
Contents lists available at ScienceDirect

Sensors and Actuators B: Chemical

journal homepage: www.elsevier.com/locate/snb

Tailoring the detection sensitivity of graphene based flexible smoke sensors
by decorating with ceramic microparticles

A.I. Mtz-Enriqueza, K.P. Padmasreea, A.I. Olivab, C. Gomez-Solisc, E. Coutino-Gonzalezd,
C.R. Garciae, D. Esparzaf,*, J. Olivag,*
a Cinvestav IPN, Unidad Saltillo, Parque Industrial, Ramos Arizpe, Coahuila, 25900, México
b Cinvestav IPN, Unidad Mérida, Depto. de Física Aplicada, Km 6 Ant. Carr. A Progreso, 97310, Mérida, Yucatán, México
c Departmento de Ingeniería Física, Universidad de Guanajuato, 37150, León, México
d CONACYT - Centro de Investigación y Desarrollo Tecnológico en Electroquímica, Parque Industrial Querétaro, Sanfandila s/n, Pedro Escobedo, 76703, Querétaro,
México
e Facultad de Ciencias Físico-Matemáticas, Universidad Autónoma de Coahuila, 25000, Saltillo Coahuila, México
fUnidad Académica de Ingeniería Eléctrica, Universidad Autónoma de Zacatecas, Av. Ramón López Velarde 801, C.P. 98060, Zacatecas, México
g CONACYT-División de Materiales Avanzados, Instituto Potosino de Investigación Científica y Tecnológica A. C., Camino a la Presa 2055, 78216 San Luis Potosí, SLP
México

A R T I C L E I N F O

Keywords:
Graphene composite
Flexible sensor
Smoke sensor
Perovskite
TiO2 sensor

A B S T R A C T

The fire risks detection using reliable devices with compact design and ultralow energy consumption has been an
important topic of research in the last years. Therefore, this work reports the fabrication and electrical char-
acterization of flexible graphene sensors (FGSs) for smoke detection. For this, a flexible graphene composite with
thickness of 1.0 ± 0.1mm was fabricated using a mold-casting method and sensitized with Ruddlesden Popper
perovskite (RPP) and TiO2 micro/nanoparticles for smoke detection purposes. The electrical characterization
indicates that the sensors sensitized with the RPP microparticles present faster response times and lower re-
covery times than those sensitized with TiO2 nanoparticles. The main advantages of these sensors are: 1) They
operate with very low power consumption (2−7mW), and 2) they do not need to be in direct contact with the
smoke source or fire source as reported in previous graphene based sensors. Thus, the flexible smoke sensors
presented here offer new opportunities to develop a new generation of low cost and compact sensors which can
be re-designed in the near future for detecting other types of gases for security purposes or medical applications.

1. Introduction

Graphene has attracted great attention due to its applications in the
medical field, for example, AgInZnS–graphene oxide (AIZS–GO) nano-
composites with high brightness and tunable emission have been em-
ployed for in vivo imaging of breast cells [1]. Further, nanocomposites
based on reduced graphene oxide such as CsPbBr3/rGO and Cu2O∕rGO
have been employed for photoconductive switching, that is, these na-
nocomposites generates an electrical current (photoelectrical response)
under optical or X-ray photon stimulus [2,3]. Particularly, the devel-
opment of flexible graphene based gas/chemical sensors are of huge
interest for the wearable electronics. This is due to their potential for
detecting dangerous chemicals in industrial working areas or for health
monitoring [4,5]. However, the flexible sensors are still in a pristine
state. Therefore, the search of new graphene based flexible gas/che-
mical sensors is now a very atractive research area. The wearable

sensors should be mechanically strong, highly flexible, lightweight, and
friendly with the environment [6]. Nowadays, graphene is used to
fabricate flexible sensors for the detection of various hazardous gases
such as nitrogen dioxide (NO2), ammonia (NH3), hydrogen (H2), hy-
drogen sulfide (H2S), carbon dioxide (CO2), and sulfur dioxide (SO2)
[1]. Further, bendable and washable electronic textile gas sensors
composed of reduced graphene oxides using have been reported [7].
These sensors present a high response to NO2 even in presence of other
gases such as CO2 or after 1000 bending cycles. Also, gas sensors made
of reduced graphene oxide/graphene (rGO/G) composite have been
tested for ultra-low detection of ammonia [8]. Here, the electrical re-
sistance of the rGO/G composite indicates the ammonia concentration.
The change of the electrical resistance is due to the adsorbing layer
(rGO) catches ammonia, where a charge transfer occurs from ammonia
molecules toward the graphene conductive layer, this in turn, enhances
the charge/electron transport and allows an increase of the signal-to-
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noise ratio from 22 to 1008 [8]. Moreover, some groups have reported
graphene based sensors for the detection of CO2 even in presence of
oxygen, nitrogen, and argon as well as for the measurement of relative
humidity with short response time (below 10 s) [9,10].

