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ABSTRACT: The outstanding versatility of graphene for surface  Chemical polymerization Wet impregnation Chemiresistor
functionalization has been exploited by its decoration with PPy NPs
synthesized polypyrrole (PPy) nanoparticles (NPs). A green,
facile, and easily scalable for mass production nanocomposite
development was proposed, and the resulting PPy@Graphene was
implemented in chemoresistive gas sensors able to detect trace
levels of ammonia (NH;) under room-temperature conditions. Gas . e )
exposure for S min revealed that the presence of nanoparticles » I,"',’ Taedo s \
decorating graphene entail greater sensitivity (13-fold) in “§ﬁl f{%} g’”’* &
comparison to the bare graphene performance. Noteworthy, . 3 “\ EZ f é f f‘f
excellent repeatability (0.7% of relative error) and a low limit of = &« & « & = \ 5 >
detection of 491 ppb were obtained, together with excellent long- PPY@Gmphe""‘ -

term stability. Besides, an extensive material characterization was

conducted, and vibration bands obtained via Raman spectroscopy confirmed the formation of PPy NPs, while X-ray spectroscopy
(XPS) revealed the relative abundance of the different species, as polarons and bipolarons. Additionally, XPS analyses were
conducted before and after NH; exposure to assess the PPy aging and the changes induced in their physicochemical and electronic
properties. Specifically, the gas sensor was tested during a S-month period, demonstrating significant stability over time, since just a
slight decrease (11%) in the responses was registered. In summary, the present work reports for the first time the use of PPy NPs
decorating graphene for gas-sensing purposes, revealing promising properties for the development of unattended gas-sensing
networks for monitoring air quality.
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H INTRODUCTION Nevertheless, for achieving a ubiquitous, real-time monitor-
During the lasts decades, air pollution has become a growing ing Of. gases, develf)}-) ing a wid.esPread sensor netw?rk
societal concern since it is associated with global climate possessing some requisite characteristics such as inexpensive-
change and shows noxious effects for both our environment
and humankind." Exposure to gases at concentrations above
the threshold limit values (TLV) or during long exposure times
causes serious health issues. In fact, air pollution is linked to
several million premature deaths per year.” In consequence,
governments and institutions worldwide are trying to over-

come this problem that jeopardizes human health and

ness, accuracy, durability, and low power consumption is
needed.’ Inexpensive, yet reliable and accurate enough, sensor
devices are key for achieving such gas-sensing networks.” Some
techniques, such as gas chromatography coupled to mass
spectrometry (GC—MS), show significant drawbacks, as their
complicated miniaturization and slow throughput complicate
real-time air quality monitoring, despite being highly accurate.”

environmental quality. Other approaches, like the use of electrochemical sensors,

Natural sources of air pollution such as volcanic eruptions present lower cost, but miniaturization and stability issues
are not significant in comparison to those sources derived from associated with electrolytes are still a challenge. For that
human activity, such as industrial and combustion processes. reason, chemoresistive sensors have emerged as a promising
However, since the replacement of the current energy sources
toward renewable ones is progressive, real-time monitoring of Received: June 7, 2021
the concentration of key pollutants is needed. With that, it is Accepted: August 11, 2021
possible to reveal in space and time when the gases reach the Published: August 19, 2021

TLV, and subsequently, different actions can be taken to

reduce both air pollution and human exposure to those health-

threatening levels.
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option, as they gather many of the requirements needed in the
next generation of inexpensive gas sensors.”

During the last decades, many research efforts have been
focused on the development of chemoresistive sensors based
on metal oxides (MOX). These devices usually show high
sensitivity to gases and fast response and recovery dynamics,
showing the potential for enabling ambient monitoring
applications.® However, some drawbacks are preventing their
effective implementation in commercial devices. For instance,
the selectivity of MOX-based sensors is still an issue, and
usually, high operating temperatures are needed to activate the
catalytic properties of MOX, leading to a high power
consumption and lower durability due to the coalescence of
MOX crystals into larger entities, altering their microstructure
and, thus, their gas-sensing properties.”’

In consequence, during the past few years, graphene has
been attracting great interest as a gas-sensitive material due to
its capability to work at room temperature.'’ Indeed,
graphene-based gas sensors are power lean and require simpler
circuitry because there is no need to use heating elements.
Besides, chemical vapor deposition of graphene is becoming a
more mature nanotechnology (now can be produced in large
quantities at relatively affordable cost) that shows superior
properties, such as high carrier density and mobility, which is
associated with low noise levels, and high surface area to
volume ratio due to being a 2D nanomaterial.'' However, an
important drawback of pure graphene-based gas sensors is their
low sensitivity to gases. For that reason, further graphene
modifications are often needed to improve its gas-sensing
properties. The most common modifications consist of the
direct functionalization of graphene (e.g., via wet chemistry,
reactive plasma, or low-energy ion bombardment that
generates defects and grafts functional groups) or its
decoration with nanoparticles or nanocrystals (e.g.,, metals or
metal oxides).'”'® However, the creation of a wide variety of
graphene hybrids or composites is also feasible."* With these
approaches it is possible to obtain sensitive, inexpensive, and
durable devices leveraging the high versatility of graphene to
being surface functionalized.

