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ARTICLE INFO ABSTRACT

Keywords: We report an ammonia (NHj3) sensor in which a ultrathin polypyrrole (PPy) layer is synthesized on reduced
Reduced graphene oxide graphene oxide (rGO) by electropolymerization. The PPy/rGO composite is characterized by scanning electron
Polypyrrole microscopy, secondary ion mass spectrometry, Raman spectroscopy, and X-ray photoelectron spectroscopy. The

Electropolymerization

A sensor exhibits an excellent performance in the selective sensing of NH; at room temperature, having a high, fast,
Ammonia sensor

reversible and linear response. These performances are attributed to the synergistic effect of the ultrathin PPy
layer and rGO. Specifically, NH; molecules are adsorbed on the ultrathin PPy layer, electrons transfer from NH3
to the PPy layer, changing the PPy layer resistance. The ultrathin PPy layer over rGO allows NH3; molecules to
pass through and react with sp>-bonded carbon atoms, also changing the rGO resistance. Moreover, the rGO
sheets are not only a support material for the ultrathin PPy electropolymerization but also provide an efficient
pathway for electron transfer, thereby, accelerating the sensor response and recovery. Meanwhile, the ultrathin
PPy layer plays an important role in the sensor selectivity and immunity to humidity. Our research indicates that
the post-step PPy electropolymerization is very promising for sensor fabrication and compatible with CMOS
technology. These make it possible to design and manufacture the PPy/rGO sensors with integrated circuits onto
the same Si wafer for different applications. Importantly, the fabrication method of the present sensor is easy and
low cost. Therefore it is regarded as being scalable for mass production of NH3 sensors.

1. Introduction

Ammonia (NHj3) is one of the most harmful pollutant gases. Most of
NH; is emitted from electronic manufacturing, chemical industries,
medical treatment, and human activities [1,2]. NH3 can give rise to
severe problems for human health: stimulating eyes, skin and re-
spiratory tract even if present at a very low concentration and causing
damage to kidneys, lung, liver or even death with a large amount of
inhalation [3]. The TLV-STEL (Threshold Limit Value-Short Term Ex-
posure Limit) is 35 ppm. It is crucial to timely detect NH3 by using
practical methods. NH3 detection technology is roughly catalogued into
spectrum analysis (such as, absorption, chromatography, photoacoustic
and laser-coupled spectroscopies) and gas sensors [4-6]. Although the
former is ultrasensitive at concentrations down to 1 ppb, it needs a long
and complicated analysis cycle [7-9]. The gas sensors are suitable for
on-site detection. NH3 sensors have been broadly used in environment
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monitoring, agricultural and industrial fields [10,11]. Recently, they
have found a new application in medical field. Specifically, NH; sensors
can non-invasively diagnose many diseases (for example, ulcers, he-
patic injury, renal disorders and cancers) through detecting NH3 con-
centration from human breath [12-14].

The most typical materials used for NH; sensing are metal oxides,
such as WO3, ZnO, In,03, SnO,, TiO, and so on. These materials exhibit
a detection limit as low as 1 ppm, but they suffer from poor selectivity.
In addition, they operate at high temperatures (100-450 °C), leading to
large power consumption, safety hazard, short lifetime and high cost
[15-17]. Therefore, it is important to develop NH3 sensors with high
performance and room-temperature operation by using economic sen-
sing materials and simple fabrication technology.

Presently, graphene (G) is being researched and developed as a
sensing material because of (i) single-layer graphene exposes all carbon
atoms to environment, providing the largest number of binding sites per
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unit volume and (ii) high-quality crystal lattice and the high carrier
mobility of graphene inherently ensures low electrical noise and low
power consumption. Therefore, one single adsorbed molecule causes a
notable change in the resistance, allowing the sensing ability to one
single molecule [18]. Generally, graphene can be obtained by chemical
vapour deposition (CVD) on metal substrates, silicon sublimation from
SiC substrate surface, or mechanical graphite exfoliation. The CVD
yields large surface area of graphene sheets and its throughput is quite
high. However, the CVD requires expensive equipment and high
synthesis temperature. The issue of the epitaxial growth is to transfer
graphene from the SiC substrate to target substrates. The exfoliation of
graphite only provides small size of graphene foil. By contrast, reduced
graphene oxide (rGO) can be converted from graphene oxide (GO) by
thermal treatment or chemical reduction. The rGO synthesis is quite
easy and cheap [19].

