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We present a new method for rapid and cost-effective fabrication
of solid electrolyte-based printed potentiometric oxygen sensors
working in ambient temperature using Grade-1 laboratory filter
paper adsorbed with Cu-dithiolated diethylene triamine
pentaacetic acid complex molecules (Cu-DTDTPA) and subsequent
3-D printing of interdigitated electrodes employing silver/ silver
chloride ink. The decrease in conductivity with time and
frequency-dependent impedance response confirms the filter
paper adsorbed Cu-DTDTPA as a solid electrolyte. A plausible
structure of Cu-DTDTPA solid electrolyte and its mechanism of
reaction with Oxygen is presented. A maximum sensitivity of
0.052 mV/%O2, the maximum response time of 1.15 s/%O2, a wide
measurement output ranging between 14.55 mV to 17.25 mV for
20% to 90% of O2 concentration, a maximum standard deviation of
0.12 mV in output voltage, almost similar trend of the response on
temperature, humidity variations and ageing and high selectivity
establishes the sensor for its use in medical ventilator
applications, specifically in COVID19 pandemic.
Keywords- 3-D printing of interdigitated electrodes, paper
substrate, Copper-DTDTPA, Solid electolyte, Oxygen Sensor.
Oxygen sensors find their widespread use in ventilation
systems, and their demand has increased since the inception
of the COVID19 global pandemic. Several types of oxygen
sensors such as potentiometric, amperometric, optical,
ultrasonic, laser, paramagnetic are available; however, oxygen
sensors used in ventilators are generally of the potentiometric
type.1-3 A redox reaction on the electrode surface occurs on
exposure to oxygen in a liquid electrolyte, and potential is
generated, which varies with %O2 concentration.4,5
Commercially available potentiometric medical oxygen sensors
bear a tedious fabrication process and demand for dedicated
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machinery for placing the electrodes and sealing the chamber
containing liquid electrolyte.6 Among a few of the solid state
potentiometric oxygen sensors using Ce0.8Sm0.1Nd0.1O2−δ-Al2O3
(SNDC-AO),7 Yttria-stabilized zirconia (YSZ)8, and ZrO2-Y2O39 as
solid electrolytes are reported in literature in order to alleviate
the limitations of liquid state O2 gas sensors. These oxygen
sensors require an operating temperature of ~200 °C or higher,
rendering them unsuitable for ventilator use in delivering
oxygen to the patients. Besides, the fabrication process of the
reported solid electrolyte materials is complex and follows a
cumbersome procedure. The summary of existing literature
and patents is presented in SI (TABLE. S1). Herein, we report
for the first time, a new method of fast, simple and costeffective fabrication of a 3-D printed oxygen sensor wherein
the silver (Ag)/ silver chloride ink (AgCl) is printed in an
interdigitated fashion on a filter paper, which is pre-soaked
with
mixed-valent
copper-dithiolated
diethylenetriaminepentaacetic acid (Cu-DTDTPA) complex molecules
used as solid electrolyte. Selection of Cu-DTDTPA as sensing
material was based on the postulate that DTDTPA acts as an
excellent chelating agent with metal ions. Cu-DTDTPA has a
very high stability constant, allowing stable complex formation
with transition metals such as copper.10 In Cu-DTDTPA, the
Cu2+ ion is covalently attached with DTDTPA and shows high
reactivity to oxygen. The use of 3-D printing for electrode
fabrication was followed in sensor development. 3-D printing
has several advantages over other methods. It ensures the
flexibility in the rapid design and fabrication process of the
electrode.11
The synthesis of a solid electrolyte for the present oxygen
sensor consists of the preparation of DTDTPA ligand12,
followed by its complexation with copper ions to form the CuDTDTPA complex molecules (Figure S1). The synthesized CuDTDTPA in solution was adsorbed on a filter paper and Ag/AgCl
electrodes were 3-D printed over the modified paper using a
conductive ink 3-D printer in an interdigited configuration. The
initial characterizations of the ligand DTDTPA, Cu-DTDTPA, and
subsequent sensor fabrication methods are described in SI in
detail. The UV-vis, FTIR, CV of Cu-DTDTPA are shown in Figure
1, while 1H NMR and liquid chromatography-mass spectra (LC-
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MS) of DTDTPA are shown in Figure S2. The filter paper's
morphology with adsorbed Cu-DTDTPA and the printed traces
were observed using FESEM (Carl Zeiss, Sigma 500). The FESEM
image (Figure 1(I)) showed the entrapment of Cu-DTDTPA in
the filter paper matrix and the printed Ag/AgCl electrode
during sensor fabrication. EDX analysis confirmed the presence
of copper and silver in the developed sensor materials (Figure
S3, Figure S4 and Figure S5). The UV-Vis spectroscopy (Figure
1(II)) revealed the formation of the Cu-DTDTPA complex by
showing an absorption peak (λmax) at ~247 nm, whose intensity
decreased with increasing reaction time. The appearance of
absorbance peak at ~247 nm is attributed to ligand-to-metal
charge-transfer bands (LMCT) due to Cu-N complexation13.
Though the intensity of this peak decreases with time possibly
due to polymerization of small amount of Cu-DTDTPA, there
was no change in peak intensity after 3 hours, indicating it as
an optimal time to form stable Cu-DTDTPA complex. Of note,
DTDTPA or CuCl2 alone lacks any absorbance peak when
measured in the same concentration as the Cu-DTDTPA
complex. However, as the central copper (II) ion consists of
empty d-orbitals, and it accepts electrons from the nitrogen of
DTDTPA (ligand), the complex shows ligand-to-metal chargetransfer bands. The blue color of the solution is indicative of
the presence of bivalent copper in the complex compound.
The molar conductance of the Cu-DTDTPA complex using
conductivity meter (Seven Easy Conductivity Meter, MettlerToledo, USA) showed a value of 22.4 µS cm-1, which suggests
that the obtained complex is neutral14.