To the best of our knowledge, some nanomaterials such as
metal oxides have been widely used for detecting NHs,.
However, their use usually implies working temperatures of
about a few hundred degrees Celsius.'> Conversely, fewer
works are available for detecting NH; using carbon-based
nanomaterials at room temperature, probably because of their
limited charge transfer and, in consequence, poor sensing
responses.'® Indeed, carbonaceous nanomaterials like graphene
and carbon nanotubes have been mainly focused on the
detection of gases from combustion processes, such as nitrogen
dioxide,'” with higher charge transfer than NHs, or even
significantly hazardous ones such as benzene or hydrogen
sulfide.'®

Anthropogenic ammonia is related to industrial livestock
production, crop agriculture, or fertilizer industries. According
to the National Institute for Occupational Safety and Health
(NIOSH), the permissible time weighted average (TWA)
exposure limit is 25 ppm for 8 h, whereas the maximum short-
term exposure limit (STEL) to NH; is 35 ppm for 15 min."
Not limited to this, the significant role of NHj; is well-known in
additional environmental problems, such as promoting the
formation of particulate matter (PM,5).”" Therefore, there is a
need for commercial gas-sensing devices able to selectively
detect ammonia. In that way, the present paper combines two

nanomaterials, graphene and polypyrrole, which have been
demonstrated to show promise for detecting NH; at room
temperature.n’22

Functional conductive polymers, such as polypyrrole (PPy),
polyaniline (PANI), and poly(3,4-ethylenedioxythiopene),
probably assemble the requirements to be employed in the
next generation of sensors. Their main advantages lie in their
high sensitivity and their capability for room-temperature
operation, large-scale production, and easy integration in
wearable and flexible sensors.”® Specifically, polypyrrole has
attracted far more research efforts than other polymers due to
its superior properties such as biocompatibility and biodegrad-
ability, high conductivity, easy synthesis, and stability.”**> In
addition, the PPy morphology has a significant effect on the
physicochemical and electronic properties due to the different
arrangements found in PPy chains and their associated
different charge distributions. In consequence, PPy has been
synthesized in a wide range of nanostructures, such as
nanoparticles,26 nanoribbons,”” and nanofibers,”® to cite
some. These PPy forms are usually synthesized through
electrochemical methods, in which the pyrrole monomers are
electropolymerized in an electrolyte solution. The main
advantage of this method is the high control over the geometry
and thickness of the PPy synthesized by modulating the
applied voltage and current density.”” However, its main
drawbacks are associated with the relatively complex
instrumentation and the difficulty of large-scale production.™

Thereby, it is worth noting that since polymers usually lead
to sensitive gas detection of NH; even under room-
temperature conditions, the first nanocomposite of PPy NPs
and graphene as a gas-sensitive layer presents a significant
synergistic effect between the two nanomaterials. This novel
approach shows outstanding gas-sensing performance, enabling
a highly sensitive, reproducible, and stable NH; detection,
differing from the previously reported use of PPy films
combined with different graphene configurations such as
graphene oxide and reduced graphene oxide.”"*” Besides, the
synthesis method proposed has been revealed as an easy,
inexpensive, and scalable to large production approach. In
addition, the nanomaterial deposition over the sensor electro-
des through the airbrush method constitutes a straightforward
and fast way that implies high throughputs. But not limited to
this, the present work presents a green-chemistry approach in
which low concentrations of NH; are detected by using a
solvent-free synthesis procedure and biocompatible nanoma-
terials.

B EXPERIMENTAL SECTION

Synthesis of Polypyrrole Nanoparticles and Graphene
Decoration. The synthesis of polypyrrole nanoparticles was
conducted via chemical Fol}fmerization, modifying a protocol
described in the literature.”** Poly(vinyl alcohol) (PVA) (Merck
KGaA) was chosen as a water-soluble polymer to act as a dispersion
aid. Since previous works already reported that %reater molecular
weights of PVA lead to smaller PPy nanoparticles,>>>* a PVA with M,
= 186 000 was chosen. First, a 7.5 wt % solution of PVA dissolved in
distilled water was prepared under magnetic stirring at room
temperature for 10 min. Afterward, 3.5 wt % iron chloride (FeCly)
(Merck KGaA) was added to the aqueous PVA solution, waiting 1 h
to achieve the equilibration. In that time, the solution appearance
changed from limpid to orange because FeCl; acts as an oxidizing
agent, forming the PVA/iron cation complex. Subsequently, the
pyrrole monomer (C,H;N) (Merck KGaA) was added into the
aqueous PVA/FeCl; solution dropwise, with a molar ratio FeCl;/
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Figure 1. (a) HRTEM image of bare graphene; the inset shows a layered graphene structure (the red frame in the image indicates the area of the
inset). FESEM images of synthesized polypyrrole nanoparticles (PPy NPs) (b), the surface of the bare graphene (c), and graphene nanoflakes
decorated with PPy NPs (d) (red squares help to spot PPy nanoparticles on loaded graphene).

pyrrole of 2.5. Then, the solution was kept overnight under vigorous
stirring to complete the polymerization. Meanwhile, the appearance
changed from orange to black, indicating that polymerization took
place derived from the contact of the pyrrole monomer with the iron
cation. Nevertheless, the resulting nanoparticles should be extracted
and cleaned via the centrifugation method from the solution.
Specifically, three consecutive centrifugation processes (10000 rpm
and 10 min) were conducted, removing the dispersion solution and
washing with abundant distilled water after each centrifugation. The
resulting PPy NPs presented the form of a black powder that was
dried in an oven at moderate temperature (80 °C).