Although the graphene based gas sensors have been explored, there
are only few reports about graphene based sensors for smoke detection.
Preventing the risk of fire for building and houses could save millions of
dollars as well as millions of cubic meters of water per year. Typically,
optical detectors have been widely utilized indoor and are activated via
detecting the smoke produced by a fire after the flaming of the com-
bustible materials. These detectors usually have long response times of
at least 100 s [11]. For this reason, it is suitable a fast detector because
any delay for the detection of fire can produce life and property losses
(above all for skyscraper buildings). Most of the commercial smoke
detectors (thermocouple or optical detectors) do not offer a timely and
reliable alarm response for a fire risk, which normally starts with an
increase in temperature of the combustible material due to a heat
source (lighter, cigarette, electric spark, etc.), which in turn, produces
small concentrations of smoke from decomposed products. Therefore, a
rapid response sensor for detecting very low smoke concentrations is
highly desirable. In fact, the generation of early warning signals in
presence of abnormal environmental temperature could avoid the start
of a fire [11]. As an effort to create better alarm systems to prevent a
fire, some alarm wireless systems have been designed. These systems
avoid problems of limited transmission distance as well as high cost of
construction and maintenance of typical automatic alarm systems
which operate through a network of cables [12]. In fact, the most
modern fire detection systems employ an arrangement of multi-sensors
(including gas, temperature, and humidity sensors), data acquisition,
and processing modules. Those integrated elements are able to accu-
rately transmit the physical or chemical information into an electric
signal, to send rapidly the signal to the fire alarm controller but the
huge amount of information transmitted by the sensors becomes the
major problem [13]. A simple method is observing the values of several
sensors, if they exceed the threshold values, the warning system will be
triggered. However, this mode increases the false alarm rate and greatly
reduces credibility, since many times the fire occurs when all of the
observation values coming from the multiple sensors do not exceed the
threshold values. Another problem of the current alarm systems is the
complexity of their electronic components, communication network
and software that they utilizes to operate and to detect the fire.
Moreover, the difficulties for the detection of fire risk is increasing over
the last years because the new buildings and insulator materials are
mostly made of synthetic materials which are more flammable and
produce higher amounts of dangerous and toxic smoke than conven-
tional materials as wood or cotton [14]. Furthermore, there is a new
trend for the construction of smart buildings which need smoke de-
tection systems integrated to alarms for earthquakes or gas leakage
[15]. For this reason, it is important to develop new fire detecting/
warning sensors to quickly warn the starting ignition or abnormal
temperatures of any combustible material and this will serve to rapidly
attack the fire and avoid its spreading [16]. In this sense, the graphene
based fire sensors have emerged as the ultimate device for early de-
tection of fire. Xu et al. [11] reported graphene oxide wide-ribbon
(GOWR) wrapped sponges to monitor fire safety of combustible mate-
rials. Novel rectangle-like GOWR sheets are synthesized from unzipping
carbon nanofibers. Such sponges are lightweight, have good hydro-
phobicity, reversible compressibility, excellent acidic/alkaline toler-
ance, and flame resistance. The GOWR sponge can be in-situ thermally
reduced in contact with a flame attack or abnormal high temperature,
this in turn, provokes a change in its electrical resistance. As result, an
alarm with response time of only 2 s is achieved. On the other hand,
Ferry et al. [17] developed a graphene based flame sensor, which is able
to detect a flame based on changes of temperature in the horizontal and
vertical directions on the sensor. However, the sensor has a long re-
sponse time of 5min and other 5min to recover their original resistance

and to be ready for a new detection. Wu et al. [16] proposed a rapid
flame detection system based on multilayered graphene oxide/silicone
structure with response time of 2–3 sec. This system monitors the
change of electrical resistance on the composite during the flame de-
tection process. This graphene composite also induced a flame re-
tardancy which allows increasing the alarm time and delays the fire
propagation. In general, the graphene composites also have been useful
to detect Polycyclic aromatic hydrocarbons (PAHs) which are con-
sidered as carcinogenic compounds coming from the mainstream ci-
garettes [18]. Further, Perovskites, such as CsPbBr3-xIxNCs,
(iBA)2(MA)n-1PbnI3n+1, and MAPbI3, have been hybridized with gra-
phene for the fabrication of highly sensitive photodetectors with re-
sponsivities as high as 8.2× 108 AW−1 [19,20] or for flexible photo-
detectors where the polyimide substrate permits good mechanical
flexibility, electrical stability, high responsivity (115 AW−1), and con-
stant photocurrent after 3000 bending cycles [21].

On the other hand, titania (TiO2) films with nanorods-like, 3D
flower-like or porous structures have been widely used for the fabri-
cation of chemical gas sensors which allows the detection of CO, H2,
ethanol and ammonia gas for medical and security purposes [22–26].
However, one of the main problem of titania based sensors is the fact
that TiO2 is synthesized by hydrothermal methods which requires long
growing times and its morphology is not well controlled. Additional
problems are the fact that the TiO2 films are prepared by expensive
techniques such magnetron sputtering and chemical/thermal oxidation
of Ti substrates. Further, the titania sensors have a maximum sensitivity
in the range of 200−450 °C, which is a relatively high temperature
[25,26].

Although these previous graphene based sensors show a fast re-
sponse time, their main disadvantages are the fact that the flame (ig-
nition source) should be in direct contact with the sensor. These sensors
also need high operating voltages (20–30 V) and they are voluminous
(2×2×1 cm3). Thus, lightweight, flexible, and compact graphene
composites would be suitable for smoke detection. For this reason, this
work studied a new class of graphene based sensor which is able to
detect low smoke levels without the need of direct contact between the
ignition source (flame) and the graphene sensor. For this, a porous, thin
and flexible graphene composite was sensitized with perovskites or ti-
tania (TiO2) ceramic materials. Moreover, flexible graphene composites
sensitized with perovskites have not been used for smoke detection
sensor to the best of our knowledge. Therefore, we decided to use in this
work the layered Ruddlesden–Popper perovskites (RPP) with n=3
(Sr2.8Ca0.4Nd0.8Fe1.5Co1.5O10, which have demonstrated great potential
to enhance the photocurrent/efficiency of perovskite based solar cells
[27]) and porous titania. Those materials were embedded into the pores
of the graphene composites (GCs), creating additional paths or channels
that enhanced the electrical conductivity of the GCs after contacting
smoke, this allowed the smoke detection when their amorphous carbon
particles (hot smoke) arrive to the smoke sensor with temperatures as
low as 50−70 °C, which overwhelms the problem of detecting a fire
risk at low temperatures. A comparison between the flexible smoke
detectors made of TiO2 and RPP, indicates that the RPP based detectors
have faster response time (20 times faster), 88 % lower recovery times,
143 % higher current generation and 40 % lower operating voltages.
The performance improvement was due to the following reasons: i) the
RPP microparticles deposited into the porosity of the graphene network
created additional paths that enhanced the flow of current through the
graphene nanoplates into the flexible sensor, and 2) the electrical re-
sistance of the flexible sensor decreases with the increase of tempera-
ture in the RPP microparticles (they were heated after making contact
with the hot smoke produced after burning paper), this in turn, in-
cremented the current generation by the flexible sensor. These two
effects above were not observed in the TiO2 based sensors. Thus, the
thin and flexible graphene based sensors presented in this work could
pave the way for the development of new generations for low cost and
compact smoke detectors.
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2. Experimental section

