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a  b  s  t  r  a  c  t

We  report  a novel,  simple  and  cheap  generator–collector  electrode  system,  employing  platinum  leaves,
with micron-sized  pores  and  typically  100–300  nm  thickness,  sandwiched  with  a porous  track  etch  mem-
brane  spacer  with  typically  30 nm  diameter  pores.  The  electrode  assembly  is  sealed  into  a polymer
lamination  pouch  with  one  side  2  mm  diameter  exposed  to electrolyte  solution.  The  generator  elec-
trode  with  sweeping  potential  (top  or  bottom  electrode)  shows  transient  current  with  high  capacitive
current  component.  The  collector  electrode  with  fixed potential  shows  well-defined  steady  state  current
eywords:
mplification
ual-plate sensor
xygen
ydrogen

response  at  low  potential  sweep  rates.  The  fabricated  device  shows  good  performance  in  monitoring
both  1,1′-ferrocenedimethanol  oxidation  and  proton  reduction  redox  processes.  Oxygen  sensor  signals
are  assigned  to  a lowering  of the  steady  state  proton  reduction  current.

©  2017  Elsevier  B.V.  All  rights  reserved.

latinum
oltammetry

. Introduction

Generator–collector systems contain two working electrodes
nd provide powerful tools in electroanalytical studies [1]. Over the
ears these systems have been developed and studied in different
eometries such as rotating ring-disk electrode [2], interdigitated
lectrodes [3,4], thin-layer cells [5,6] and nanoscale-recessed ring-
isk electrodes [7]. Biasing proper potentials of these two closely
paced electrodes, allows repetitive oxidation and reduction of
edox species between them and this leads to a strong amplifi-
ation effects in sensing (known as redox cycling). This property
hen causes Faradaic current amplification to enhance the detec-
ion limit for analytical detection, also provides features such as
uppressing irreversible interferences and enhancing the selectiv-
ty for reversible redox couples in electrochemical measurements
8,9]. Furthermore, by fixing the potential on the “monitor” elec-
rode and scanning the potential only for the second electrode,
oltammograms can be recorded free of capacitive currents with

mproved analytical detection of the Faradaic current.

One of the key and challenging features of these devices is the
ap between the electrodes. Reducing the gap size to the nanometer

∗ Corresponding author at: Department of Chemical Engineering, Delft University
f Technology, Delft, The Netherlands.

E-mail address: H.Zafarani@tudelft.nl (H.R. Zafarani).
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range can enhanced the sensitivity toward single molecule detec-
tion [10,11]. However, in most cases fabrication of such a nanogap
device needs access to the cleanroom facilities and requires follow-
ing multiple sophisticated nanofabrication steps [10,12–14].

Hence, in recent years there is a great interest for developing
simple low cost methods to fabricate the micro/nano junctions
between two electrodes that work under redox cycling conditions.
Wang et al. fabricated a generator–collector system by growing a
silicon nanochannel membrane on electrodes to fabricate a nano-
gap [15], Park et al. employed spherical beads as spacer between
the electrodes [16] and Adly et al. fabricated nanoporous redox
cycling devices employing multilayer inkjet printing [17]. However
in these methods several steps of substrate treating or preparing
the inks and access to inkjet printing facilities are needed. Pre-
viously, we developed simple low cost methods to develop the
micro-junctions between two  electrodes that work under redox
cycling conditions. Electro-deposition and employing an epoxy
spacer layer can be a feasible way for creating dual electrodes with
analytical applications [18–22]. Often, the dual electrode config-
uration was based on a “microtrench” with one side open to the
electrolyte solution.

In this work we introduce a novel generator–collector elec-

trode system using track-etch membrane and “platinum leaf”
electrodes. Porous platinum leaf electrodes are employed and the
two electrodes are mounted with one of the platinum leaves facing
“outward” into the solution phase (Fig. 1). Using a porous track-etch

dx.doi.org/10.1016/j.snb.2017.09.110
http://www.sciencedirect.com/science/journal/09254005
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Fig. 1. Schematic drawing of a dual-platinum leaf sensor with (A) the outward facing electrode scanning and (B) the inward facing electrode scanning. Arrows are shown to
indicate diffusional transport towards the “actively scanning” electrode.
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Fig. 2. (A) Scheme of the device. (B) Fabricated device. (C) SEM im

embrane layer between the two platinum leaf electrodes helps to
revent short–circuits while providing the diffusion path for redox
pecies in the redox cycling process.