Afterward, a graphene solution in distilled water (0.5 mg/mL) was
prepared by using graphene nanoflakes (Strem Chemicals Inc.).
Subsequently, to achieve a suitable graphene exfoliation, the solution
was placed in an ultrasonic bath at high frequency (35 kHz) for 1 h.
Then, 5% wt of PPy NPs was added to the graphene solution and
immediately mixed under vigorous stirring for 2 h. This method is
based on PPy NPs supported on liquid-phase exfoliated (LPE)
graphene and constitutes an inexpensive, simple, and fast procedure to
obtain graphene nanocomposites with suitable decoration.

An additional graphene-based solution was prepared to act as a
reference sample. In this case, a bare graphene solution was prepared
and deposited as mentioned above. In consequence, the effect of the
sensing performance induced by the presence of PPy NPs can be
elucidated by comparing the sensing results obtained using the
reference sample (bare graphene) and the PPy-decorated one (PPy@
Graphene).

As it was mentioned before, the PPy NP synthesis and graphene
decoration were conducted using distilled water and room-temper-
ature working conditions. Furthermore, the products obtained (PPy
and graphene) are biocompatible, constituting a green experimental
procedure.

Sensing Device Fabrication and Gas-Sensing Measure-
ments. The resulting graphene nanoflakes decorated with poly-
pyrrole NPs were deposited via the airbrushing method, using
nitrogen as a carrier gas while the hot plate (i.e., substrate holder) was
kept at 115 °C. The solution was deposited onto alumina substrates
that comprised platinum screen-printed electrodes [Figure SI,
Supporting Information (SI)]. Subsequently, the gas sensors were
placed in an airtight Teflon chamber with a volume of 35 cm®. The
sensing chamber was connected to a gas mixing and delivery system
that used calibrated gas cylinders and pure dry air (Air Premier purity:
99.999%) as carrier. Then, the resistance of the different sensors was
monitored using a multimeter (HP 349724, Agilent), and resistance
changes were recorded while different concentrations of gases were
applied. In order to reduce the power consumption of the system and
to work under more realistic experimental conditions, the total flow
was adjusted at a low rate (100 mL/min) using a set of mass-flow
controllers (Bronkhorst High-Tech B.V.) and electrovalves. The
sensors were stabilized under dry air for 15 min before being exposed
to a given concentration of a gaseous species for 5 min. The responses
to several concentrations were recorded by applying successive
dilutions of gases and defining sensor response as AR/R, expressed in
percentage, where AR corresponds to the resistance changes recorded
over S min of gas exposure, while R, is given by the resistance of the
sensor in air (or baseline).

In order to characterize the gas-sensing performance under a humid
atmosphere, a controller evaporator mixer (Bronkhorst High-Tech
B.V.) was used to humidify the atmosphere during some of the
measurements. With that, the effect of the ambient moisture on
sensor response was evaluated as well.

Characterization of the Gas-Sensitive Materials. Physical and
chemical properties of the as developed sensitive films were analyzed
using several experimental techniques. The morphological features of
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Figure 2. XRD pattern (a) and Raman spectrum (b) of polypyrrole nanoparticles. The Raman bands’ assignment is summarized in Table 1.

PPy@Graphene were studied using a high-resolution transmission
electron microscope (HRTEM) (JEM 2100, JEOL Ltd.). For TEM
investigation of bare graphene, the layout deposited was scratched
from an Al,O; substrate and ultrasonically dispersed for 20 min, at 37
kHz and 100% of power, in a mixture of methanol and water. One
drop of the dispersion was then deposited on a lacy carbon film
supported by a copper grid (300 mesh). Figure 1a shows a section of
a graphene flake, which is part of a larger structure (Figure S2a, SI)
with a size of about 270 X 400 nm” An image obtained at higher
magnification (inset in Figure la) shows that this structure consists of
about 20 graphene layers with an average interlayer distance of 0.4
nm.

An AG-Ultra 5SS (Zeiss) field emission scanning electron
microscope (FESEM) was used to analyze both nanomaterials
separately and the resulting sensitive film. The synthesized PPy NPs
suspended in water were deposited on a piece of a silicon wafer,
showing monodispersed nanoparticles (Figure 1b). Besides, the
histogram depicted in Figure S2b (SI) shows a narrow nanoparticle
size distribution, situating the highest frequency in the range from 100
to 120 nm. Figure 1c shows the surface of the bare graphene layer. A
highly porous surface can be appreciated, which usually leads to better
sensing performances. Furthermore, Figure 1d depicts the graphene
nanoflakes loaded with PPy NPs, demonstrating an appropriate
decoration and nanoparticle distribution.

An X-ray diffraction (XRD) analysis was conducted using a Bruker-
AXS D8-Discover diffractometer (Bruker Co.) with a parallel incident
beam (Incoated GmbH). The X-ray diffractometer was equipped with
a HI-STAR general area diffraction system (GAADS) detector from
Bruker Co. The XRD measurement was conducted at 40 kV and 40
mA to generate the Cu Ka radiation, and the data were collected
stepwise over the range 26 = 5°—70°. Figure 2a shows the XRD
pattern of PPy NPs, in which a characteristic broad peak appears at 20
= 28.6° revealing low crystallinity and the amorphous structure of
PPy.*® This broadening is associated with the scattering of X-rays
from the PPy chains at the interplanar spacing.’