Some of NHj sensors fabricated from graphene-based materials have
been exploited in the literature. Graphene is chemically inert and
weakly binding with NH; molecules [9]. As a result, this requires a
functionalization to generate a specific link between graphene and NH;3
molecules. Compared with graphene, reduced graphene oxide (rGO) is
most beneficial for the NH3 sensor fabrication because of its inherently
structural defects and residual oxygen groups, namely C—OH, C—O—C
and COOH. These structural defects and oxygen groups can provide an
increased amount of binding sites and they are usually favourable for
gas adsorption [20,21]. Particularly, rGO has great advantages of mass
production and low cost [22-24]. The drawbacks of the rGO are poor
selectivity, high Johnson noise and 1/f noise. However, recent pub-
lished results have shown that the rGO electrical properties can be
tuned by conducting polymers [25]. This provides a new route for the
fabrication of NH3 sensors from the rGO-based materials. The main
conducting polymers with sensing function to NH3 are polypyrrole
(PPy) [26,27], polyaniline (PANI) [28,29] and their derivatives [30].
They present inexpensive cost, environmental stability and friendly,
acceptable conductance, room-temperature operation, reversible
doping chemistry and simple synthesis. Moreover, both PPy and PANI
are compatible with rGO.

Recently, we have reported a fast and room-temperature operation
NH; sensor [31]. The sensing material of the sensor is composed of an
ultrathin PPy layer synthesized on CVD graphene by electro-
polymerization. Our previous results indicate that the combination of
these two materials significantly improves the sensor performance. To
reduce the cost of the sensing material, simplify the process of the
sensor fabrication, and increase the throughput of the sensor produc-
tion, here we develop a cost-effectiveness and room-temperature op-
erating HN3 sensor, in which the expensive CVD graphene is replaced
by the cheap rGO. Hereafter, this sensor is referred to as the PPy/rGO
sensor. Although some of PPy/rGO sensors have been reported in the
literature (see Table 1), all of the PPy syntheses are based on chemical
methods, or rGO is randomly introduced in polypyrrole sheets. It is the
first time that the rGO is used as the support material for the PPy
synthesis in electropolymerization. Thicker polymer shows high sensi-
tivity and slow response, while thinner one exhibits fast response and
low sensitivity. A trade-off between the sensitivity and response time
should be considered. The PPy thickness can be well controlled to
20 nm in our process. This method is suitable for wafer-scale production
of the sensor and compatible with CMOS technology. Compared with
the previous PPy/G sensor, the fabrication method of the PPy/rGO
sensor is much easier and cheaper. It is emphasized that the PPy/rGO
sensor demonstrates some performances better over the PPy/G sensor.
Table 1 summarizes recently published NH; sensors based on PPy, PANI
and rGO, their compounds, and related materials, operating at room
temperature. For the purpose of comparison, the key parameters of our
sensors (the PPy/G and PPy/rGO sensors) are also summarized in
Table 1. Following the synthesis, the PPy/rGO composite is character-
ized by scanning electron microscopy (SEM), secondary ion mass
spectrometry (SIMS), Raman, and X-ray photoelectron spectroscopy
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(XPS).
2. Materials and methods
2.1. Fabrication of the PPy/rGO sensor

The fabrication process of the PPy/rGO sensor includes three simple
steps: (i) the preparation of the interdigitated area electrodes (IDEs) by
standard microfabrication process; (ii) the GO deposition by ultrasonic
spray pyrolysis technique and the GO thermal reduction; and (iii) the
ultrathin PPy layer synthesis by electropolymerization.

A 3-inch Si wafer is used as a starting substrate. 90-nm-thick SiO, is
thermally grown on the substrate for insulating the Si substrate. The
wafer is spin coated with photoresist to define the IDEs on the SiO,/Si
substrate. The surface area of the sensing is designed to 200 x 200 pm?.
The finger width and gap width are 5 um and 2 um, respectively. Ti and
Au layers with thicknesses of 5 and 50 nm are successively deposited
onto photoresist. The wafer is then soaked with acetone for removing
photoresist in lift-off process. As a result, the IDEs are predefined on the
wafer (see Fig. 1a). The 3-inch Si wafer is cut into many dies with an
area of 3 X 6 mm? (see Fig. 1b). Each die includes a pair of IDEs.

