.3. Characterization apparatus

The surface properties of the sensors were investigated with a
Nikon Eclipse L 200 optical microscope (Nikon, Denmark). A stylus
profiler (Dektak 8, Bruker AXS, UK) was also used for determina-
tion of the thickness of the different screen-printed layers.

The electrochemical measurements were carried out with a
CH700 series electrochemical workstation (CH Instruments, USA)
controlled by a Windows based PC. For the measurements, the
electrodes developed were used as working electrodes, in combi-
nation with a double junction Ag/AgCl (3M KCl) reference
electrode (DJRE, Metrohm, Denmark) and a glassy carbon rod as
counter electrode (CE).

The electrical properties of the SPEs were investigated by
electrical resistance measurements using a Metex M3850D digital
multimeter (Metex Instruments, USA).

2.4. Methods

2.4.1. Fabrication process of the screen-printed sensors

The fabricated chips were composed of semi-automatically
screen-printed platforms and consisted of eight electrodes,
including four graphite electrodes for the working electrodes
(WE) and four Ag/AgCl electrodes for the QREs. The SP process
(curing temperature and time) of the different layers of the
platforms was carefully optimized [39].
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On top of the graphite electrodes, the voltammetric sensors were
manually screen-printed for fast fabrication of low cost electroche-
mical systems. The graphite patterns were cured at 40 °C for 15 min.
This low temperature curing process was used in order not to alter
the chemicals loaded in the ink via thermal degradation [25]. After
curing, the sensors were left overnight at room temperature for
further drying. The electrode patterns were then gently polished
with a dust free wipe and rinsed with DI water.

Based on the work mentioned above [25], different graphite paste
compositions with different weight to weight ratios of electroche-
mically active components were investigated. Ratios of 1:6 (PAQ or
Fc to graphite ink) were first used. Later (see SWV experiments,
Section 3.3.2), ratios of 1:3 (PAQ to ink) and 1:6 (Fc to ink) were also
investigated. The composition of the electrodes was optimized to
obtain voltammetric peaks as clearly resolved as possible.

2.4.2. Electrochemical methods

Electrochemical characterization of the SPEs was carried out
by cyclic voltammetry (CV) at a scan rate (v) ranging from 25 to
500 mV s~ . For the CV experiments, the fabricated sensor was
used as WE in combination with a platinum CE, and either
a double-junction reference electrode (DJRE) or a fabricated
Ag/AgCl quasi-reference electrode.

Square-wave voltammetry (SWV) was performed with a fre-
quency ranging from 10 to 100 Hz, a step potential of 1 mV and an
amplitude of 10 mV. Moreover, derivative voltammetry was used
to optimize the location of the peak potentials. This method was
introduced to precisely determine the peak positions in the
square-wave voltammograms by taking the first derivative of
the voltammograms [40]. For the SWV experiments, the fabri-
cated sensor was used as working electrode in combination with
a platinum CE, and an Ag/AgCl DJRE.

Unless otherwise stated, all potentials are given with respect
to the DJRE. All electrochemical experiments were conducted at
room temperature (22 + 2 °C).

3. Results and discussion
3.1. Graphite based sensors
First, to verify the quality of the fabrication technique used,

graphite patterns without electroactive species loaded were
printed and analyzed.
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Analysis of the dimensions of the graphite electrodes by
optical microscopy revealed well reproduced printed patterns
with an average diameter of 1.23+0.01 mm (n=3 samples)
which was in good agreement with the diameter of the micro-
milled (or laser ablated) holes in the screen (i.e., 1.2 mm). The
average thickness of the printed patterns was 64.1 + 4.5 um (n=3
samples), which revealed the expected shrinkage of the paste
caused by the thermal treatment.

Profilometer measurements showed an average surface rough-
ness of 1.3+ 0.1 um (n=3 samples). This was very close to the
roughness values obtained in a comparative study for semi-
automatically fabricated SPEs (i.e., 1.62 +0.03 um) [39]. Here,
the slightly smoother surface obtained could be attributed to the
removal of less non-metallic material during the low temperature
curing step and the additional polishing step. As expected, the
reproducibility of the manual printing process was lower than
what can be achieved with the semi-automatic one, which was
highlighted by the higher deviation values.

