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Abstract—In this paper, we report the most sensitive inkjet
printed reduced graphene oxide based ammonia sensor as well
as the first inkjet printed carbon nanotube based dimethyl
methylphosphonate (DMMP) vapor sensor to date. The processes
utilized to fabricate the sensors, including substrate surface
modification, inclusion of porosity enhancing nanospheres and
chemical functionalization, are outlined. The testing set-up and
protocols are described and finally the measurement results are
shown with displayed sensitivities of 8.5% for 30 ppm of ammonia
and 5% for 2.5 ppm of DMMP. These results may set the
foundation for fully inkjet printed, conformal, ‘zero-power’ and
low cost ubiquitous wireless multi-gas motes.

I. INTRODUCTION

As 2D structure based nanomaterials, carbon nanotubes
(CNTs) and graphene have been and still are attracting a
lot of interest due to their unique physical and chemical
properties. On top of their semiconducting or extremely high
intrinsic conductivities (depending on their chirality and size),
their ability to change electrical properties after absorption of
chemical species [1] has been applied for resistometric gas
analyte detection.

A few processes can be utilized to fabricate components
with carbon nanostructure materials ; the most common one
being the use of chemical vapor deposition (CVD) to grow
the carbon nanostructures on the locations previously covered
by a metal catalyst. However, this process requires heating
the substrates to about 1000 °C, which is not a temperature
that flexible substrates can withstand. For these substrates, it
is advantageous to utilize printing methods, as they deposit
previously synthesized nanomaterials that have been dispersed
into a solvent. Inkjet printing is one of the most versatile
printing methods for this application.

For these reasons, the use of inkjet printed carbon-based
nanomaterials on low cost flexible substrates has attracted a
substantial amount of interest for low cost, flexible, ubiquitous,
sensitive, reusable and very responsive wireless chemical sen-
sors for Internet of Things (IoT) motes and Smart Skins (SS)
[2]. Integration of these printed materials into inkjet-printed
conformal motes has already been reported [3], [4]. However,
the application of inkjet-printed CNTs to detect other gases
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than ammonia and the use of inkjet-printed graphene (that is
cheaper than CNTs and that does not suffer from chirality
dependent properties, contrary to CNTs) still are rather unex-
plored areas.

In this paper, we report the most sensitive fully inkjet-
printed reduced graphene oxide (rGO) ammonia sensor. We
also demonstrate the first fully inkjet printed CNT sensor for
DMMP detection. In Sec. II and Sec. III, we discuss the
fabrication processes for both sensors, the testing system and
followed protocol. We then report the measured performances
of the rGO and CNT sensors in Sec. I'V.

II. FABRICATION

Both of these sensors were printed on a 125pum thick
polyimide Kapton HN film from Dupont. All the printing was
done using a Dimatix 2831 inkjet printer with DMC-11610
10 pL cartridges.

19.3 mm

Fig. 1. Fully inkjet printed carbon nanomaterial-based sensor on Kapton HN
flexible polymer substrate

A. rGO sensor

1) GO ink: The graphene oxide ink was prepared by dis-
persing nano graphene oxide powder (90 nm diameter flakes)
from Graphene Supermarket (Reading, MA, USA) and com-
mercially available negatively charged (carboxyl-terminated)
polystyrene nanospheres into water. Glycerol was used as a
co-solvent to increase the viscosity to about 10 cP, in the range
of optimal viscosity values for inkjet inks. The ink was then
sonicated to ensure good dispersion of the particles in the
solvent.
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2) Surface modification of the polyimide film: The Kapton
was first surface modified, with the process described in [4],
in order to make the surface more hydrophilic and therefore
improve the printing quality of water based inks. This was
done by introducing a layer of positively charged particles
(such as amine groups) on the surface of the film and then
utilizing a layer-by-layer dendritic amplification process to
increase the density of surface groups. This process was
repeated as many times as necessary in order to get high
enough charge density at the surface of the polyimide film.