The stable GO dispersions (in water) with a concentration of 4 mg/
mL are purchased from Sigma Aldrich, NV. The GO dispersions are
deposited on the IDEs by ultrasonic spray pyrolysis technique (Fig. 1c)
and slowly dried at room temperature for a few hours. The details of
ultrasonic spray pyrolysis can be found in our previous work [44,45].
We test 3 methods for depositing the GO dispersions: dropping,
spraying, and ultrasonic spray pyrolysis. The results indicate that the
last one provides a quite thin GO layer on the IDEs (see Supplementary
material). This guarantees the complete coverage of the PPy polymer in
the following electropolymerization. Then the GO is reduced to rGO by
heating at 300 °C for 15 min in nitrogen. The die with the rGO on the
IDEs is glued and wire-bonded in a 24 pin dual-inline package (see
Fig. 1d). The package can be contacted with our smart prototype [31],
which can directly demonstrate the NH3 concentrations on a liquid-
crystal display and also transmit the measured data to a computer for
the analysis.

In this study, we use the same synthesis setup and conditions as
described in [31] for the PPy electropolymerization. The unique change
is the CVD graphene replaced by the rGO. It is the first time that the
rGO is used as the support material for the PPy synthesis in electro-
polymerization. The electropolymerization is carried out in a solution
bath consisting of 0.35 mL pyrrole, 0.6 g NaClO,4 and 50 mL acetonitrile
at 20 °C. The package mentioned above is immersed in the solution
bath, where the rGO on the IDEs is used as the working electrode. The
counter and reference electrodes are made of Pt and Ag/AgCl, respec-
tively. When a voltage pulse of 0.9V is applied to the working electrode
for 2 cycles, an ultrathin PPy layer with a thickness of about 20 nm is
formed on the rGO sheets. After the electropolymerization, the dies are
washed with ethanol. The analysis samples, in which the PPy/rGO is
directly deposited on the SiO,/Si substrate, are prepared by using the
same process for physical characterization. We also prepare the naked
rGO sensor without PPy for comparison. In this work, the PPy synthesis
is performed after the wafer cutting and package bonding. For the
wafer-scale production, this step can be done before the wafer cutting.
In this case, the PPy layer can be simultaneously synthesized on many
dies of one wafer.

It is important to point out that the fabrication of the PPy/rGO
sensors shows the following advantages: (i) the PPy thickness can be
well controlled to the nanometer scale by the number of voltage pulses,
their duration and amplitude during the electropolymerization and the
ultrathin PPy layer can be uniformly covered on the rGO surface; (ii)
the sensing composite is based on cheap and easy-synthesis GO material
so it avoids the transfer step of the CVD graphene (which is initially
grown on metal substrates) and simplifies the procedures of the sensor
fabrication; (iii) the post-step PPy electropolymerization is compatible
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Table 1
Summary of recent research results for NH3 sensors based on PPy, PANI and rGO, their compounds, and related materials, operating at room temperature.
Sensor type GO reduction Sensing materials  Synthesis method Sensitivity Detection limit Response time Recovery time Ref.
Silver paste Chemical Reduction PPy/rGO in situ COP 34.7 3 ppm 147 s Heating at [32]
%,/500 ppm 50°C

Chemiresistor Chemical Reduction PANI/rGO in situ COP 344 %/100 ppm 10 ppm 20s 27 s [33]

IDEs Chemical Reduction Py-rGO Py-vapour-reduced 22 %/100ppm 5 ppb 134 s 310s [34]

IDEs Chemical Reduction Py-rGO/PANI in situ P 14 %/1 ppm 0,2 ppm [35]

IDEs Chemical Reduction Py-rGO rGO mixed with P 2.4 %/1 ppb 1 ppb 1,4s 76s (IR) [36]

IDEs Chemical Reduction PANI + rGO in situ COP 37.1 %/50 ppm 20 ppm 18 min 2 min [371

IDEs Chemical Reduction rGO/G CVD 2.88 %/0.5 ppm 36 ppb 150 s 325s [38]

Chemiresistor Chemical Reduction GO + Ag, Pt, Cu Metal salts 6.52 %/1 ppm 1.2, 1.6, 16 S5s 6s [39]

NPs ppb

IDEs Chemical Reduction TiO,/rGO rGO mixed with TIP 1.7 %/ 10ppm 5 ppm 114 s 304 s [40]

IDEs Heating 220 °C/2H ZnO/rGO Spraying process 3.05 %/50 ppm 10 ppm 84s 216's [41]

IDEs Heating 350 °C/3H PANI/rGO-MnO, Mixing 59.2 %/50 ppm 5 ppm 18 min 4 min [42]