The electrochemical properties of the printed patterns were
then investigated by CV. Typical voltammograms obtained for the
manually printed graphite electrodes are shown in Fig. 2A.

The electrodes displayed good voltammograms with polariza-
tion curves characteristic for the behavior of a reversible redox
couple at the surface of macro-electrodes. Well-defined anodic
and cathodic peaks were observed. From voltammograms carried
out over a broad range of scan rates (25 to 500 mVs~!), the
average peak separation value AE;, was typically 150 +40 mV
whereas the peak current ratio i, was 1.4 + 0.2. Those values were
very close to the ones obtained for the semi-automatically
fabricated SPEs [39] and confirmed that both the curing treatment
and the fabrication method used here provided very good results.
Moreover, as depicted in Fig. 2B, a linear relationship was
obtained when plotting the peak currents versus the square root
of the scan rate. This confirmed that a reversible process (i.e., with
fast electron transfer and thus a diffusion controlled process)
takes place at the surface of the manually printed electrodes.

3.2. Sensors with incorporated electrochemically active species

Sensors incorporating either PAQ or Fc in the graphite paste
were fabricated and then characterized.

The cyclic voltammograms of the electrodes incorporating
only the PAQ compounds showed a strong anodic peak on the
forward scan and a shoulder on the backward scan, thus also
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Fig. 2. (A) Overlaid cyclic voltammograms of a manually screen-printed graphite electrode in 1 mM K4Fe(CN)g with 0.1 M KNOs recorded at varying scan rates (v from 25
to 500 mV s~ 1!). B. Corresponding plot of the relationship between anodic peak current Ip, (M) and cathodic peak current Ip. (A) and various scan rate values (n=3

samples).
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Fig. 3. (A) Typical cyclic voltammogram (v=100 mV s~ ') of a PAQ incorporated sensor in a pH 7.30 buffer solution. (B) Zoom on the anodic peak region (three sensors were
characterized at pH 7.30 and pH 7.50). The sensors were characterized against a commercial Ag/AgCl DJRE and a commercial Pt CE. (C) Typical cyclic voltammogram
(v=100 mV s~ 1) of a Fc incorporated sensor in pH 7.30 buffer solution. (D) Zoom on the cathodic peak region (three sensors were characterized at pH 7.30 and pH 7.50).
The sensors were characterized against a commercial Ag/AgCl DJRE and a commercial Pt CE.

revealing the presence of a cathodic peak (Fig. 3A). This confirmed
the presence of the redox couple Q/QHo.

From cyclic voltammograms taken in two different pH
buffer solutions, a clear shift of the anodic peak towards
more negative potentials is noticed: the average potential of the
peak at pH 7.30 and pH 7.50 was —155+2 mV and 171 +2 mV
(n=3 samples), respectively (Fig. 3B). This change in potential
corresponds to a sensor sensitivity of approximately 84 mV/pH.
This response was greater than the theoretically predicted
Nernstian response and is also referred to as “Super Nernstian”.
Such a behavior was already observed in other works, but
the details of its origin still require further investigation [34].
While the theoretical Nernstian response is obtained and well
understood for dissolved redox species, here the species
were incorporated into the electrode matrix and might involve
other side processes that result in a slightly different sensor
sensitivity.

The cyclic voltammograms of the electrodes incorporating Fc
molecules showed both anodic and cathodic peaks revealing the
presence of the Fc/Fc+ redox couple (Fig. 3C). Unexpectedly,
when increasing the pH of the test solution, the anodic peak
shifted towards more positive potentials while it ought to be pH-
insensitive and thus stay at a constant position. The average
potential of the peak at pH 7.30 and pH 7.50 was 220+ 8 and
286 +4 mV (n=3 samples), respectively. However, the cathodic
peak kept the same position and did not shift with pH: the
average potential of the peak at pH 7.30 and pH 7.50 was
110+4 mV and 111 + 12 mV, respectively (Fig. 3D).