The synthesized PPy NPs were also characterized by employing
Raman spectroscopy. The PPy powder was placed onto a piece of a
silicon wafer and the analysis was conducted using a Raman
spectrometer (Renishaw plc) with a coupled confocal Leica
DM2500 microscope (Leica Microsystems GmbH). The laser
employed had a wavelength of 514 nm and the acquisition time
was set to 30 s, while three cycles or repetitions were acquired over
the spectra to reduce the noise level. Figure 2b shows characteristic
bands of PPy NPs summarized in Table 1.

Oxidation levels of PPy have a significant influence on the electrical
and physicochemical properties and, therefore, over the sensing
performance. The PPy structure consists of a conjugated system,
alternating single and double covalent bonds through the overlapping
of the p orbitals with delocalized electrons (o- and z-bonds). These
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Table 1. Raman Bands for Polypyrrole Nanoparticles in
Figure 2b

wavenumber
peak (em™) band assignment
1 620 C—C ring (torsional)
2 688 C—H wagging
3a, 930, 976 C—C ring deformation (bipolaron and polaron,
3b respectively)
4a, 1048, 1074  C—H in-plane deformation (polaron and bipolaron,
4b respectively)
S 1245 antisymmetric C—H in-plane bending
6a, 1324, 1377  C—C in-ring, antisymmetric C—N stretching (6b is
6b also associated with C—H and N—H bending
stretching)
1495 C—C, C=N stretching
1600 C=C in-ring, C—C inter-ring stretching

oxidized states are associated with intermediate energy levels within
the band gap, resulting in polarons and bipolarons.”® A polaron is
formed when a 7-electron is moved out from the neutral PPy, while a
bipolaron can be formed when a second electron is removed. Both
forms act as charge carriers along the conductive polymer.*” Thus,
these electron relocations as polarons or bipolarons induce crystal
lattice distortions in the PPy rings."” Raman spectroscopy for bare
PPy NPs (Figure 2b) reveals the characteristic bands related to several
molecular interactions. The Raman fingerprint obtained is summar-
ized in Table 1 and is consistent with those previously reported in the
literature,*"**

X-ray spectroscopy (XPS) has been conducted to analyze the
chemical composition of synthesized PPy NPs using a VERSAPROBE
PHI 5000 (Physical Electronics, Inc.) equipped with a mono-
chromatic Al Ka X-ray source. High-resolution XPS spectra were
recorded, accounting for an overall energy resolution of about 0.6 eV.
Figure 3a shows the C 1s core level deconvoluted in several
components, revealing as the most predominant one the carbon with
sp> configuration (C,) at 285.3 eV. This type of carbon bonding is
associated with sp® lattice defects and amorphous carbon, being
consistent with the low crystallinity registered for the XRD analysis.
The component centered at 284.4 eV reflects photoelectrons emitted
from the sp” carbon configuration (Cp), which is related to aromatic
carbon bonds, whereas the components shifted to higher binding
energies are attributed to the C—N (or C—0), C=N (or C=0), and
N-C=0 (or O—C=0), appearing at 286.5, 287.4, and 288.7 eV,
respectively. The components related to oxygen-containing functional
groups (also observed in the O 1s core level, Figure S3, SI), such as
carbonyl and carboxyl terminations, probably originated during PPy
polymerization, in which the terminations of the chains can interact
with water to form the oxygen groups.”

https://doi.org/10.1021/acsami.1c10559
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Figure 3. C 1s (a) and N 1s (b) XPS core level peaks obtained for the bare PPy NPs.
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Figure 4. Example of NH; detection (range 25—100 ppm) at room temperature for bare (a) and PPy NPs-loaded (b) graphene samples
(resistance, black line and left y-axis; gas concentration, red dashed line and right y-axis).

The deconvolution of the N 1s core level from PPy NPs is depicted
in Figure 3b. This peak shows four components, with an intense peak
at 400.0 eV associated with neutral nitrogen (N—H structure) in the
PPy ring, whereas the component at the lowest energy binding (398.1
eV) is related to imine structures (C=N). Besides, at higher binding
energies, two components appear related to the positively charged
nitrogen, which are polarons (C—N*) and bipolarons (C=N") at
401.2 and 402.5 eV, respectively. As a result, polarons are more
predominant than bipolarons in the synthesized PPy NPs.

Nitrogen adsorption—desorption analysis of bare and PPy-
decorated graphene was conducted using a Quadrasorb SI surface
analyzer (Quantachrome Instruments) for determining the BET
(Brunauer—Emmett—Teller) area, average pore size, and pore
volume. The samples were degassed overnight at 120 °C before this
measurement. The specific surface area was calculated through the
BET method and the pore size distribution was determined by the
BJH (Barret, Joyner, and Halenda) method. The obtained N,
adsorption/desorption results are summarized in Figure S4 and
Table S1 (SI). Specifically, the BET area obtained for bare graphene
(730 m*/g) was slightly higher than PPy@Graphene (644 m?/g).
This result can be expected since PPy NPs probably present a
significantly lower BET area. Nevertheless, negligible changes in the
average pore diameters and pore volumes were observed between
both samples, revealing that these parameters are mainly ruled by
graphene nanoplatelets.
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B RESULTS AND DISCUSSION

The ability of the hybrid nanomaterial developed for detecting
NH; was evaluated in similar conditions to those needed in
real-time monitoring. First measurements consisted of
repeated response and recovery cycles to 25, 50, 75, and 100
ppm of NH;. Figure 4 shows the typical dynamic responses
obtained for the bare (Figure 4a) and the PPy-loaded graphene
films, which experienced a significant increase in their
resistance when exposed to the target gas. Figure 4b, which
corresponds to the polymer-decorated graphene, shows that
this hybrid nanomaterial shows higher repeatability and better
baseline stability than its bare counterpart (Figure 4a).
Calibration curves of both types of sensors are summarized
in Figure SS (SI), showing that graphene decorated with PPy
offers up to 7-fold higher responses (i, intensity of the
resistance changes induced by the exposure to ammonia) than
bare graphene. Besides, since sensitivity is given by the slope of
the calibration curves, PPy@Graphene presents 14 times
higher sensitivity than bare graphene.