2.1. Fabrication of the flexible and porous graphene composites

The flexible and porous graphene composites (FPGCs) were fabri-
cated using a mold-casting method previously reported [28]. Briefly,
commercial graphene nanoplates (multilayer graphene nanoplates from
American Materials Co.), epoxy acrylate resin (surfactant hardener),
acetone, water, and ethanol were mixed with a weight ratio of
0.9:0.02:40:40:40, respectively, under rigorous stirring for 30min.
Next, the graphene solution was dropped on a plastic mold and dried at
100 °C. After this, the FPGC was irradiated with UV light at 254 nm
during 3min to produce its partial hardening and a solid graphene
block was formed. Subsequently, an acrylic monomer, isopropyl alcohol
(IPA), acetone and dicumyl peroxide (photoinitiator) were mixed with a
weight ratio of 0.30:1:1:0.02 and dropped on the graphene block. Fi-
nally, the porous graphene composite was removed from the mold. The
dimensions of the FPGCs were 3 cm (length) × 2 cm (width) × 0.1 cm
(thickness) and their composition was acrylic polymer/graphene= 25/
75 (wt%/wt%) [28].

2.2. Decorating the FPGCs with RPP and TiO2 ceramic powders

Once the FPGCs are fabricated, the middle part of each graphene
composite (area of 1.8× 1.0 cm2) was sensitized with RPP micro-
particles (synthesized by solid state reactin method [29]) or TiO2 na-
noparticles (synthesized by a precipitation method [30]) using the
following procedure: a mixture of isopropanol (IPA), acetone, sodium
dodecyl sulfate, and perovskite powder or TiO2 is prepared with a
weight ratio of 1.0:1.0:0.01:0.04, respectively. Subsequently, 60 μl of
this solution is deposited on the middle part of the FPGCs by spin
coating at 1000 rpm. Finally, the perovskite or TiO2 layer is dried at
100 °C for 30min. The FPGC sensitized with perovskite was named
GPEROV1 while that sensitized with TiO2 was named GTiO. The same
procedure above for the sensitization of another FPGC was achieved but
using a weight ratio of 1:1:0.01:0.080 for IPA, acetone, sodium dodecyl
sulfate and RPP microparticles and this sample was named GPEROV2.
For this work, the FPGC sensitized with RPP microparticles or TiO2

nanoparticles is referred as the "smoke sensor". Thus, the GPEROV1,
GPEROV2 and GTiO samples are considered as smoke sensors.

2.3. Structural and morphological characterization

The surface of the FPGCs and their cross-section were analyzed
using scanning electron microscope (model Auriga 3916). Electron
dispersion spectroscopy (EDS) was carried out using an Oxford
Instruments detector. The X-ray diffraction (XRD) patterns of the
samples were obtained by using a Bruker D8 equipment with a CuKα1
radiation (λ=1.54056 Å) in the 2θ range of 8–80°.

2.4. XPS and optical characterization

The X-ray photoelectron spectroscopy (XPS) analysis was performed
with a Model K-Alpha equipment from Thermo Scientific Instruments,
which employs a monochromatic AlKα radiation (E=1486.68 eV). The
deconvolution of the XPS spectra was achieved bya SDP v4.1 software.
The Fourier transform infrared (FTIR) spectra of samples were recorded
in the 400–4000 cm−1 range with a Perkin Elmer (BX-FTIR) spectro-
photometer using the KBr method.

2.5. Mechanical and electrical characterization

For the mechanical tests, the samples were prepared according to
the ASTM D-638 standard. The tensile properties were measured by
using a home-made universal testing machine controlled with a
LabView software with a cross-head speed of 7×10−4 mm/s. The

chronoamperometry curves were obtained by a Wavenow potentiostat/
galvanostat system with a two-electrode configuration. All the chron-
oamperometry curves presented in this work were obtained by aver-
aging 10 different curves measured under the same operating condi-
tions.

2.6. General experimental conditions for smoke detection using the
sensitized FPGCs (smoke sensor)

The experiments for smoke detection using the FPGCs were carried
out in a closed room without the influence of winds or air flow.
Basically, the position of the FPGCs (smoke sensor) was fixed in the
room and the smoke source (white bond paper) was placed directly
under it and the separation distance between the smoke source and the
smoke sensor was in the range of 50−170 cm (depending on the type of
smoke sensor employed as explained in Section 3.2). After this, a small
voltage was applied to the smoke sensor (0.3 V) and the white paper
was exposed to fire to burn it. Consequently, smoke was produced and
flowed toward the smoke sensor, this in turn, increases the amount of
electrical current passing through the smoke sensor. Afterwards, a peak
of current is produced by the sensor, which can be used by an electronic
system to generate an alarm of fire. The temperature of the smoke
sensor before the smoke detection was the room temperature (28 °C)
but it changed to temperatures in the range of 60−140 °C during the
smoke detection as explained in Section 3.2. The composition of the
smoke generated after burning the white bond paper was CO2, water
and amorphous carbon. From all these components, only the amor-
phous carbon remained attached to the flexible smoke sensor as de-
monstrated later by XPS measurements. Thus, the detection target by
the smoke sensor was the amorphous carbon. Our sensor did not react
to CO2 gas molecules or water, it detected only the amorphous carbon
compounds from smoke. Particularly, the flexible smoke sensor pre-
sented here cannot measure the smoke concentration, and only detects
the smoke qualitatively. Finally, we should mention that all the ex-
periments were achieved in air.