Sensors incorporating both PAQ and Fc components were also
fabricated and characterized. The cyclic voltammograms of these
electrodes revealed the combined presence of the Q/QH, and
Fc/Fc* redox couples, which was in good agreement with the
previous cyclic voltammograms obtained for the sensors incor-
porating each individual compound. Moreover, a pH change of
0.2 units in the test sample involved a similar sensor response
(i.e., shift in oxidation peak potential of Q/QH, of 16 mV) as
previously observed for the sensor incorporating only the PAQ
component. Also in agreement with what was previously
observed, the oxidation peak of Fc shifted towards more positive
potentials, whereas its reduction peak did not. Thus, it was clear
that the difference in peak potential between the PAQ oxidation
peak and the Fc reduction peak could be used for pH sensing.

Sensors made of similar electrochemical components to the
ones used here have been previously reported as able to simulta-
neously sense proton and oxygen levels [34] and in some cases,
they even also showed to function as sulfide sensors. In our
opinion these characteristics could be taken as advantages for the
final sensors, and simultaneous detection of several components.
Nevertheless, it was considered beyond the scope of this paper to
further investigate these properties.

3.3. pH monitoring
3.3.1. Cyclic voltammetry experiments

After confirming the working principle of the developed
voltammetric sensors, their pH response was investigated in more
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Fig. 4. (A) Typical cyclic voltammograms (v=100 mV s~ ') in various pH buffers of a PAQ/Fc incorporated sensor versus an Ag/AgCl QRE. B. Zoom on the anodic peak region

of the PAQ. (C) Zoom in the cathodic peak region of Fc.

detail. Here, the system “on chip sensing electrode versus Ag/AgCl
QRE” was characterized. As seen in Fig. 4, the cyclic voltammo-
grams obtained displayed the identical shape as the ones pre-
viously obtained when characterizing the sensors versus a
commercial DJRE.

In accordance with the previous results, the response to pH of
the PAQ compound and the “insensitivity to pH” of the Fc
compound were both confirmed (Fig. 4B and C).

In addition, the voltammetric response of three PAQ/Fc incor-
porated electrodes was verified in order to evaluate the reprodu-
cibility of the sensors. In Fig. 5, the peak potentials of PAQ (anodic
peak) and Fc (cathodic peak) as well as the potential difference
between these two are displayed at each pH value investigated.
From this series of experiments, the pH response of PAQ was on
average —89.6 mV/pH whereas taking the peak difference
between the PAQ oxidation peaks and the Fc reduction peaks
resulted in an average pH sensitivity of —97.0 mV/pH. These two
responses were greater than the one predicted by the Nernstian
equation and thus also denoted as “Super Nernstian”. This type of
response was also observed by Lafitte et al. [34] and is still not
fully understood.

Taking into account the manual fabrication of the sensors, the
reproducibility of the experiments (from sensor to sensor) was
good. This was highlighted by typical error values of less than
3 mV for the PAQ peaks and 4.5 mV for the peak difference values
(n=3 samples), which is in good agreement with the values
obtained in previous works ([25] and the cited references).

Moreover, for the last series of CV experiments the sensors to
be characterized were used 9 days after the first electrochemical
experiments (meanwhile, the sensors were stored dry) and still
displayed an unaffected voltammetric response. This proved the
confinement of the PAQ and Fc compounds in the graphite
electrodes and also highlighted the good lifetime of sensors
despite the very simple physical incorporation technique used.
Identical results were previously obtained by Heald et al. [41]
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Fig. 5. Plot of the peak potential against pH for PAQ (M), Fc (@) and the difference
between the two (A) (n=3 samples).

using a much more complex chemical derivatization method of
carbon nanotubes to incorporate the electroactive species on the
Sensors.

3.3.2. Square-wave voltammetry experiments

SWV was then used as a means to obtain sharper and well
defined voltammetric peaks in single sweep experiments [41].

Contrary to our expectations, the square-wave voltammo-
grams obtained for the PAQ/Fc incorporated sensors displayed
fairly broad peaks. Further investigation of the influence of
experimental parameters such as the frequency, potential step
and amplitude did not improve the sharpness of the peaks. Even
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Fig. 6. (A) Typical square-wave voltammetric response in various pH buffer solutions of a PAQ/Fc incorporated sensor versus a DJRE. (B) Typical peak potential variation of
PAQ (M), Fc (@) and the difference between the two (A) in various pH buffer solutions (Peaks A, B, and C are described in the text).

changing the contents of the sensor paste (PAQ/Fc ratio in the
graphite matrix) was attempted without any significant improve-
ment of the signal sharpness.