Conjugated polymers are well-known semiconductor
materials, whereas PPy stands out due to the high positions
of its HOMO and LUMO levels, being easily p-doped and
conferring high stability.”* In consequence, both nanomaterials
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employed, oxygen-defective graphene and Cl™-doped PPy,
show a mild p-type behavior. When the sensitive layer interacts
with an electron-donating molecule such as NHj, the hole
density is lowered, thus resulting in an increased electrical
resistance. According to the experimental findings, it can be
assumed that bare graphene can interact with NH; molecules;
however, the presence of PPy NPs decorating this carbon
nanomaterial involves a more intense interaction. In other
words, the presence of both nanomaterials creates a synergistic
sensing effect, in which graphene and PPy are interacting with
the target gas, thus resulting in superior sensing performance.
Besides, both nanomaterials show a noteworthy interaction
through strong hydrogen bonds and 7z—z-stacking.” As a
result, long-term sensor stability can be attributed to their
efficient interaction.”® In addition, the large graphene surface
area and its superior electron mobility induce a fast and
efficient char§e transfer with PPy NPs, leading to an effective
transduction.”’

The somewhat limited interaction between graphene and
NH; is well-known, especially under room-temperature
conditions.” In particular, oxygenated defects and functional
groups grafted at graphene act as adsorption sites for ammonia
molecules, leading a charge transfer toward the sensitive film as
follows:

NH,(g) — NH,"(ads) + e~ (1)

Nevertheless, PPy NPs tend to show higher interaction with
NH;, thus resulting in better sensing performance. Overall,
when graphene nanoflakes are decorated with PPy, these NPs
contribute to the NH; sensing through the donation of a lone
pair of electrons of nitrogen from the target gas to the initially
oxidized PPy, which results in a neutralized PPy through the
reduction of their doping level, thus decreasing conductivity.
Indeed, the ammonia—polymer interaction is based on a
compensation effect, in which the doping level of the polymer
chains varies through two reversible pathways.*” The first one
is related to an electron transfer, in which the positively
charged PPy NPs (PPy*) are reduced to their neutral form
(PPy°) when interacting with NH; molecules, whereas the
dopant anion (Cl7) that was compensating the charged PPy" is
reversibly displaced as follows:

PPy*Cl” + NH; = PPy’/NH,*, CI” ®)

The second feasible sensing mechanism involves a proton
transfer between ammonia, which is a strong base, with the
PPy NPs. Specifically, the PPy deprotonation toward ammonia
results in the formation of the ammonium ion that induces a

compensation effect through the dogant anion. Therefore, the
doping level is reduced as follows:

PPy*CI” + NH, = PPy(-H)’ + NH,*CI” 3)

It is worth noting that, roughly, greater specific BET areas
usually led to improved sensing performance owing to a larger
area for adsorbing gas species."1 However, graphene decorated
with PPy NPs showed better sensing performance than bare
graphene despite its lower BET area. This fact is revealing the
essential role of PPy in the NHj; gas detection, enabling a
significant electronic sensitization that compensates this lower
specific area and confirming the importance of the sensing
mechanisms proposed. Nevertheless, the mere presence of the
nanoparticles cannot explain the outstanding enhancement in
the sensing responses to NHj. Therefore, a synergistic effect
between graphene and PPy is probably held. For that reason,
their interface has been extensively studied. Roughly, both
nanomaterials are composed of sp> conjugated carbons
resulting in pristine graphene and neutral polypyrrole, showing
semimetallic behavior. Theoretically, pristine graphene is a
zero band gap semiconductor with a tiny overlap between the
valence and conduction bands.”> Nonetheless, XPS analysis
revealed that graphene employed in this work shows a
significant oxygen content (owing to different oxygen func-
tional groups present at the surface), which results in p-type
doping. This chemical functionalization and the presence of
the sp® carbon configuration induce a band gap opening in
graphene (Figure 5). Indeed, a UV—visible absorption
spectrum was recorded for graphene nanoflakes (Figure S6a,
SI) using a Cary S000 UV—vis—NIR spectrophotometer
(Agilent). Subsequently, the band gap was determined through
a Tauc plot, in which the gap energy was calculated by
extrapolating the linear portion of the graph between the
function (ahv)® versus the photon energy (eV), as shown in
Figure S6b (SI). A relatively wide band gap (3.1 eV) for
graphene nanoflakes resulted.