3) Printing and reduction process: Between 5 and 30
layers of the previously described GO ink were then inkjet
printed onto the substrate in order to deposit square patches
of graphene oxide nanoparticles. The ink was carefully and
slowly dried at 90 °C for 5 hours in order to obtain as uniform
a particle deposition as possible. The samples were then put in
a vacuum oven at 100 °C for 10 hours in order to remove the
potentially left-over glycerol. The GO films were subsequently
washed with acetone to remove the polystyrene nanospheres
before the printed GO flakes were reduced at 300°C for 1
hour in an atmosphere of 98% of N, and 2% H; in order to
obtain patches of reduced graphene oxide (rGO).

Finally, interdigitated electrodes (IDEs), with 4 mm long
and 350 um wide fingers separated by 350 um wide gaps,
(Fig. 1) were fabricated by printing 5 layers of commercial
silver nanoparticle ink, from Suntronic, before drying them
and sintering the silver nanoparticles in an oven at 110 °C for
3 hours.

B. CNT sensor

1) CNT ink: CoMoCAT CG300 single wall CNTs (SWC-
NTs) from SouthWest NanoTechnologies, were dispersed in
Dimethylformamide (DMF) and sonicated with a probe soni-
cator. Increasing concentrations were tested to find the highest
concentration that offered good dispersion of the CNT and
stability of the ink over time. This maximum concentration,
25mg L1, was then used in the final CNT-based ink.

2) Printing: Between 5 and 30 layers of the previously
described CNT ink were then inkjet printed onto the substrate
to deposit square CNT patches. The ink was left to dry at
room temperature before the samples were put into a vacuum
oven at 100°C for 10 hours to remove the potentially left-
over DMF. Some of the inkjet printed CNT films were then
functionalized with carboxyl, amine or hydroxyl groups or a
hexafluoroalcohol (HFA) via a series of reactions that have
been reported in [5], [6], [7]. Finally, the electrodes were
printed the same way as the ones for the rGO sensors.

III. SENSOR TESTING
A. Experimental set-up

A Flexstream gas standard generator from KIN-TEK was
used to generate controlled concentrations of analytes in a
carrier gas. Here, we used ultra pure nitrogen for that pur-
pose. This system utilizes permeation tubes that have a set
permeation rate for the analyte gas - the tube permeates the
analyte into the diluent gas. The concentration is therefore

inversely proportional to the output flow rate. A custom-made
gas chamber (Fig. 2) was fabricated to confine the sensors
during the gas exposure tests. The chamber is fed through
one end by the output of the Flexstream and the gas is
exhausted through a small tube at the other end of the box.
Cables are brought into the box in an airtight fashion and
connect the leads of the electrodes to an Agilent 34401A
digital multimeter.

Commercial ammonia sensor

Exhaust

Inkjet printed sensor

Fig. 2. Test enclosure including the tested inkjet printed sensor and the
commercial ammonia reference gas sensor

B. Experimental protocol

Pure nitrogen was fed into the sealed environment for 30
min in order to chase the air out and induce the desorption
of potential chemical species previously absorbed by the
nanomaterial. The flow rate used here was the same as the
one that would then be used to generate the desired analyte
concentration. The desired analyte concentration was then fed
into the box and the resistance values of the sensor recorded.

IV. MEASUREMENT RESULTS
A. ¥GO ammonia sensor

The results for a 10 GO-ink-layers rGO sensor are shown on
Fig. 3. The plot displays the relative sensitivity of the sensors
that is defined as

R(t) — R(ty)
R(to)

where S(t) is the relative sensitivity of the sensor at time ¢,
R(t) is the resistivity of the sensor at time ¢ and R(t¢) is the
resistivity of the sensor at the reference ‘starting’ time ¢y. This
sensitivity is compared with the recorded concentration of a
commercial ammonia detector from BW Technologies. On the
plot of Fig. 3, the reference time was taken at ¢ty = 0. The
sensors displayed a maximum response of about 8.5% with a
response time of 20 minutes for an ammonia concentration
of less than 30 ppm. With more than 2.8 %/10ppm, this
makes it the most sensitive inkjet printed rGO ammonia sensor
compared to the state of the art of about 2.1 %/10ppm [8]. The