CV plot for Cu-DTDTPA (V) Time dependent conductivity plot for the sensor containing
View Article Online
Cu-DTDTPA (VI) Frequency dependent impedance plot for
the sensor.
DOI:
10.1039/D0AN02391D

The FTIR analysis (Figure 1(III)) of the Cu-DTDTPA complex
revealed the possible structure of the Cu-DTDTPA complex.
The vibration bands of C=O (at ~1705and ~1604 cm-1) and C–N
(at ~1438 cm-1) of the complex showed bathochromic shifts
compared to that of pure DTDTPA (C=O: ~1715 and ~1621 cm1; C–N: ~1470 cm-1). Since the vibration of C=O and C–N
undergoes a change from non-complexed to complexed
species, the bonds change their energies resulting in the
weakening of C–N and C=O bonds and showing a slight red
shift in corresponding IR-signals.15 This study suggests nitrogen
of tertiary amine and oxygen of the –COOH groups act as
primary sites for complexation of Cu with DTDTPA. The IR
peaks at ~600–500 cm-1, and ~473 cm-1 may be attributed to
Cu-N/ Cu-O bond vibrations. Interestingly, the characteristic IR
signal for free –SH (2427 cm-1) in DTDTPA became negligible
after the complexation of copper ion, suggesting a bond
formation between copper and thiol (Cu-S) and complexation
of one copper each with the two terminal thiols through
covalent bonding. Besides, the emergence of a new peak at
~620 nm corresponding to Cu-S stretching confirms the
binding of copper to thiol moieties.16 The appearance of a
strong band at ~3441 cm-1 corresponding to the stretching
vibration of –OH is a characteristic of H2O, which indicates the
presence of molecular lattice water. The mixed-valence states
of the copper ions in the Cu-DTDTPA complex were
determined using cyclic voltammetry (CV). The CV (Figure 1
(IV)) with a cathodic peak at -0.3 V and the anodic peak of 0.4
V reveals Cu(II) to Cu(I) formation and vice-versa. A substantial
reduction peak at -1.25 V further supports Cu(I) transition to
Cu (0), which is irreversible.17 Besides, a small oxidation peak
for Cu(I) formation from Cu(0) at 0.119 V could be observed
with the difference between anodic and cathodic peak location
equal to 1.369 V. The printed electrode configuration and the
fabricated sensor are shown in Figure 2. The solid electrolyte
behavior of the Cu-DTDTPA molecules, adsorbed on the filter
paper was evaluated by time-dependent conductivity
measurements against a fixed voltage (1 mV) less than the
potentiometric voltage generated by the set up (14.55 mV)
under nominal conditions (at 21% O2 concentration) and
measuring the current variations with time.