3. Results and discussion

3.1. Structure and morphology of the flexible graphene based smoke sensors

Fig. 1a shows a top view of the flexible and porous graphene
composite (FPGC) prior to the sensitization with RPP or TiO2. A porous
surface with graphene nanoplates overlapped and oriented in the in-
plane direction is observed. The pore size ranges from 10 to 60 μm. The
average dimensions of the graphene sheets are 8×12 μm2 and their
crystalline structure has been reported in a previous publication [28].
Fig. 1b shows a cross section image of the FPGCs. Pores with irregular
shapes and grooves are observed, which produce discontinuities in the
graphene structure. Inset in Fig. 1b shows bendable FPGCs (their elastic
modulus was 24MPa) before its sensitization with the RPP micro-
partiles or TiO2 nanoparticles. Fig. 1c shows a SEM image of the FPGCs
sensitized with the RPP microparticles (GPEROV2 sensor). As observed,
the RPP microparticles are randomly distributed and the graphene
nanoplates are coalesced, since no individual nanoplates are visualized
as in Fig. 1a. Fig. S1 in Supporting Information shows several SEM
images of the RPP powder (Sr2.8Ca0.4Nd0.8Fe1.5Co1.5O10) before its
deposition on the FPGCs. Here, the RPP microparticles have an irre-
gular shape and sizes in the range of 0.4–6.5 μm. After the deposition of
these microparticles, they are distributed on the coalesced nanoplates
as showed in Fig. 1c, but others are located into the porosity of the
FPGCs as observed in Fig. 1d, see red circles. Such microparticles into
the pores of the FPGCs creates additional contact points among them,
generating extra paths for the conduction of current as will be explained
in the following section. The RPP microparticles have a tetragonal
structure [29]. Furthermore, Fig. 1e presents the surface of the FPGCs
sensitized with TiO2 (TiO sensor). Here, the surface of the GCs is almost
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completely covered by huge particles of TiO2 with sizes in the range of
1−17 μm. We believe that the deposition method of the TiO2 nano-
particles produces their agglomeration, since they were originally
synthesized with an average size of 43 nm, see HRTEM image in Fig.
S2a of the Supporting Information. These nanoparticles present a
mixture of rutile and anatase phases, which were obtained in a previous
report [30], see Fig. S2b. A closer inspection of the FPGC surface sug-
gests that their pores are saturated with nano/micro TiO2 particles, see
green circles in Fig. 1f. It is not possible to observe at naked eye the
sensitized area on the FPGCs prior to their use as sensors, therefore, the
FPGCs were saturated with the RPP and TiO2 particles in order to vi-
sualize the sensitized area, see inset in Fig. 1d. As observed, there is a
white and black layer in the middle of the FPGCs.

3.2. Fast smoke detection using the FPGCs

Fig. 2a depicts an image of the FPGCs coupled to two electrodes and
Fig. 2b shows the FPGCs with the sensitized area in the middle part. The

composite will receive a small voltage signal through the electrodes,
and an electrical current will flow through it. When the FPGCs receive
the smoke as depicted in Fig. 2b, a change of electrical current occurs as
a function of time, this in turn, will generate an ON/OFF signal as in-
dicated in Fig. 2c, which is measured through the chronoamperometry
curves. For a real application, the graphene sensor need to be connected
to a compact and small electronic system which will activate a noisy
alarm or will turn on lights when an increase of current occurs (ON in
Fig. 2c) and the alarm will stop when the current signal decreases
(OFF). Fig. 2d shows a representative picture where the FPGC is con-
nected to two electrodes and exposed to smoke. The electrodes are also
connected to the galvanostat/potentiostat for the chronoamperometry
measurements. Due to the intrinsic high electrical conductivity of the
FPGCs (8–10 S/cm) [28], only a very small voltage of 0.3 V was ne-
cessary to produce an initial electrical current of 1–6.5 mA in absence of
smoke. This operating voltage is much lower than the 24−30 V re-
ported in previous works for early detection of fire using 3D GO/sili-
cone or GO wide ribbon sponges [11,16].

Fig. 1. SEM images of FPGC without sensitizing layer (a and b), FPGC sensitized with RPP (c and d) and FPGC sensitized with TiO2 (e and f). Inset in Fig. 1b shows the
flexibility of the FPGCs and inset in Fig. 1d shows a picture the FPGCs sensitized with RPP and TiO2 powders.
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Before the smoke detection with the sensitized FPGC (named now
flexible graphene sensor or FGS), we carried out the calibration ex-
periments in order to understand how the FGS behaves without RRP
microparticles or TiO2 nanoparticles. In the first experiment, we si-
mulated a closed environment which does not have the influence of
winds or any air flow that can interfere with the smoke’s path (distance
from the smoke source and the FGS, see separation distance (SD) in
Fig. 2d). To start the experiment, the position of a FPGC (without
sensitizing material) was fixed, a small voltage (0.3 V) was applied and
current value oscillating between 6.0 and 6.2 mA was observed (from
t=0 to t= 125 s), see Fig. 3a. Subsequently, a piece of common white
bond paper was burned and put directly below the FGS (at t= 125 s). In
this way, the smoke is directed toward the sensor (SD=50 cm). After
some seconds, a negative current peak was observed at t= 128 s
reaching a minimum at t= 143 s, see Fig. 3a. At this time, the smoke is
removed and the current increases up to ≈6.2mA, which remains until
t = 245 s. After this time, the FGS is submitted again to the influence of
the smoke and a new negative peak is observed with a minimum of
current at t= 270 s. The smoke is retired and the current signal in-
creases again. This last procedure was repeated for a third time and the
last peak of minimum current was observed at t= 335 s. This experi-
ment was useful to confirm that the FGS is not able to produce an in-
crease of current (ON/OFF signal) under the smoke’s influence. The
decrease of the electrical current indicates an increase of the internal
electrical resistance in the FPGC. This could be possible if the pores in
the composites are expanded, which is caused by an excessive heat
produced when the hot smoke (which contained mostly carbon amor-
phous particles) is contacting the FPGC (this temperature was in the
range of 120−140 °C for a SD=50 cm), this in turn, would relax the
internal graphene network and to reduce the contact points between
graphene nanoplates. To corroborate this last hypothesis, SEM images
were obtained for the FPGC after exposure to smoke, see Fig. 3b. As
observed, there are bigger pores in comparison with those shown in
Fig. 1a, and the pore size increased from 10−60 μm to ≈22−250 μm.
Further, the graphene nanoplates are not overlapped in the in-plane
direction as observed in Fig. 1a, and they seem more separated and
plasticized (maybe the polymer moved away from the bulk in the
composite toward the surface, which changed the texture of the

Fig. 2. a) FPGC without the sensitized layer, b) FPGC with the sensitized layer,
c) representation of the On/Off signal from the FGS, and d) the FGS exposed to
smoke.