Regarding the PPy, this nanomaterial is a well-known
conducting polymer, but a large band gap separates the highest
occupied molecular orbital (HOMO) and the lowest
unoccupied molecular orbital (LUMO). Specifically, previous
works report a 3.2 eV band gap for PPy in its neutral state,”’
resulting in poor electronic conductivity. Nevertheless, it is
possible to increase the electronic transport by adding new
energy levels within this band gap (Figure S). Indeed, polymer
doping induces significant changes in the electronic profile due
to the electron removal or addition from the chain. The
synthesis route and reagents have a key influence in this
doping. Thus, in the present study PPy NPs doped with CI~
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Figure 6. Band diagram showing the p—p isotype junction between graphene and PPy NPs in air (a) and when is exposed to NH; gas (b). The
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Figure 7. Examples of electrical responses when detecting NH; in dry (a) and humid (c) conditions in the range of 1—5 ppm. Calibration curves
obtained for bare and PPy NPs-loaded graphene at low NH; concentrations (b). Comparison of the calibration curves obtained for a PPy@
Graphene sample in a dry and humid atmosphere (d). For the experiments carried out in a humid atmosphere, the relative humidity was set up to

50%.

were obtained due to the use of FeCl; as an oxidizing agent. At
low doping density, the polaron energy states raise the HOMO
and LUMO levels away from both sides of the band gap. In
other words, the HOMO level shifts up while the LUMO level
shifts down. But as Figure 2b depicts, bipolarons are also
present in the synthesized PPy NPs. As a result, polaron states
are partially combined, leading to bipolaron energy states,

40915

which are shifting the energy levels far away from either edge
of the gap. In consequence, when these energy bands overlap,
new intermediate band structures are formed at the polymer,
significantly reducing the band gap down to 1.5 eV,>* resulting
in a more efficient and straightforward electronic transport

throughout the PPy NPs.>®
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Figure 6a depicts a summary of the energy level diagrams for
graphene and PPy NPs. This p—p isotype junction, at
equilibrium under ideal conditions, shows greater discontinuity
in the conduction bands (AE) relative to the valence bands
(AEy), owing to the closer levels of valence bands between the
two nanomaterials according to XPS analysis.’® Therefore,
excitations of the sensitive layer translate into positive charges
(holes) being emitted from the graphene over the barrier into
the PPy NPs. In consequence, near the boundary of the
interface a depletion region can be formed,”” specifically
located on the graphene surrounding PPy. Conversely, PPy
NPs probably increase carrier concentration, thus being
considered as accumulation regions. As a result, the PPy@
Graphene sensing performance was enhanced because the NPs
would have an excess of positive charges that can be, to some
extent, recombined with the negative charges when interacting
with electron donor gas molecules such as NH;. Meanwhile,
graphene is lowering its concentration of majority charge
carriers (holes), further decreasing its conductivity and
enhancing gas-sensing response. This fact is worth mentioning
considering that graphene is mainly acting as a transducer
(since limited interaction with gases cannot be ruled out) while
the main gas interaction is probably located at the PPy NPs,
acting as gas recognition elements. Indeed, the potential
applied to the transducer element (graphene) is increasing the
charge flow and in consequence favoring the hole movement
from graphene to PPy NPs over the barrier.

Considering that NHj; is a donor of electronic charge while
the sensitive film is the receptor, the HOMO level of the gas
molecule interacts with the LUMO level of the sensor.”® Figure
6b depicts a schematic energy band diagram of the graphene/
polypyrrole interface when exposed to a strongly nucleophilic
molecule like NH;. This electron-donating gas specie is
attached to the sensitive film via coupling z-bonds.”” As a
result, once the gas donates electrons to the PPy@Graphene
layer, the Fermi level in dry air conditions (Ep ) undergoes an

upward shift, reaching Eg, which results in the lowering of the

majority carrier (holes) concentration.

This shift in the Fermi level for graphene and PPy NPs is
associated with a band-bending readjustment when the sensor
is exposed to NHj. In consequence, once ammonia adsorbs at
the hybrid nanomaterial, the energy gap at the interface
between the valence band of graphene and the HOMO of PPy
NPs widens (i.e., AEVg > AEy,), which favors holes from the

valence band of graphene to transfer toward the HOMO of
PPy NPs. In other words, upon exposure to ammonia, the
graphene layer loaded with PPy NPs sees the concentration of
its majority charge carriers (holes) reduced, which translates
into a significant change in the overall sensor resistance.
Considering the very low noise levels achieved in the
detection of NHj in the range of 25—100 ppm and the
improved sensing performance when graphene is loaded with
PPy NPs, further measurements at decreased target gas
concentrations were performed. The intermediate range of
ammonia concentrations ranging from S to 25 ppm was
studied, and results can be found in the Supporting
Information. Figure S7 (SI) shows the sensing responses and
calibration curves obtained. It is worth noting that this range of
concentration has significant interest for monitoring ammonia
in the ambient because it is close to the TWA and STEL values
defined by the agency NIOSH. Figure 7a shows the dynamic
response of a PPy@Graphene sample for the detection of very

low NH; concentration levels (from 1 to S ppm). Even at this
range of concentrations, a significant response repeatability and
baseline stability was achieved under room-temperature
operation conditions. Conversely, under these experimental
conditions, the bare graphene sample shows a significant
baseline drift (Figure S8a, SI) and poor sensitivity. Indeed,
Figure 7b depicts a clear enhancement of the sensing
performance when graphene is decorated with PPy NPs.
Specifically, PPy@Graphene shows higher resistance changes
(6-fold) and sensitivity (13-fold) than bare graphene.