It is shown that the two electrodes can be employed in
enerator–collector mode, although significant differences are
bserved when using (A) the outward facing electrode as the scan-
ing electrode or (B) the inward facing electrode as the scanning
lectrode. Processes based on the 1,1′-ferrocenedimethanol redox
ystems are demonstrated. Next, the reduction of protons is inves-
igated and it is shown that oxygen concentration in solution
s detected indirectly by lowering the local proton concentra-
ion within the dual-electrode generator–collector sensor. A wider
ange of applications is envisaged.

. Experimental

.1. Chemical reagents

1,1′-Ferrocene dimethanol, Fc(MeOH)2, potassium nitrate,
NO3 and nitric acid, HNO3 were purchased from Sigma-Aldrich.
enuine platinum leaves (Wrights of Lymm Ltd) were pur-

hased. Scanning electron micrographs suggest approximately
00–300 nm thick platinum (vide infra) with 1–10 �m diame-
er holes. Osmonics Inc. (Catalog No.KN3CP02500) polycarbonate
rack etch membrane with 30 nanometer diameter pore size was
f the track etch membrane. (D) SEM image of the platinum leaf.

employed. Goodfellow Cambridge Ltd graphitic carbon foil was
used to assemble the device (see Fig. 2).

2.2. Instrumentation

Electrochemical experiments were carried out using an Auto-
lab PGSTAT302N bipotentiostat system. A commercial Ag/AgCl
(3 M KCl) reference electrode (BASi Inc.) and a platinum
counter electrode were used in electrochemical measurements.
Generator–collector voltammetry was performed with one elec-
trode potential fixed and one electrode potential scanning.
Scanning electron microscopy images (SEM) were obtained using
FEI NovaNano SEM.

2.3. Device fabrication

Porous platinum leaves were cut into two small pieces
(10 mm × 30 mm)  and a track etch membrane was placed as a sepa-
rating layer between two platinum leaves. Strips of carbon foil were
connected to each platinum piece as connection conductors to the

top (T) and the bottom (B) electrode. Then the structure was  lam-
inated into a lamination pouch with a 2 mm diameter hole on top
of the Pt/membrane/Pt sandwich exposing one of the electrodes to
the electrolyte solution (Fig. 2).
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Fig. 3. Cyclic voltammograms (two potential cycles; scan rate 10 mV s−1) for oxidation of 0.25 mM 1,1′-ferrocenedimethanol in aqueous 0.1 M KNO3. (A) Top electrode
scanning and bottom electrode floating (disconnected). (B) Bottom electrode scanning and top electrode at 0.0 V vs. Ag/AgCl. (C) Top electrode scanning and bottom electrode
at  0.0 V vs. Ag/AgCl.
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Fig. 4. Schematic drawing of (A) the top electro

. Results and discussion

.1. Generator–collector voltammetry I.: calibration with
,1′-ferrocenedimethanol

Initially voltammetric experiments were performed with
,1′-ferrocenedimethanol, Fc(MeOH)2, as a model redox sys-
em, in an aqueous 0.1 M KNO3 solution to characterize the
enerator–collector device (Eq. (1)).

Fig. 3 shows a cyclic voltammogram for the oxidation of
.25 mM 1,1′-ferrocenedimethanol Fc(MeOH)2 in solution. Oxida-
ion of 1,1-ferrocenedimethanol at the top electrode is clearly
bserved (Fig. 3A). The top electrode is scanning and the bottom
lectrode is disconnected. In this case the voltammetric response
s almost identical with that observed when a fixed potential (0.0 V
s. Ag/AgCl) is applied to the bottom electrode (Fig. 3C). It is most
ikely that the feedback current is relatively small compared to dif-
usional flux of 1,1′-ferrocenedimethanol from the bulk phase to
he electrode surface.