Fig. 3. a) Chronoamperometry curve of the FPGC without sensitizing layer, b)
SEM image of the FPGC after smoke exposure and c) Chronoamperometry curve
of the GPEROV1 sensor with FPGC/RPP of 99.5/0.5 as weight ratio
(SD=50 cm).
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graphene nanoplates on the surface). In a second experiment, a FPGC
sensitized with RPP microparticles was employed (FGS named
GPEROV1) and the SD between the smoke sensor and the smoke source
(burned white paper) was 50 cm. At the beginning, a small voltage of
0.3 V was applied and an average current of ≈13.3 mA was observed
from t= 0 to t= 70 s. After this time, the GPEROV1 sensor was ex-
posed to smoke and an increase of current (≈3.4mA) was observed
after only 1 s. After this time, the smoke source is quickly removed and
the relaxation time was measured. The recovery time was ≈11 s (from
t=72–83 s) as observed in Fig. 3c. The response time observed is 2 s
faster than that reported for an early warning sensor made of GO/sili-
cone structures or for a fire alarm wallpaper thermosensor based on
hydroxyapatite/GO compounds [16,31]. Also, it is remarkable that no
direct contact between the ignition source and the sensor is necessary as
indicated in the previous graphene based alarm systems. However, for a
real application, a separation distance of approximately 2m between
the floor and the fire alarm is recommended to guarantee an efficient
detection of fire risks in normal ceiling heights [32]. For this reason, we
carried out the next detection experiments using a SD value of 1.7 m.
Although this separation distance is a little lower than that suitable of
2m, this distance is much higher than these reported in previous gra-
phene systems [11,16,31]. Fig. 4a shows the chronoamperometry curve
for the GPEROV1 sensor (made with a weight ratio FPGC/RPP of 99.5/
0.5) obtained with an operating voltage of 0.3 V. During the first 24 s,
the GPEROV1 sensor presented a horizontal curve with an average
current value of 6.15mA. After this time, the GPEROV1 sensor was
exposed to smoke (SD=1.7m) and the current increased ≈0.37mA,
reaching a maximum current of 6.52mA after 28 s. The GPEROV1
sensor is still exposed for 12 s to the smoke and the relaxation time
started from t= 64 s. In order to observe whether the response of
GPEROV1 sensor is reproducible or not, it was exposed again to the
smoke at t= 109 s and at t= 202 s for 36 s, see second and third cycles.
As observed, the peak current value was similar for the 3 cycles but the
response time for the second cycle was 22 s lower than for the third
cycle (compare the raise of current for the 2nd and 3rd cycles in
Fig. 4a). Fig. 4b depicts the chronoamperometry curve (obtained with
an operating voltage of 0.3 V) for the FPGC sensitized with TiO2 (GTiO
sensor) which had a weight ratio FPGC/TiO2 of 98.2/1.8. In this case,

the initial current value without exposure to smoke was 1.42mA. When
the GTiO sensor was exposed to the smoke (SD=1.7m), it takes 63 s to
reach a current peak. After only 3−5 s, the current signal decreases
even in presence of smoke (t= 104 s). Therefore, it was removed to
allow a relaxation time. After 158 s, a horizontal line is observed but the
original current level of 1.42 s was not observed anymore. From this
point (t= 262 s), the GTiO sensor was exposed to smoke again and a
high response time of ≈60 s is observed. In this second cycle, the
current peak increased up to 1.76mA. From there, the smoke signal was
maintained for ≈41 s more and then removed at t= 362 s to allow the
sensor relaxation but the current level obtained after the first cycle
(1.57 mA) was not already observed, see chronoamperometry curve
from t=362 s to t= 600 s. By comparing Fig. 4a and b, we noticed that
the response time of the GTiO sensor was 37 s higher than that for the
GPEROV1 sensor and the height of the peak current for GTiO was not
repeatable; compare the peak current of cycles 1st and 2nd in Fig. 4b.
Due to the better performance for the smoke sensor made with RPP, we
studied how the concentration of the RPP affects the performance of the
graphene smoke sensor. For this purpose, another sensor named
GPEROV2 with a weight ratio of FPGC/RPP=97.4/2.6 was prepared.
A comparison of the CA curves of Fig. 4a and c indicates that the re-
sponse time is faster for GPEROV2 (4 s for the first cycle in GPEROV2
and 28 s for the same cycle in GPEROV1), the total increase of current
in the first cycle was also higher for GPEROV2 (≈0.8mA) with respect
to that for GPEROV1 (≈0.37mA). Surprisingly, the second cycle of
GPEROV2 had a total increase of current (1.1 mA, from 141 s to 147 s)
higher than that for the first cycle, reaching a maximum at 12.9 mA.
Moreover, the 2nd, 3rd and 4th cycles had similar response times of 6 s,
see Fig. 4c. It is also observed that the 1st, 3rd and 4th cycles had very
similar peak current values.

In a real fire or beginning of a fire, it would be very important to
keep the alarm working to guarantee that the users of the buildings
have enough time to get out. In order to evaluate how the content of
carbon particles affects the performance of the GPEROV1 sensor, dif-
ferent masses of white bond paper were burned and the detection ex-
periments were carried out again. The chronoamperometry curve is
depicted in Fig. 4d (SD=1.7m, 3 cycles). Before the smoke detection,
0.3 V was applied to GPEROV1 sensor for 328 s in order to guarantee a