Typical square-wave voltammetric curves carried out on a PAQ/Fc
incorporated sensor versus a DJRE and a Pt CE are displayed in
Fig. 6A.

Despite the relatively broad shape of the obtained peaks, it
was possible to identify the peak responsible for the presence of
PAQ (at E~ —0.361 V in a pH 7.30 buffer solution, Fig. 6A, peak A)
and the peak responsible for the presence of Fc (at E~0.127 V in
all pH buffer solutions, Fig. 6A, peak C).

From square-wave voltammograms taken in various pH solu-
tions, the response to pH of the PAQ compound was —86.0 mV/
pH and thus lower but still in fairly good agreement with the
previous results from the CV experiments. Moreover, the redox
wave of the Fc compound only slightly shifted towards negative
potential with increasing pH and could therefore be used as
internal reference. As a result, a pH response of —84.0 mV/pH
was obtained for the PAQ compound with respect to Fc. Fig. 6B
summarizes the influence of pH on the redox peak position of the
different electroactive species as well as the difference between
the two peaks.

In the square-wave voltammograms, a third peak centered
on E~0.150V was also observed (see peak B in Fig. 6A). This
peak was not very pronounced for some of the experiments
(especially for square-wave voltammogram frequencies above
25 Hz) and did not display any clear or significant correlation
between its position and pH. A double peak in the square-wave
voltammograms was also previously observed in other works
[35,42] for similar compounds and tentatively attributed to the
redox chemistry of PAQ. However, this phenomenon was typi-
cally seen at high pH (i.e., above pH 12). In [42], the shoulder in
the peak currents was attributed to the reduction of quinone to
semi-quinone species.

4. Conclusions

The fabrication process used to manually screen-print graphite
electrodes has proven to stand for a fast, inexpensive and
relatively reproducible fabrication method for the development
of electrochemical systems. The fabricated graphite based sensors
displayed electrochemical properties very close to the ones of
semi-automatically fabricated sensors. This method represents a
much simpler way to incorporate electroactive redox components
(i.e., PAQ as a pH-sensitive species and Fc as a pH-insensitive

species) into graphite electrodes compared to other techniques
such as covalent chemical derivatization on carbon materials with
electroactive species [41,42]. Moreover, the fact that the redox
species were incorporated into the electrodes and not immobi-
lized on them presented the advantage of avoiding fast depletion
of the species from the electrodes, which could shorten the
lifetime of the sensors. Some of the developed sensors were
actually stored in dry environment during nine days between
two electrochemical experiments and still displayed very good
properties, attesting to their good lifetime despite their simple
fabrication.

Another major advantage of this type of sensors featuring both
sensing and reference species was that the difference between the
redox peaks of the two species was taking into account. Therefore,
potential drift of the reference half-cell was not as detrimental as
for common three electrode electrochemical setups, and the use
of a simple QRE was permitted.

The CV experiments showed the clear presence of the PAQ
and Fc redox couples incorporated in the sensors. On the one
hand, the oxidation peak for PAQ shifted as expected towards
more negative potentials with increasing pH and thus validated
the implementation of PAQ as the pH-sensitive species. On the
other hand, the oxidation peak for Fc also shifted with pH;
however, its reduction peak did not. Thus, the use of Fc as a
pH-insensitive species or internal reference species was also
confirmed.

Recording the position of the oxidation peak of PAQ with
respect to the reduction peak of Fc was successfully used for pH
monitoring and resulted in a super Nernstian pH-response of
—97.0 mV/pH. This type of response was also observed earlier by
Lafitte et al. [34] for identical components and remains not yet
fully understood.

The SWV experiments resulted in voltammograms with redox
peaks broader than expected. However, the response of the
sensors remained fairly identical to the one obtained from the
cyclic voltammograms.

Thus, the electrochemical voltammetric sensors displayed very
good pH-response, potential stability and reproducibility in test
buffers. In this paper, emphasis was put on the description of the
simplicity and usefulness of the concept and fabrication techni-
que of voltammetric sensors featuring both indicator and refer-
ence species, however, additional experiments will also need to
be carried out to investigate the behavior of the sensors in real
physiological samples.

The simplicity of the incorporation method used here could
allow the development of electrochemical system implementing
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several indicator molecules in the sensor paste for parallel detection
of other components.
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