Figure 2 (I) The electrode configuration of the interdigitated electrodes for the
fabricated oxygen sensor (II) Picture of the fabricated 3-D printed oxygen sensor

Figure 1 (I) FESEM image of the developed sensor showing filter paper-Cu-DTDTPA and
the printed Ag electrode (II) UV Spectra of Cu-DTDTPA (III) IR spectra of Cu-DTDTPA (IV)

The frequency-dependent impedance was evaluated using
electrochemical impedance spectroscopy (EIS) for the
frequencies ranging between 10 kHz to 1 Hz. It was observed
that the current, on the application of a fixed voltage to the
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sensor remains constant up to 4X105 seconds, then decreases
gradually with a zone of transition and finally reduces to a
constant value (Figure 1(V)). It establishes that the
conductivity of the sensor material (paper-Cu-DTDTPA) varies
with time. The conductivity till the period of ~4X105 s is due to
a combination of ionic and electronic mobility. With the elapse
of time, ionic mobility drastically reduces, and the conductivity
is only originating from electronic mobility. This phenomenon
establishes the solid electrolyte behavior of Cu-DTDTPA in the
filter paper matrix as reported earlier18.The Nyquist plot in
Figure 1(VI) depicts the frequency-dependent nature of
impedance and its variations, further establishing solid
electrolyte behavior. The plot shows the impedance in the
lower frequency caused by the diffusion of reactant, i.e. O2 in
this sensing system and impedance at higher frequency (10
KHz) due to migration of charge carriers. The obtained plot is
similar to solid polymer electrolytes as evident from earlier
research19. The observed behavior may be due to entrapment
of Cu-DTDTPA in cellulose-based polymeric matrix of the paper
fibers. The moisture content of the sensor was 2.01% as
measured using Moistrex MX8000 paper analyzer. Based on
the findings and discussions stated above, a plausible structure
of the Cu-DTDTPA mixed-valence complex and the associated
O2 sensing mechanism is shown in Figure 3. Based on earlier
findings of Cu-thiol oxidation mechanisms,17 the reaction of
the Cu-DTDTPA complex with O2 is believed to occur through
the conversion of O2 to form Ȯ2- by oxidation of Cu(I) to Cu(II)
state. This is accompanied by the reduction of the Cu(II) state
back to Cu(I) in the presence of the H+ ion of solid electrolyte.
The Ag/ AgCl acts as current collectors and does not take part
in the reaction process as confirmed by cyclic voltammetry
(Figure S6).
The fabricated sensor was characterized using a
potentiostat by measuring the open-circuit voltage (OCV). O2
with varying percentage concentrations in the range 20-90%
and pressures up to 30-32 cm H2O (0.03 bar) were imposed on
the sensor in a gas chamber cavity. The concentration and
pressure were selected based on the recommended values of
O2 concentration and partial pressures for O2 sensors used in
ventilation systems20. The sensitivity was calculated from the
slope of the OCV vs. % O2 plot. The intermittent response for
the sensor of consecutive loading and unloading O2 with 20%
and 30 % concentration was recorded. The intermittent
response was used to evaluate the sensor's response time by
dividing the calculated sensitivity and slope of intermittent
response. The temperature response of the sensor in the
range of 25-60°C was also measured. The sensor was left out in
an ambient laboratory environment for 90 days, and the effect
of ageing with time was recorded. Variations of readings with
varying humidity and the selectivity of the sensor with CO and
CO2 gas were also evaluated. Selectivity experiments were
conducted by mixing O2 gas of a known percentage with
remaining percentage of CO, CO2 and CH4 gases in the gas
mixture at 25°C and 0.03 bar pressure in a gas chamber. Each
experiment for OCV was repeated 10 times, and the mean
value was plotted. The sensor repeatability at nominal
conditions was found by measuring the OCV at different O2

concentration for 100 times and by calculating View
the Article
standard
Online
DOI: 10.1039/D0AN02391D
deviation. The generated voltage with
varying oxygen
concentration with temperature and ageing, the intermittent
response characteristics, and standard deviation of measured
voltages at different O2 percentage is shown in Figure 4.
The sensor response with varying temperature (Figure 4(I))
shows the increase in output voltage with an increase in %O2.
The increasing trend is nearly logarithmic in nature (Figure S7)
and can be approximated as two different linear regimes with
varying slope at 60% O2 concentration. The decrease in slope
after 60% O2 concentration is possibly due to generation of
superoxide (O2-) in the reaction (Figure 3) which reduces the
pressure gradient and diffusion of O2 gas from the external
environment to reaction site through paper capillaries and
partly due to Nernstian behavior of the reaction in the sensor.
The voltage output increases with an increase in temperature;
however, the plot's slope and structure remain almost similar
at different temperature values. The increase in voltage with
temperature may be due to the exothermic nature of the
reaction of Cu(I) to Cu(II) in the presence of sulfur-containing
alkyl groups,21,22 which leads to a decrease in reaction quotient
(Q) on increasing temperature, subsequently causing effective
potential (E) increase according to the Nernst equation, E=E0(RT/nF)ln(Q).23 The curve slope for two different linear regimes
was used to calculate the developed sensor's O2% sensitivity.
The sensor's sensitivity was found to be 0.052 mV/%O2 for O2
concentration less than 60 % and 0.02 mV/%O2 for O2
concentration greater than 60 % at 25°C.