Fig. 4. Chronoamperometry curves of: a)
GPEROV1 sensor with FPGC/RPP of 99.5/0.5 as
weight ratio (SD=1.7m), b) GTiO sensor with FPGC/
TiO2 of 98.2/1.8 as weight ratio (SD=1.7m), c)
GPEROV2 sensor with FPGC/RPP of 97.4/2.6 as
weight ratio (SD=1.7m) and d) GPEROV1 sensor,
each cycle was obtained by burning 3 different masses
(1.3, 2.75 and 25 g) of white bond paper.
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constant initial level of current. In this case, the initial level of current
was around 6.2mA, which is close to the 6.15mA value observed in
Fig. 4a. In fact, the initial current can be maintained around 6.2mA for
at least 24 h. This means that the GPEROV1 sensor could be in “stand
by” mode in a ceiling for smoke detection without producing an ab-
normal increase of current which can be interpreted as a false alarm,
reproducing perfectly the function of the commercial smoke detectors.
For the first cycle, Fig. 4d, only 1.3 g of white bond paper was burned
for the detection experiment, resulting and an increase of 0.13mA after
only 8 s. For the second cycle, the mass of burned paper increased up to
2.75 g, which is the mass of bond paper originally burned to generate
the smoke detection signals (peak current) observed in Fig. 4a–c. As
observed, an increase of ≈0.36mA is observed after 27 s. This last re-
sult reproduces the behavior observed for the cycle 1 in Fig. 4a. For the
third cycle, a very dense smoke (simulating a strong fire) is generated
by burning 25 g of bond paper. For this case, the peak current was
0.23mA after 7 s, which is a lower value than that obtained in the
second cycle, suggesting a saturation of the sensor surface with the
smoke given the reduction of the current peak, but high enough to
activate the alarm signal. This reduction of the peak current could be
also useful to interpret whether the produced fire is being reduced or
not.

In general, the response time of the FGS based on RPP was≈9 times
lower than that sensitized with TiO2, compare the response times in
Fig. 4b and c. The sensitivity of the FGS was increased (that is, a re-
duced response time from 28 s to 6 s) by increasing the RPP con-
centration from 0.5 to 2.6 wt%. On the other hand, the FGS sensitized
with TiO2 presented a saturated surface and very slow response time.
For this reason, the content of TiO2 was not increased even more for
additional studies. The response time of the GPEROV2 sensor is more
competitive in comparison with the previously reported value in alarm
systems based on graphene composites with the advantage that the
smoke detector can be used as far as 1.7m from the fire source, which is
not possible with the previous alarm systems.

3.3. Mechanism for smoke detection using FPGCs (FGS)

The FGS are considered as variable resistors whose electrical re-
sistance changes as a function of temperature and electrical con-
ductivity of the sensitizing material. Fig. 5a shows a schematic illus-
tration of the variable resistor (sensitized FPGC or graphene sheet)
connected to a LED which emits visible light. When a voltage is applied
between the electrodes of the FPGC (smoke sensor), a constant current
flows and the LED can be turned on if enough current passes through it.
At this point, if the resistance R1 increases or decreases, the emitted
light of the LED will be strong or weak, respectively. For changing the
R1 value, the overall electrical conductivity of the smoke sensor needs
to be increased or decreased. For this, the temperature of the smoke
arriving to the FGS played an essential role, which was confirmed by a
simple experiment: We saturated a FPGC with TiO2 powder as depicted
in Fig. 5b (GTiO2 sensor). We selected TiO2 nanoparticles instead of
RPP for this experiment because they permit to visualize the change of
coloration in the sensitizing layer (located in the middle part of the
FGS) as a function of the smoke exposure time (the black smoke was
deposited on the FPGC), which is not possible to observe using the black
RPP. At this point, no voltage is applied to the LED which was also
connected to the flexible smoke sensor (variable resistor) with silver
paint, see Fig. 5b. Next, a voltage of 3.4 V is applied to the LED and a
weak brightness is obtained at 28 °C, see Fig. 5c. After this, the
GTiO2 sensor is exposed to the smoke (for 60 s) with a SD=20 cm (this
SD guaranteed that the temperature on the surface of the GTiO2 sensor
increases within a short time). Next, the temperature was measured on
the surface of GTiO2 and found values of 60−80 °C (on several points
of the sensitized area). This temperature was produced by the hot
amorphous carbon nanoparticles contained in the smoke, which arrived
to the smoke sensor. Subsequently, the GTiO2 sensor is removed and a

picture is taken, Fig. 5d. Afterwards, the GTiO2 sensor was immediately
exposed to smoke again for 120 s and the temperature on the sensitized
area was measured again. In this case, a value of 120−140 °C was
found, see Fig. 5e. Fig. 5d and e that an increase in the smoke exposure
time produced an increase of brightness in the LED, which was caused
by an increase of current from 25.2–27.2 mA as is shown in Fig. 5d and
e. The increase of brightness suggests a decrease of the R1 value with
the increase of temperature on the surface in the GTiO2 sensor. Ac-
cording to the literature, the electrical conductivity of the TiO2 nano/
microparticles varies from 0.040mS/cm to 5 S/cm and increases with
the temperature in the range of 20−50 °C [33,34]. Thus, the presence
of TiO2 microparticles located on the porosity of the FGS sensor, gives
extra paths to conduct the electrical current, which increases with
temperature, producing major brightness in the LED. The deposition of
carbon particles on the TiO2 sensitizing layer was confirmed by the
change of coloration from white to yellow (the smoke is composed of
amorphous carbon coming from the burned cellulose in the white bond
paper), see Fig. 5c and d. If the exposure time is increased, a dark-
yellow coloration is observed which corroborates the abundant pre-
sence of carbon particles on the sensitizing layer, see Fig. 5e.