S(t) = (1)
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absorption rate of the gas by the rGO decreases as more has
been absorbed and eventually making the sensitivity saturate
at its maximum value for that concentration. The ammonia
feeding having been stopped before complete saturation of
the sensitivity, the intrinsic maximum sensitivity of the sensor
is actually higher than measured here. The responses from
the rGO sensor and the commercial sensor are very similar
during the first 20 minutes. This shows that the response time
of the inkjet printed sensor is very comparable to that of a
commercial ammonia sensor. The major difference between
the performance of the two sensors is the desorption capability.
In this configuration, the rGO sensor does not come back
to its original state after sensing, and a second exposure (to
about 10 ppm) only induces a small response from its new
baseline resistance. Inkjet printed heater solutions are now
being developed to heat the sensor after exposure in order
to trigger a complete and fast desorption.
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Fig. 3. Measured sensitivity response of the rGO ammonia sensor (green) and
reference concentration measured by a commercial ammonia sensor (blue)

B. CNT DMMP sensor

Measurements were taken with 5 sensors printed with 20
layers of CNTs, and each one of them functionalized with a
different chemical group. One functional group (HFA) stood
out, as its sensitivity was one order of magnitude higher
than that of all the other functionalized and bare CNTs. This
functional group was therefore then applied to all subsequent
sensor prototypes.

An inverse dependency of the sensor sensitivity with the
number of layers was also observed. The measurement data
of an HFA-functionalized 10 layer sensor is shown on Fig. 4.
At the 15 minutes mark after the beginning of the exposition to
DMMP, the 10 layer sensor displayed about a 2.5% sensitivity
compared to the 1.2% of the 20 layer sensor. With less than
10 layers, the resistivity of the sensor became too high to
measure. This decrease in sensitivity with increasing CNT

amount is attributed to the reduced availability of some of
the CNTs for interaction with the surrounding gas, as the
thickness of the film increases. It is difficult for the gas
analyte to interact with the CNTs that are at the bottom of the
printed layer. However, these “buried” CNTs still contribute
to the conductivity of the film, therefore reducing the overall
sensitivity of the resistometric sensor.
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Fig. 4. Measured sensitivity of an HFA-functionalized 10 layers inkjet printed
CNT sensor

This CNT sensor is, as far as we know, the first inkjet-
printed functionalized CNT-based DMMP sensor ever re-
ported.

This CNT sensor was developed specifically for the detec-
tion of DMMP. However, this work is only one example of
a technology with a much broader scope. Indeed, the CNTs
only serve as a conductive template that is then chemically
functionalized to target one specific gas. As a consequence,
the use of functional groups to increase the sensitivity and
selectivity of CNT-based sensors can be utilized to form an
array composed of differently functionalized sensors capable
of sensing and recognizing a wide range of gases [9]. Inte-
grated into a wireless system, this gas sensing “Smart Skin”
would be able to offer a unique “Wireless Sensing Signature”
associated to each gas, for a wide range of detectable gases
and environments.

V. CONCLUSION

In this work, we have reported the fabrication of the most
sensitive inkjet printed rGO based ammonia sensors as well
as the first inkjet printed CNT based DMMP sensor to date,
and achieved sensitivities of, respectively, 2.8 %/10ppm and
20%/10ppm. These results are very encouraging and the
performance of sensors fabricated with non-flexible-substrate-
compatible methods [10] show that the room for improvement
is still significant. Judging by these results, further efforts in
this direction could potentially give birth to a new generation
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of flexible, ubiquitous, low cost, wireless gas sensors arrays
capable of communicating a “Wireless Sensing Signature”
specific to each of a wide variety of detectable gases. These
components offer tremendous potential for wide coverage
wireless gas sensing, with applications in the areas of the
Internet of Things (IoT) and “Smart-Skins” and “Smart-
House” topologies.
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