3D Hydrothermal 190°C/  PPy/3D-rGO chemical polymerization 3 %/ 1 ppm 330 ppb 5s 20s [43]

14H

Chemiresistor CVD graphene PPy/G Electropolymerization 1.7 %/1 ppm 1ppm 2 min 5min Previous work
[31]

IDEs GO Heating 300 °C/ PPy/rGO Electropolymerization 6.1 %/1 ppm < 1ppm 1 min 5min This work

15min

IDEs: interdigitated area electrodes, G: graphene, rGO: reduced graphene oxide, PPy: polypyrrole, PANI: polyaniline, COP: chemical oxidative polymerization, Py:
pyrrole, P: polymerization, TIP: titanium isopropoxide, CVD: chemical vapour deposition, NPs: nanoparticles. The rest of the abbreviations can be found in the related

references.

Fig. 1. Optical images: (a) a pair of interdigitated area electrodes (IDEs); (b) reduced graphene oxide deposited on the IDEs; (c) 3-inch Si wafer with IDEs; and (d)

PPy/rGO bonded to 24 pin dual-in-line package.

with CMOS technology and suitable for mass production, making it
possible to design and manufacture the PPy/rGO sensors with in-
tegrated circuits onto the same Si wafer for different applications in
coming future; and (iv) the charge transfer process takes place at room
temperature, the PPy/rGO sensors do not need heating element to op-
erate at an elevated temperature with very low power consumption.

2.2. Measurements

The gaseous analytes are detected by measuring the resistance
change of the sensor induced by adsorbing the target gas. The sensor
response (S) is calculated by using the equation:

AR
Ro

_R—-Ry _

S =
Ro

®

Where R is the initial resistance and Rg is the maximum resistance
upon exposure to the target gas. The response time t.. is defined as the
time to reach 90 % of the total resistance change, whereas the recovery
time t,.. refers to the time required for recovering the measured re-
sistance to 90 % of its original value.

The detail of the measurement setup and smart prototype can be
found in our previous work [31,46]. In brief, the sensor is placed in a
sealed chamber with gas inlet and outlet ports. The current across the
IDEs is provided by applying a constant voltage of 0.8 V. The sensor
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Fig. 2. Scanning electron microscopy top view of (a) the PPy; (b) the PPy/rOG composite and (c) ToF-SIMS mass spectra of the GO, the rGO and the PPy/rGO in the

zone corresponding to the C4N pyrrole molecular fragment.

resistance is measured by current-voltage characteristic in direct cur-
rent mode. All the sensing measurements are carried out in real world
environments, specifically at room temperature (20 °C), atmospheric
pressure and wet air (relative humidity of 50 %), unless otherwise
noted. Wet air and NH; are used as carrier gas and target gas, respec-
tively. The concentration of commercial NH; is 100 ppm in a cylinder.
The desired NH;3 concentration is obtained by diluting 100 ppm NH;3
with wet air. For example, for 1 ppm NHj concentration, we combine
10 mL/min of 100 ppm NHj in air with 490 mL/min of dry air and
500 mL/min of saturated wet air (100 % RH).

3. Results and discussion
3.1. Characterization

The morphology and structure of the pure PPy and PPy/rGO com-
posite are characterized using scanning electron microscopy (SEM). The
results are shown in Fig. 2a and b, respectively. The pure PPy shows
cauliflower-like structure. For the PPy/rGO composite, an ultrathin PPy
layer (about 20 nm) is grown on the rGO. As shown in Fig. 2a, the pure
PPy layer is not thick enough to cover the insulated gap between the
neighbouring electrodes. For passing current between the neighbouring
electrodes, the PPy thickness should be further increased. However, the
response and recovery of the thick PPy sensor are quite slow. Moreover,
the thicker PPy can lead to cracks in the films, causing a loss of

conductivity. These facts restrict the practical application of the thicker
PPy. When the neighbouring electrodes are bridged by the rGO sheets,
the PPy thickness can be decreased to 20 nm, thereby shorting the re-
sponse and recovery times. In addition, the introduction of rGO im-
proves the PPy conductance, reducing the sensor power consumption.
These are clear advantages of the PPy/rGO sensor.