Since the presence of the amorphous carbon deposited on the sen-
sitizing layer in the GTiO and GPEROV2 sensors is not visible at naked
eye, SEM analysis was carried out to observe it. A first inspection of the
surface of the GTiO sensors after smoke exposure (see Fig. 6a) did not
show any strange or huge carbon particles and only graphene pores
saturated with TiO2 nano/microparticles are observed. Thus, the sur-
face is very similar to that observed in Fig. 1e. For this reason, we
obtained the FTIR spectra of the GTiO sensor exposed to smoke and the
result was compared with that obtained without smoke exposure, see
Fig. 6b. It is clear a broadening and shift from 655 cm−1 to 680 cm−1 of
the band assigned to TieOeTi and TieOeC bonds [35] due to the in-
creased content of amorphous carbon. Furthermore, two new bands
appear at 1062 cm−1 and 2925 cm−1 in the GTiO sensor exposed to
smoke (see red curve) which are attributed to C–O and C–H bonds,
respectively [36]. In fact, those last bands and the bands observed at
1530 cm−1 (C–H) and 1635 cm−1 (C]C) have been reported for
amorphous carbon [37]. The band at 3200 cm−1 has been assigned to
OH groups. Another SEM image was also obtained for the GPEROV2
sensor after exposure to smoke (see Fig. 6c). As observed, its surface is
similar to that observed in Fig. 1c. The RPP microparticles are em-
bedded into the porous of the graphene composite and create extra
contact points among the graphene nanoplates. For this sample, the
presence of amorphous carbon is not obvious, since the FTIR mea-
surements for sensors with and without smoke exposure only show a
variation of the OH band at 3312 cm−1 associated to the excess of
moisture absorbed by the amorphous carbon [38], see Fig. 6d. There is
also a slight variation of the bands centered at 1084 cm−1 and
1698 cm−1 corresponding to C–O and C]O bonds [35–37], respec-
tively. A definitive proof for the presence of carbon on the GTiO and
GPEROV2 sensors after their smoke exposition was the EDS analysis.
Fig. 7a and b depicts some representative EDS spectra obtained from
punctual analysis on RPP microparticles in the GPEROV2 sensor. The
spectra of Fig. 7a (GPEROV2 sensor non exposed to smoke) clearly show
the presence of Sr, Ca, Nd, Co, Fe and O corresponding to the
Sr2.8Ca0.4Nd0.8Fe1.5Co1.5O10 composite of the RPP employed in this
work and a very small band attributed to the carbon element. After
exposing the GPEROV2 sensor to smoke, there is a dramatic increase of
the C band as observed in Fig. 7b. A similar trend was observed in the
GTiO sensor. The C band increases in the sensor exposed to smoke
(Fig. 7d) with respect to that in the sensor without smoke exposure
(Fig. 7c). The EDS analysis indicated that the C content increased from
1.8%–38% and from 5.7%–23.8 % in the GPEROV2 and GTiO sensors,
respectively. This also demonstrates the presence of amorphous carbon
on the FGS after smoke exposure.

The maximum number of cycles of the FGS sensors is a key factor to
evaluate their viability for commercial applications. The number of
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cycles is directly affected by the fact that the carbon particles deposited
on the FGS after smoke exposure can be removed or not. If the carbon
particles are chemically bonded to the sensitizing layer, this will be
useful to permanently remove the carbon residuals after smoke detec-
tion but would limit the cycles of use for the FGS. In this sense, XPS
measurements on the sensitizing layers can help to determine whether
the carbon amorphous particles are permanently attached to the RPP or
TiO2 nanoparticles. Fig. 8 presents the XPS spectra of the C1s orbital the

GPEROV2 and GTiO sensors with and without smoke exposure as well
as their deconvoluted bands. These spectra contain the contribution of
the C1s orbitals corresponding to the FPGC and to the sensitizing ma-
terials (RPP and TiO2) in the GPEROV2 and GTiO sensors. The XPS
spectrum obtained from the surface in the GPEROV2 sensor in Fig. 8a
shows bands centered at 288.9, 285.3, 284.8, and 284.1 eV, which are
attributed to the OeC]O, CeO, CeC and C]C bonds [39–41], re-
spectively. After the smoke exposure, the XPS spectrum indicates that

Fig. 5. a) Schematic of the FGS simulating a circuit with variable resistor. b), c), d) and e) changes of brightness produced in a white LED after passing an electrical
current through the variable resistor. The value of the electrical current depends on the surface temperature.

Fig. 6. SEM image and FTIR spectra before and after its exposure to smoke, respectively: a) and b) for the GTiO sensor; c) and d) for the GPEROV2 sensor.
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the deconvoluted bands are now centered at 288.4 eV (C]O), 286.2 eV
(C–O), 284.9 eV (CeC) and 284.3 eV (C]C), see Fig. 8b [39–41]. The
fact that the C]O bond (Fig. 8a) is substituted by the OeC]O bond
(Fig. 8b) indicates that the carbon deposited on the GPEROV2 sensor
after smoke exposure is forming oxygen bonds with the RPP or gra-
phene sheets and that the deposited amorphous carbon is chemically
bonded to the graphene or perovskite material in the GPEROV2 sensor.
Moreover, the intensity of the band centered at 284.5 eV which corre-
spond to the CeC and C]C bonds augmented by ≈60 %, suggesting
that more carbon material is effectively present in the GPEROV2 sensor
after smoke exposure. A similar change was observed in the C1s orbital
of the GTiO sensor. The XPS spectrum in Fig. 8c shows that GTiO sensor
presents bands centered at 289.7, 287.1, 286.0, 285.4, and 284.4 eV

which are attributed to TieOeC]C, C–OeC, C–OH, CeC, and C]C
bonds [42–46], respectively. After smoke exposure, the intensity of the
TieOeC]C bond increases and the C–OH bond disappears, see Fig. 8d.
These changes indicate that amorphous carbon deposited on the GTiO
sensor during the smoke exposure is forming chemical bonds with the
TiO2 sensitizing layer. In addition, the intensities of the CeC and C]C
bonds in Fig. 8d are higher than those in Fig. 8c, indicating a higher
content of carbon after smoke exposure.

After demonstrating that the amorphous carbon is chemically linked
to the sensitizing layer, an operation mechanism for the FGS with the
fastest response time (GPEROV2 sensitized with RPP) can be proposed.
For this, two facts are assumed: i) the RPP particles embedded into the
graphene porous network are forming bridges or contact points among

Fig. 7. EDS spectra with and without smoke exposure,respectively: a) and b) for the GPEROV2 sensor; c) and d) for the GTiO sensor.