When the generator–collector currents are recorded due to the
eedback effect, an additional current is observed with a sigmoidal
hape (limiting current ca. 2 �A) and without any contribution from

apacitive charging currents at the collector electrode (with fixed
otential). Fig. 3B and C demonstrate that this is possible for both
he top electrode scanning and the bottom electrode scanning. The
oltammetric signal from the scanning electrode is transient in
anning and (B) the bottom electrode scanning.

nature and more complicated due to the superposition of capac-
itive currents and diffusional currents for processes in the open
solution and in the generator–collector gap. When changing the
role of the two electrodes, a complementary data set is obtained
(Fig. 3B and C). Fig. 4A and B shows schematic drawings for the case
of the top electrode scanning and the bottom electrode scanning.
One would anticipate for the case of the bottom electrode scan-
ning that only the feedback current is observed without diffusional
peaks. Experimentally, the shape for the voltammetric response at
the scanning bottom electrode (Fig. 3B) is indeed more sigmoidal,
but there is also a substantial background current, which may be
associated with lateral transport in the sandwich electrode configu-
ration. Data for the collector currents obtained for the top electrode
scanning appears to be most well-defined with the collector cur-
rent response reflecting the 1,1′-ferriceniumdimethanol solution
concentration. Next, the effect of scan rate is investigated.

Fig. 5 shows data for the top electrodes scanning and the bot-
tom electrode at fixed potential. Perhaps surprisingly, with an
increase in potential scan rate peak-shaped current responses are
observed also for the collector electrode. A transition appears to
occur at approximately 10 mV  s−1 where the sigmoidal steady
state responses changes into a more peak-shaped transient current
response.

The change in diffusion characteristics can be attributed to
diffusional delay in the track-etch nano-pore membrane. For the
configuration with the top electrode scanning and the bottom elec-
trode fixed at 0.0 V vs. Ag/AgCl and at sufficiently slow scan rates a
fully developed diffusion layer is established across the membrane.
However, for a faster scan rate the steady state current response

changes toward peak shaped curves. This transition happens owing
to the (A) mass transport delay and (B) the device functioning as
capacitor with symmetric charge transfer in the short time domain.
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ig. 5. Cyclic voltammograms as a function of scan rate for the oxidation of 0.25 mM
as  sweeping the potential and the bottom electrode as collector (potential fixed a

rom the transition scan rate estimated as vtrans = 10 mV  s−1 the
ealistic gap size, ı, is estimated as 40 �m,  using Eq. (2) [21].

 =
√

DRT ⁄F�trans (2)

n this expression the diffusion coefficient of 1,1′-
errocenedimethanol is D = 0.67 × 10−9 m2s−1 [6], the estimated
ransition scan rate is 10 mV s−1 (for scan rates faster than
0 mV s−1 peak features appear for the collector electrode), F is the
araday constant, R is the gas constant and T denotes the absolute
emperature. The value � = 40 �m is in excellent agreement with
he nominal thickness of the track-etch membrane.

.2. Generator– collector voltammetry II.: separation of oxygen
eduction and proton reduction responses

Generator–collector electrode systems can be employed to dis-
inguish between redox processes that allow feedback via redox
ycling (e.g. hydrogen evolution, see Eq. (3)) and redox processes
hat are irreversible (e.g. oxygen reduction to water, see Eq. (4)).

+ + e− � 1/2H2 (3)

/2O2 + 2H+ + 2 e− → H2O (4)

ere, an indirect but quantitative oxygen determination is investi-
ated based on the proton–hydrogen redox cycle by using the Pt–Pt
enerator–collector electrode in a solution containing 2 mM HNO3

nd 0.1 M KNO3. For these measurements the top electrode (solu-
ion facing) was kept at a fixed potential of 0.2 V vs. Ag/AgCl and
he bottom electrode (inward facing) was scanning (at a 10 mV s−1

can rate). Fig. 6A shows data for a solution exposed to ambient air
rrocenedimethanol in aqueous 0.1 M KNO3 solution. The top electrode as generator
 vs. Ag/AgCl).