Chemical characterization of samples are carried out by using Time
of Flight Secondary Ion Mass Spectrometry (ToF-SIMS), which provides
molecular information by giving the mass of fragments extracted from
the surface. Small pieces of Si/SiO, chips with GO, rGO or PPy/rOG
coating are cut and fixed on the sample holder with double-sided ad-
hesive tape. We perform 3 measurements at different locations. A ToF-
SIMS instrument (IONTOF, GmbH, Miinster, Germany) is used. A pulsed
Bis* metal ion source is used to produce a primary beam using an
acceleration voltage of 30 kV. An AC target current of 0.08 pA with a
bunched pulse width shorter than 1 ns is used. Both positive and ne-
gative secondary ion species are analysed. For spectra, a raster of
128 x 128 data points over an area of 300 X 300 um? is used. The total
primary ion beam dose for each analysed area is always kept below
3 x 10'° ions. cm ™2, ensuring static conditions. Lateral resolution of ~
3 pum and mass resolution m/Am > 7900 at 62 m/z are maintained for
positive and negative spectra acquisition. Charge compensation is done
by interlaced electron flood gun (E, =20eV). All data analyses are
carried out using the software supplied by the instrument manu-
facturer, SurfaceLab (version 6.5).
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Fig. 3. Raman spectra: (a) for graphene oxide and (b) for reduced graphene
oxide obtained by heating at 300 °C for 15 min.

The three GO, rGO or PPy/rGO samples gave markedly different
ToF-SIMS results. We analyse in particular C;N, fragments that are
typical of the PPy polymer: the peaks at m/z values corresponding to
CN, C,N, CoNH, C3N, C4N, C4NH were observed in the PPy/rGO sample
but are absent in the GO and rGO samples, confirming the presence of
the PPy polymer coating. The C4N molecular fragment in particular
corresponds to one pyrrole unit (Fig. 2(c)) and is diagnostic of the
macromolecular entity.

To verify the GO reduction, Micro-Raman measurements are per-
formed by using a LabRam Horiba spectrometer (Epaser =514.5nm).
Fig. 3a shows a typical Raman spectrum of the GO. The D and G peaks
are located at 1352cm ™! and 1598 cm ™!, respectively. The D peak is
associated with a defect-induced breathing mode of sp? rings [47,48],
while the G peak originates from the first order scattering of the Ey,
phonon of sp2 C atoms [49]. The D/G intensity ratio of the GO is 1.09.
After the GO reduction, the locations of both peaks almost unchanged
as shown in Fig. 3b. However, the D/G intensity ratio increases from
1.09 to 1.33. This suggests forming more sp> domains [50] because the
D/G intensity ratio is inversely proportional to the average size of the
sp2 clusters [51]. This implies that after GO reduction, new (or more)
graphitic domains are formed and the sp? cluster number is increased
[52]. The Raman results confirm that the heating conditions (at 300 °C
for 15 min) have good reduction efficiency.

The reduction of the GO is further investigated by X-ray photo-
electron spectroscopy (XPS). Fig. 4a and b present the Cls spectra for
the GO and the rGO samples, respectively. The XPS analyses were
carried out with a SSX 100/206 photoelectron spectrometer from Sur-
face Science Instruments (USA), equipped with a monochromatized
microfocus Al X-ray source (powered at 20 mA and 10kV). Samples
were stuck onto small holders with double-face adhesive tape and then
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Fig. 4. X-ray photoelectron spectroscopy analysis of (a) GO and (b) rGO, in the
Cls region, fitted with the following components: (I) C—(C,H) asymmetric
contribution of graphitic carbon, (I") C— (C,H) symmetric contribution of non-
aromatic carbon, (I) C—0, (III) C=0 and O—C—0, (IV) 0=C-0, (V) n—x*
shake-up.

placed on an insulating ceramic carousel (Macor®, Switzerland). The
pressure in the analysis chamber was around 10~ ° Pa. The angle be-
tween the surface normal and the axis of the analyser lens was 55°. The
analysed area was approximately 1.4 mm? and the pass energy was set
at 150eV. Under these conditions, the full width measured at half
maximum (FWHM) of the Au 4f,,, peak for a clean gold standard
sample was about 1.6 eV. A flood gun set at 8 eV and a Ni grid placed
1 mm above the sample surface were used for charge stabilisation. The
binding energies were calculated with respect to the graphitic C—(C, H)
component of the Cls peak fixed at 284.6eV. Data treatment was
performed with the CasaXPS program (Casa Software Ltd, UK), some
spectra were decomposed with the least squares fitting routine provided
by the software with a Gaussian/Lorentzian (85/15) product function
and after subtraction of a non-linear baseline. The shape of the gra-
phitic C—(C,H) component was adjusted with A(0.4,0.4,20) asymmetry
parameter. Molar fractions were calculated using peak areas normalised
based on acquisition parameters and sensitivity factors provided by the
manufacturer.