Figure 3 Plausible structure of Cu-DTDTPA complex and the reaction mechanism
of Cu-DTDTPA with O2 leading to generation of potential with varying O2
concentration.

Figure 4 (I) Sensor response with temperature variations (II) Sensor response
with ageing (III) Intermittent sensor response for O2 % variation between 20-30
% (IV) Standard deviation of the measured voltage measured for 100 times for O2
% ranging from 20-90 %. (Error bars denote maximum range).

The ageing effect (Figure 4(II)) and humidity variation (SI,
Figure S8) shows that after 90 days of ageing and with
variation in humidity, the sensor response follows a similar

This journal is © The Royal Society of Chemistry 20xx
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trend/ slope. The decrease in sensor response might be due to
reaction of sensor material with ambient oxygen and
degradation
which
is
common
phenomenon
for
electrochemical gas sensors24. In addition, on exposure to CO,
CO2 and CH4 (SI, Figure S10), negligible variations could be
found in sensor response establishing the selectivity of the
developed sensor. Since O2 sensors are calibrated before
installation in ventilator systems, the change with ageing and
humidity would not hinder its functioning. The intermittent
sensor response with a cyclic variation of O2 concentration
between 20% and 30% O2 is shown in Figure 4(III) with 0.045
mV/s being the slope of the curve. The response time of the
sensor was thus 1.15 s/%O2 (0.052/0.045 s/%O2) for O2
concentration less than 60% and 0.44 s/ %O2 (0.02/0.045
s/%O2) for O2 concentration greater than 60 % at 25°C. The
sensor response is faster than available gas sensors,2 possibly
due to 3-D printed electrodes. In other electrode fabrication
processes, such as screen printing, there is significant
adsorption of the ink inside the paper's fibers due to applied
pressure and ink properties.25 On the contrary, in the 3-D
printing process, the material is built layer by layer without
pressure by extrusion of viscous paste from the nozzle. Here,
the adhesion and not adsorption between paper and ink takes
place.26 Thus interfacial exposure of oxygen gas happens at the
paper adsorbed Cu-DTDTPA surface and 3-D printed electrode,
which is much faster than the adsorption of oxygen gas inside
the paper fibers and leads to the faster response to oxygen.
The standard deviation (Figure 4(IV)) of the measured voltage
at known O2% shows a maximum deviation of 0.12 mV at 20%
O2, which reduces to 0.01 mV at 90% O2. It indicates the good
repeatability of the developed sensor.

Conclusions
To conclude, in this work, we present a new method for the
fabrication of solid-state 3-D printed O2 sensors, which may
find potential for use in oxygen based applications like O2
concentrators and COVID19 ventilator systems. Among new
findings (i) the use of Cu-DTDTPA as a solid electrolyte was
established by measuring time-dependent conductivity and
frequency response. Its potential for its use in oxygen sensing
is facilitated in this work along with a plausible structure and
reaction mechanism. (ii) The developed sensor has a maximum
sensitivity of 0.052 mV/%O2, the maximum response time of
1.15 s/%O2, measurement output ranging between 14.55 mV
to 17.25 mV for 20% to 90% of O2 concentration, and a
maximum standard deviation of 0.12 mV in output voltage.
These values are similar to commercially available O2 gas
sensors used in medical ventilators housing liquid electrolytes,
proving its potential in the said systems. (iii) The method of
fabrication of the sensor is simple since conductive ink needs
to be printed on paper soaked with the Cu-DTDTPA complex.
The method promotes batch production of sensors in COVID19
pandemic since a single paper substrate soaked and dried with
Cu-DTDTPA could be used to print multiple number of sensors
at same time. The developed sensor shows similar trend on
ageing and change in operational temperature. This

establishes possible use of the sensor on ventilators
and
View Article Online
DOI: 10.1039/D0AN02391D
oxygen concentrators specifically in COVID19
situation.
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