Nevertheless, the presence of ambient moisture is a key
influencing factor on the gas-sensing performance due to its
interfering effect. In consequence, the previous experiments
carried out under dry conditions were reproduced under
humid conditions (50% relative humidity at 23 °C). Figure 7c
shows the dynamic response of the decorated graphene, being
quite similar to those obtained under dry conditions (Figure
6a). However, as Figure 7d depicts, PPy@Graphene samples
show slightly higher responses under humid conditions than in
a dry atmosphere. Specifically, the response under humid
conditions was 60% higher, while the sensitivity was increased
1.6-fold. As expected, PPy@Graphene samples increase their
response toward ammonia in the presence of moisture. When
water molecules get adsorbed on the PPy a swelling effect in
the polymer chains can occur. As a result, the polymer network
shows a greater distance between their chains, resulting in a
farther increase in resistance.”® In addition, adsorbed water
molecules might enhance the proton exchange with the NH,
molecule, inducing a further decrease in the hole concen-
tration, thus leading to higher resistance levels.

However, since these higher sensing responses can be
beneficial to lower the LOD or improve other sensing
parameters, variable relative humidity levels registered under
real conditions of operation can constitute a significant
drawback. To solve that, an alternative might be the creation
of a sensor array, in which a specific humidity sensor is
integrated. Therefore, with the calibration of the PPy@
Graphene sensor at multiple ambient moisture levels, this
issue could be overcome.

Considering the gas-sensing results obtained under a humid
atmosphere, the limit of detection (LOD) was estimated
through the following equation

5
LOD = 3—

b (4)
where S, is the standard deviation of y-residuals and b
corresponds to the sensitivity (slope) from the calibration
curve. As a result, the PPy@Graphene shows a LOD of 491
ppb for NH;, which is comparable to other types of organic-
based nanomaterials. For instance, the use of a conductive
sublayer of perfluoro-copper phthalocyanine (Cu(F16Pc)
covered by a lutetium bisphthalocyanine (LuPc2) sensitive
layer reveals a LOD of 140 and 2000 ppb depending on if
DMBz or TFBz was respectively grafted to the ITO
substrate.®’ Conversely, Figure S8b (SI) shows a significant
baseline drift and poor sensing responses for bare graphene
samples, denoting the enhancement effect of PPy NPs
decorating graphene nanoflakes. Furthermore, cross-sensitivity
was assessed (Figure 8) by measuring other reducing species
like carbon monoxide (CO) and aromatic volatile organic
compounds (VOCs) such as benzene (C4Hg) and toluene
(C;Hg). As a result, negligible resistance changes were
obtained toward these analytes in comparison to NH;, making
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Figure 8. Sensitivity coefficients (expressed as response/concen-
tration) for the different gas compounds tested.

the PPy@Graphene gas sensor reliable and promising to detect
ammonia in the environment.

To better understand the potential of the as developed
hybrid nanocomposite material, additional tests were per-
formed to assess the sensing performance of graphene
nanoflakes decorated with polypyrrole nanoparticles. The
sensor repeatability was evaluated by applying successive
NH; pulses for S min and recovery steps of 15 min between
gas exposures. Figure 9a shows an excellent sensor
repeatability, in which the hybrid nanomaterial PPy@
Graphene presents an error of about 0.7%. Besides, since fast
detection might be needed in ambient monitoring applications,
the sensor responses to NH; were also evaluated by reducing
the exposure time from S to 1 min, while the duration of
recovery steps was lowered from 15 to 5 min (Figure 9b). Even
under these experimental conditions, clear and repeatable
sensor responses were achieved.

Despite these superior sensing properties, a demonstration
of high stability and durability is also required before the
potential implementation of this sensor in commercial devices.
For that reason, a stability test was performed by measuring
and comparing the sensing responses toward 50 ppm of

ammonia for S months (Figure S9, SI). Only a small decrease
in response was registered after this S-month period.
Nevertheless, to better our understanding, the sensing results
were correlated with an XPS analysis performed on samples
freshly synthesized and after 5 months of continuous use, in
order to assess aging.

The C 1Is core levels were analyzed before the NH; gas
sensing (Figure 10a) and after S months of use (Figure 10b).
Table S2 (SI) summarizes the relative areas of the different
components, showing the absence of significant differences
between both C 1s spectra. Indeed, just a slight decrease in the
sp> configuration can be observed, while a limited increase in
both the sp® carbon configuration and oxygen content through
a higher intensity peak of C—O/C—N and C=0/C=N is
obtained. These results indicate a slight aging of the sensitive
film after S months due to the slight oxidation of the hybrid
nanomaterial, demonstrating superior reusability and stability.
N 1s core levels studied on the PPy@Graphene sample before
(Figure 10c) and after (Figure 10d) NH; sensing are
consistent with those assessed for the C 1s core levels.
Particularly, the quantification of the relative concentration of
the components shows a decrease in the neutral nitrogen
(NH) and an increase in the C=N defects of the PPy due to
the loss of conjugation during aging (Table S3, SI).
Interestingly, at higher binding energy a new component
appears when the sensor is exposed to NH; (Figure 10d). In
fact, this peak can be associated with the presence of amines,
denoting NH; adsorbed on the sensitive layer. In addition, the
O 1s core level component was also analyzed before and after
NH, sensing (Figure S10) for a PPy@Graphene sample. The
analysis of the O 1s spectrum shows an oxygen content related
to the partial oxidation of PPy and the oxygen-containing
groups grafted to graphene. Interestingly, a decrease in the
abundance of the C=O bond was observed while C-O
experiences a significant increase. This fact can be derived from
the conjugation of carbonyl groups due to the oxidation of PPy
and the interaction with the gaseous environment.