Fig. 4 presents the XPS C1s spectra of the GO and rGO samples that
have been fitted with six components. The first at lowest binding energy
(BE) corresponds to carbon atoms in defect-free graphitic environment
(C-(C,H)). It is followed at higher BEs by contributions from carbon
atoms connected to oxygen atoms in C—O single, C=0 double and
O—C—0 or O=C—O multiple bonds. The last peak is due to ;—n*
shake-up. It is noticeable that in the case of GO an additional
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Fig. 5. Sensing behaviour of typical sensors at relative humidity of 50 % and at 20 °C: (a) the resistance of the PPy/rGO sensor exposed to NH3 concentrations in a
range from 1 to 4 ppm for 2 cycles; (b) the response of the PPy/rGO sensor exposed to 1 ppm NHj for 10 cycles; (c) the resistance of the PPy/rGO sensor as a function
of NH; concentration; (d) the response of the naked rGO sensor exposed to NH3 concentrations of 0, 10 and 50 ppm.

component is visible due to non-aromatic carbon atoms (C—(C,H)),
together with much stronger contribution of carbon to oxygen C=0
component. Compared with the GO sample, the intensities of the three
C-O peaks in the rGO sample decrease markedly, indicating that GO has
been successfully reduced to rGO with some amount of residual oxy-
genated surface groups after thermal treatment [53,54], which is also
consistent with Raman results.

3.2. Sensor response

Fig. 5a shows the resistance behaviour of a typical PPy/rGO sensor
exposed to NH3 concentrations in a range from 1 to 4 ppm for 2 cycles.
The resistance baseline of the sensor is 2114 Ohm in wet air (50% RH at
20 °C). The sensor resistance is increased with the NH; concentration.
When NHj is switched off, the sensor resistance incompletely recovers
to its original value due to the ‘poisoning’ effect of NH;. However, the
sensor can be rapidly recovered by annealing at 100 °C or short-time
illumination. The sensor exposed to 10 cycles of 1ppm NHj; (see
Fig. 5b) has a repeatable response of 12.6 + 0.8 %. In this calculation,
we exclude the data of the first cycle. Fig. 5c plots the sensor response
as a function of the NHj concentration. A linear relationship can be
observed in the range from 1 to 4 ppm. This simplifies the sensor cali-
bration and benefits the sensor application. The sensor sensitivity is
calculated to be 6.1 %/ppm by the slope of the linear curve. The re-
sponse and recovery times of the PPy/rGO sensor are of 1 and 5min,
respectively, which are nearly the same as that in our previous PPy/G
sensor. This is due to the same thickness of the PPy layer used for the
PPy/G and PPy/rGO sensors. Fig. 5d shows the response of a naked rGO
sensor. Compared to the PPy/rGO sensor, the naked rGO sensor exhibits

noticeably lower response at room temperature. It needs the aid of the
conducting polymer to improve its performance. In other words, the
naked rGO has to be functionalized by the PPy layer.

3.3. Sensor selectivity

We expose the PPy/rGO sensor to CH,O (formaldehyde). Fig. 6a
shows the response of the PPy/rGO sensor for 15 ppm CH,O. It can be
seen that the sensor response is less than 2 % even at a CH,O con-
centration of 15 ppm. Other interfering gas, such as H, (hydrogen), is
also used for the evaluation. No response is observed (not shown here).
It has been demonstrated in our previous work [55] that graphene is
sensitive to H, only after functionalization (with Pd nano particles for
instance). These facts confirm that the PPy/rGO sensor exhibits a good
selective ability to NH3 from certain interference gases, such as CH,O
and H,.

When the PPy/rGO sensor is exposed to 1 ppm NO, (nitrogen di-
oxide), a response of about -12 % is observed as shown in Fig. 6b. This
response is caused not only by the PPy itself but also by the rGO. NO, is
a strong oxidizing gas that can accept electrons from PPy and rGO (the
same phenomenon is observed in graphene). This increases the holes
concentration, reducing the sensor resistance. As a result, the sign of the
sensor response is negative. In the case of the simultaneous presence of
NO, and NH3, the PPy/rGO sensor response may be decreased due to
the competition or complementarity between electron donors (NH3)
and electron acceptors (NO5).
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Fig. 6. The response of the PPy/rGO sensor in 50 % RH at 20 °C: (a) for 15 ppm
formaldehyde (CH,0) and (b) for 1 ppm nitride dioxide (NO5).