(approximately 20% oxygen content). In this case, the bottom elec-
trode can be employed to reduce protons to molecular hydrogen
(Eq. (3)). The reduced species then diffuses through the track-etch
membrane and are oxidised back to protons at the top electrode
(Figs. 6A and 7A). A schematic drawing is shown in Fig. 7B to explain
proton diffusion towards the top electrode which is accompanied
by an anodic current response at the bottom collector electrode. In
this configuration there could be some loss of hydrogen into the
solution phase. If the configuration is changed (Fig. 7A), hydrogen
would be oxidised at the top electrode, which would lead to less
loss of hydrogen into the solution and therefore a better defined
current response.

Finally, in the presence of oxygen (Fig. 7C) both proton reduc-
tion (Eq. (3)) and oxygen reduction (Eq. (4)) occur simultaneously
at the bottom electrode. Oxygen reduction consumes protons and
this lowers the production of hydrogen and therefore the associ-
ated top collector oxidation current. In order to clarify the current
responses at the generator and collector electrodes, measurements
were performed in different solutions containing varying oxygen
concentrations. Solutions were prepared by purging N2, or pure O2
gas in 20 mL  portion of the electrolyte solution for 20 min. Cyclic
voltammetry measurements were then performed immediately
under the ambient conditions. Fig. 6B and C present the results
from these measurements. As can be seen purging with nitrogen
increases the local hydrogen and proton concentration leading to
an increased sensor signal (Fig. 6B). In contrast enriching the solu-
tion with pure oxygen lowered the local concentration of protons

and hydrogen within the sandwich sensor, which leads to a lower
collector current response (Fig. 6C). The same trend is visible in the
generator current response, but this is partially obscured by other
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Fig. 6. Cyclic voltammograms for top and bottom electrode for an electrolyte containing 2 mM HNO3 in 0.1 M KNO3 (at a 10 mV s−1 scan rate) (A) in ambient air, (B) de-aerated
with  nitrogen, and (C) saturated with pure oxygen. (D) Bar graph showing the collector current response for hydrogen oxidation diminishing in the presence of oxygen in
the  electrolyte solution.
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ig. 7. Schematic drawing for (A) proton-hydrogen redox cycling with the bottom
nd  (C) the effect of oxygen diffusion from the solution and reduction changing loc

urrent contributions. The plot in Fig. 6D clearly demonstrates the
orrelation of collector current response with oxygen concentra-
ion in solution. The choice of 2 mM proton concentration clearly is
rucial in optimising the sensor signal for oxygen but the method-
logy could be improved by employing gel media to fix the proton

oncentration within the sandwich sensor relative to the outside
roton concentration. The detection principle could be useful also
or other types of analytes such as sulphide. Finally, redox systems
ode scanning, (B) proton-hydrogen redox cycling with the top electrode scanning,
on and hydrogen concentration within the sandwich sensor.

which require removal of oxygen from the solution phase could be
detected at the top electrode whilst in situ removing oxygen at the
bottom electrode.
4. Conclusions

It has been shown that platinum leaf materials can be assem-
bled into a sandwich structure with a porous track etch membrane
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development of novel electrochemical technologies based
on nano-structures, three phase junctions, ultrasound and
microwave-activation, paired and self-supported electro-
organic syntheses, and analytically relevant electrode
reactions.
H.R. Zafarani et al. / Sensors an

s a spacer. The resulting sandwich structure can be operated as a
ovel, simple and cheap generator-collector electrode with refer-
nce and counter electrode separately immersed into electrolyte
olution. At sufficiently slow scan rates a steady state current with-
ut capacitive current contribution is registered at the collector
lectrode. The limiting current is proportional to the analyte solu-
ion concentration. Indirect oxygen sensing is possible based on the
roton-hydrogen redox system and based on the fact that oxygen
eduction is accompanied by removal of protons localised at the
lectrode surface. In future the design of the platinum–platinum
andwich sensor can be further improved (by changing the lam-
nation pouch to more professional packaging, exploring solid
ubstrates, optimising the membrane thickness and porosity, and
y adding a top layer to protect the open platinum leaf) and adapted
or a wider range of electroanalytical application.
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