Therefore, the low-rate decay of response intensity with time
and its consequent low aging rate could be attributed to several
reasons. The PPy NPs synthesis using FeCl; as an oxidant
element leads to higher stability of electrical conductivity than
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Figure 9. Repeatability test for a PPy@Graphene sensor by applying successive exposures of S0 ppm of NH; (a). Fast NH; detection (gas exposure

of 1 min) by employing a PPy@Graphene sensor (b).
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Figure 10. C 1s core levels obtained for the sample PPy@Graphene before (a) and after (b) NH; gas sensing. Similarly, the N 1s were assessed

before (c) and after (d) the successive ammonia exposures.

other oxidants such as Fe,(SO,); or (NH,),$,04.°" The
reason is that some anions like SO, tend to experience higher
migration to pyrrole nitrogen than CI™ anions, resulting in the
quaternization of the nitrogen, thus increasing the PPy
degradation and instability. Besides, since sunlight and
operating conditions well above room temperature are well-
known Earameters that induce the aging and degradation of
PPy,*>%" the gas-sensing measurements have been conducted
under dark conditions and ambient temperature. Both
parameters can be easily implemented in airtight testing
chambers, favoring the preservation and stability of PPy NPs.
Even more noticeably, graphene probably plays an essential
role in preventing PPy aging thanks to its high hydrophobicity.
When water molecules directly interact with PPy chains, the
electron density of nitrogen atoms is changed,”® weakening the
interaction between the PPy and the dopant anion, in this case,
CI". As a result, ambient moisture reduces the electrical
conductivity of PPy NPs, accelerating their aging. However,
the hydrophobic character of graphene may protect the PPy
NPs toward their aging derived from the interaction with water
molecules. This fact was already demonstrated for other types
of sensitive nanomaterials, such as halide perovskites, in which
graphene increases their lifetime and stability toward the
presence of relative humidity in gas sensors®® and solar cells.””

Finally, Table S4 (SI) is summarizing several works that
report the use of different PPy/graphene hybrid configurations.
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Opverall, an increase in the sensing performance was achieved
when the PPy is present in the sensitive film. However,
essential information is frequently missing, such as the flow
rate applied, LOD, and different tests to assess the
repeatability, stability, and effect of the ambient moisture.
Table S4 (SI) depicts that graphene nanoflakes loaded with
PPy NPs show an outstanding sensitivity coefficient within the
works that report an in situ chemical polymerization. It is
worth noting that electrochemical polymerization can lead to
better sensing responses, since high control over the thickness
and PPy geometry can be achieved. However, their use
involves more expensive synthesis procedures and fewer
possibilities for industrial-scale production. Besides, Table S4
(SI) shows that the present work uses a low flow rate, 10-fold
lower than those reported in other works, as well as the use of
air instead of nitrogen as carrier gas. With these experimental
parameters, the sensing performance is probably under-
estimated to some extent because higher flow rates or sensing
in a nitrogen atmosphere can boost up the resistance changes.
But experimental conditions applied here are closer to those
needed in real-time monitoring of ambient pollutants.

B CONCLUSION

A solvent-free, green method was proposed to obtain a
graphene nanocomposite loaded with polypyrrole nano-
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particles for detecting NH; under ambient temperature
operating conditions. The chemical polymerization of PPy
NPs offers a low-cost and mass-scalable synthesis method,
resulting in biocompatible nanomaterials with outstanding
electrical properties. Indeed, the development of a chemical
resistive device able to operate at room temperature paves the
way for achieving widespread air quality monitoring systems
due to their simple readout interface circuitry, inexpensiveness,
low-power consumption, miniaturization, and high portability.
Besides, high gas sensitivity and remarkable repeatability and
LOD were obtained for detecting NH;. The sensing
mechanisms are probably dominated by electron transfer, in
which the presence of PPy decorating the graphene nanoflakes
induces a larger and more effective charge transfer interaction,
leading to enhanced sensing properties.

Nevertheless, despite the reduced footprint of this
technology, high stability over time is mandatory for gas
sensors. In consequence, the sensing properties were assessed
for 5 months, and XPS analysis was conducted to study the
aging of the hybrid nanomaterial. After an intensive use of the
developed sensors, a suitable stability was observed. The slight
oxidation of PPy observed in the XPS analysis is in agreement
with the slight decrease registered in response intensity after
several months of use in humid atmospheres. These results
indicate that these sensors meet many of the specifications for
being employed successfully in ambient monitoring applica-
tions.

Noteworthy, the present work reports the first use of a
nanocomposite comprising PPy NPs morphology and
graphene, revealing an outstanding sensing performance
owing to the significant synergistic effect derived from the
integration of both nanomaterials. With all of these, the
combination of both graphene and PPy NPs is paving the way
toward low power consumption and highly durable devices
thanks to their capability to be operated at ambient
temperature. Thereby, the as developed graphene loaded
with PPy NPs shows unprecedented sensing properties,
increasing its potential to be employed in commercial devices.
However, further optimizing this hybrid gas-sensitive material
(e.g, by fine-tuning the loading level of graphene with PPy
NPs or adjusting the size of PPy NPs) will be the subject of
future research.
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