3.4. Humidity influence

Humidity influence is an important factor for sensor application. We
test the humidity influence on the response of the PPy/rGO sensor itself
(NH3 = 0 ppm). The measurements are carried out for a relative hu-
midity (RH) range from 20 to 80 % at 20 °C, as shown in Fig. 7a. The
humidity influence is quite small when the RH is lower than 80 %.
Specifically, a change of 10 % RH brings a response of less than 0.8 % in
average for the PPy/rGO sensor itself. We also test the humidity in-
fluence on the PPy/G sensor response in different concentration of NH3.
Fig. 7b plots the sensor response for NH; in the range from 1 to 4 ppm
and at 30, 50 and 70 % RH. It can be seen that the variations of the
sensor response is about + 5 % between 30 and 70 % RH. For 1 ppm
NH;, a change of 10 % RH brings a response variation of 2.5 % in
average. This value is 2.4 times smaller than the sensor sensitivity of 6.1
%,/ppm in wet air. In general, water (H>O) molecules can adsorb on the
rGO through functional groups of C—OH, C—O—C and COOH. This
should influence the sensor resistance by redistributing electrons in the
rGO sheets. However, the PPy layer protects the rGO from H,O mole-
cules due to the PPy hydrophobic nature [56]. Yin et al. [57] reported
that the detection capability of the PPy/rGO sensor is not severely af-
fected by the relative humidity in the range from 0 to 80 % RH. In our
case, the resistance of the PPy/rGO sensor itself is not sensitive to the
RH in the range from 20 to 80 %. This implies that almost all the sensor
surface is covered by the uniform and thin PPy layer. This also explains
why the PPy/rGO sensor response only has weak variations when hu-
midity is changed in the range from 30 to 70 % RH.
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Fig. 7. (a) the response of the PPy/rGO sensor itself for humidity in the range
from 20 % to 80 % at 20 °C; (b) the response of the PPy/rGO sensor exposed to
NH; in the range from 1 to 4 ppm and at 30, 50 and 70 % RH.

3.5. Reproducibility

Presently, the sensor reproducibility is an issue due to the fact that
the size, thickness and uniformity of the GO dispersions are not well
controlled. We tried 3 methods (in Supplementary material) for de-
positing GO dispersions (in water) on the IDEs, namely dropping,
spraying, and ultrasonic spray pyrolysis. Even if the last one is the best
among 3 methods, the distribution and size of the GO dispersions are
still random. As can be seen in Fig. 1c, GO dispersions are agglomerated
to form clusters with the lateral sizes from 500 nm up to several mi-
crometer and the minimum thickness of about 3 nm. The local thickness
of some clusters can reach 10—15nm [45]. When the agglomerated
cluster is thick enough to stack and form multiple rGO sheets, NH3
molecules can only adsorb on the top layer of the rGO. In this case,
electric current between the IDEs will pass through the bottom layer of
the rGO. As a result, the sensor resistance cannot be completely mod-
ified by NH3; molecules, degrading the sensor performance. This work
presents a proof-of-principle sensor. For industrial production and
commercial application, we will improve the conditions in ultrasonic
spray pyrolysis or find the other deposition methods, such as inkjet.

3.6. Sensing mechanism and discussion

The sensing behaviours of the PPy/rGO sensor are attributed to the
electron transfer between NH3 molecule and the PPy/rGO composite
[49]. On the one hand, as described by the following equations, the PPy
polymer behaves like a p-type semiconductor [58,59]. When the elec-
tron-donating NH3 molecules adsorb onto the PPy surface, electrons
transfer from NHj to the &t backbone of the PPy [60]. This neutralizes
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holes in the PPy, thereby increasing the PPy resistance. For desorption,
the electrons come back from the PPy to NH3 and then the neutralized
PPy becomes p-type, recovering the PPy resistance to its original value.
The resistance change from the electron transfer occurring on the sur-
face of the PPy can be effectively transferred to the IDEs through the
rGO. It is worth noting that the electron transfer between the PPy and
rGO is feasible due to the good interfacial affinity.

PPy + NH; <> PPy, NH; Adsorption (2)
PPy, NH; <> PPy + e, NH; " Charge transfer 3)

On the other hand, the rGO includes a high density of sp>bonded
carbons, vacancies, structural defects and residual oxygen groups. They
build a hole-transporting matrix, which behaves as a p-type semi-
conductor. The adsorbed NH; may transfer to the rGO matrix through
the ultrathin PPy layer, donating electrons to the rGO [61]. The elec-
trons transfer depletes holes in the matrix, also increasing the rGO re-
sistance [62]. The resistance change is directly measured between the
IDEs.

The synergistic effect of the PPy and rGO can explain why the PPy/
rGO sensor exhibits significantly higher sensitivity than the naked rGO
sensor (as shown in Fig. 5d). Although pure PPy is a sensing material for
NH; at room temperature, the response/recovery time is very long. The
ultrathin PPy layer allows electrons to quickly transfer between NHj
molecules and the PPy/rGO composite. Besides, the presence of the PPy
molecules on the surface of the rGO allows the complete interaction
between NH;3; and the binding sites. In other words, the adsorbed NH3
molecules can bind on the rGO through the ultrathin PPy layer for the
electron transfer. It can also be seen in Fig. 5 that the background noise
of the PPy/rGO sensor is much lower than that of the naked rGO sensor,
thanks to the ultrathin PPy layer. Therefore, the ultrathin PPy layer
plays an important role in the PPy/rGO sensor response.

The sensitivity of the PPy/rGO sensor (6.1 %/ppm) is evidently
higher than that of the PPy/G sensor (1.7 %/ppm) in our previous
work. Presumably, the adsorbed NH; molecules bind not only onto low-
energy sites (such as sp®-bonded carbon), but also onto high-energy
sites (such as vacancies, structural defects and oxygen functional
groups) [38,39]. In the case of the PPy/G, NH; molecules can only
adsorb onto sp>-bonded carbon of the CVD graphene. Our results in-
dicate that the fabrication of the gas sensors does not need high-quality
graphene sheets and the rGO is a preferential material to obtain a large
amount of defective graphene at low cost.

It is emphasized that our PPy/rGO sensor presents higher sensitivity
than the same sensor fabricated by chemical oxidative polymerization
[32]. This may be explained by the following fact. The residual oxygen
groups in the rGO, mostly in the form of hydroxyl and epoxy groups,
render it strongly hydrophilic and are reactive sites for the nucleation
and growth of the PPy layer in electropolymerization. Therefore, elec-
tropolymerization is more effective synthesis of the PPy on the rGO
compared to chemical oxidative polymerization.

4. Conclusions

In this study, we developed an ammonia (NH3) sensor, in which an
ultrathin polypyrrole (PPy) layer is synthesized on reduced graphene
oxide (rGO) by electropolymerization. The thermal reduction of gra-
phene oxide is confirmed by Raman and X-ray photoelectron spectro-
scopy. The morphology of the ultrathin PPy layer in terms of coverage
on the rGO is observed by scanning electron microscopy and is sup-
ported by secondary ion mass spectrometry results. The sensor exhibits
a linear response for NH; in the range from 1 to 4 ppm at room tem-
perature, with a sensitivity of 6.1 %/ppm, response and recovery times
of 1 and 5 min, respectively. The sensor is weakly affected by humidity
and is specific for NH; towards interfering gases (CH»O and Hs). These
excellent performances are attributed to the synergistic effect of the
PPy/rGO composite. The ultrathin PPy layer over the rGO directly
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reacts with NH3. This simultaneously allows the NH3; molecules to pass
through and react with sp®bonded carbon atoms. Compared to CVD
graphene, the rGO includes high density of vacancies, structural defects
and oxygen functional groups. These enhance NHj adsorption, in-
creasing the sensor sensitivity. The rGO sheets not only serve as a
support material for the PPy electropolymerization, but also favour the
electron transport, shortening the response/recovery time. Apart from
that, the ultrathin PPy layer has hydrophobic nature, protecting the
PPy/rGO sensor from humidity. It is the first time that the rGO is used
as the support material for the PPy synthesis in electropolymerization.
The post-step PPy electropolymerization is simple, low cost, and com-
patible with CMOS technology, as well as suitable for mass production.
Our results indicate that the PPy electropolymerization is promising to
manufacture NH3 sensors. This research demonstrates a simple fabri-
cation method of the NH3 sensors with high performance and room-
temperature operation. The present sensor is promising as a smart
sensor and sensing system for different applications due to low price,
low power consumption and scalable production. However, this work
presents a proof-of-principle sensor. For industrial production and
commercial application we will improve the sensor reproducibility.
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