Fig. 8. XPS spectra of the C1S orbital for: a) GPEROV2 sensor before exposure, b) GPEROV2 sensor after smoke exposure, c) GTiO sensor before exposure, and d)
GTiO sensor after smoke exposure.
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the graphene nanoplates, and ii) the amorphous carbon nanoparticles
deposited on the sensitizing layer have very low electrical and thermal
conductivity (less than 2W·m−1 K−1) [47]. When the GPEROV2 sensor
is exposed to hot smoke, the hot amorphous carbon particles coming
from smoke make contact with the RPP particles which increases their
temperature, producing in consequence, an increase of their electrical
conductivity (characteristic of the RPP employed in this work) [29].
Consequently, the RPP improves its electrical conductivity and provides
extra paths for the transport of current among adjacent graphene na-
noplates, which increase the electrical current through the whole
composite (as observed in the chronoamperometry curves). There are
several proofs for this statement. First, the height of the peak current
produced by the GPEROV1 sensor is about 9 times higher when the SD
between the FGS and the smoke source is 120 cm lower (see Figs. 3c
and 4 a). A shorter SD would produce higher temperatures locally on
the sensitizing layer, specifically 120−140 °C with SD=50 cm, and
50−70 °C with SD=170 cm. Thus, the difference of temperature
caused by the variation of the SD influences the electrical current ob-
served in the chronoamperometry curve. Second, for a SD=170 cm,
the peak of current in the GPEROV2 sensor with higher concentration of
RPP was 2.2 times higher than the GPEROV1 sensor, see Fig. 4a and c.
This is expected because a higher concentration of RPP increases the
amount of extra connection among graphene nanoplates, which facil-
itates the flow of current. Third, the height of the peak current in the
GTiO sensor was 0.12mA lower than the GPEROV1 sensor (see first
cycles in Fig. 4a and b) even though they have on their sensitizing layer
similar temperatures of 50−70 °C. The higher current is expected in
both GPEROV sensors because the electrical conductivity of the RPP
(150–175 S/cm at 50−70 °C [29]) in the perovskite based sensors is 3
orders of magnitude higher than that for the TiO2 (0.04–5 S/cm) in the
titania based sensors for a similar range of temperature [33,34]. To
confirm the role of the electrical conductivity of the RPP as a function of
temperature, we fabricated the GPEROV3 sensor with higher electrical
conductivity (180–225 S/cm at 50−70 °C) using a second type of RPP
(Sr3.2La0.8Fe1.5Co1.5O10) and the same weight ratio of FPGC/RPP=
97.4/2.6 employed for GPEROV2. The chronoamperometry curves
were obtained for a SD=170 cm. As a result, a faster response time of
2 s (see Fig. S3 in supporting information) and a peak current of
≈7.5mA were obtained. This last current value is 8.3 times higher than
that for GPEROV2 (compare Figs. 4c and S3). This result confirms that
the electrical conductivity of the RPP as a function of temperature
played an important role for the current generated by the FGS during its
interaction with the smoke. Another reason that could facilitate the
increase of peak current value in the sensors sensitized with the RPP
with respect to these sensitized with TiO2 is the fact that the work
function of graphene (4.5–4.8 eV) [48,49] match better the work
function of the RPP (4.8 eV) [50] than that for TiO2 (4.1 eV) [51],
which makes easier the flow of current from graphene nanoplates to
RPP and viceversa. Finally, we should mention that the FGS can be
operated with very low electrical power (2−7mW) and was estimated
by using the formula P=VI, where P is the electrical power, V is the
applied voltage and I is the current passing through the sensor (initial
base current) before the smoke detection.

4. Conclusion

This work presented a simple method for the fabrication of flexible
graphene based sensors for smoke detection. The FGS sensitized with
RPP microparticles had a faster response times, faster recovery times
and higher peak current values than these sensitized with TiO2 nano/
microparticles. The key effects for the outstanding performance of the
FGS sensitized with RPP were: 1) the fact that they were incorporated
into the porosity of the graphene network which creates additional
paths for the flow of current among graphene nanoplates that form the
flexible sensor, and 2) the fact that the electrical resistance of the FGS
decreases with the increase of temperature in the sensitized layer (this

was produced by the hot carbon particles in the smoke that arrived to
the surface of the smoke sensor), which in turn, incremented the total
current flowing through the flexible graphene sensor. Tuning the
electrical resistance of the flexible graphene sensors with different
semiconducting oxide materials and the effect of the temperature on
their surface, opens the possibility for a new generation of graphene
based sensors able to detect fire risks (smoke) without the need of a
direct contact between the ignition source and the graphene sensor.
This would eliminate the problems of optical smoke detectors such as:
long detection times, size (the smoke detector proposed here is very
thin and compact) and reliability.

Declaration of Competing Interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influ-
ence the work reported in this paper.

Acknowledgments

J. Oliva thanks the financial support of CONACYT for the
CATEDRAS-CONACYT program. Authors also appreciate the technical
work performed by Felipe Marquez at Cinvestav-Saltillo for the SEM
images, and to Wilian Cauich from LANNBIO Cinvestav-Merida for the
XPS measurements.

Appendix A. Supplementary data

Supplementary material related to this article can be found, in the
online version, at doi:https://doi.org/10.1016/j.snb.2019.127466.

References

[1] Z. Zang, X. Zeng, M. Wang, W. Hu, C. Liu, X. Tang, Sens. Actuators B Chem. 252
(2017) 1179–1186.

[2] J. Wei, Z. Zang, Y. Zhang, M. Wang, J. Du, X. Tang, Opt. Lett. 42 (2017) 911–914.
[3] X. Liu, T. Xua, Y. Li, Z. Zang, X. Peng, H. Wei, W. Zha, F. Wang, Sol. Energy Mater.

Sol. Cells 187 (2018) 249–254.
[4] E. Singh, M. Meyyappan, H.S. Nalwa, ACS Appl. Mater. Interfaces 9 (2017)

34544–34586.
[5] R. Xu, D. Wang, H. Zhang, N. Xie, S. Lu, K. Qu, Sensors 17 (2017) 1069.
[6] S. Fan, L. Dan, L. Meng, W. Zheng, A. Elias, X. Wang, Nanoscale 9 (2017)

16915–16921.
[7] Y.J. Yun, W.G. Hong, N.J. Choi, B.H. Kim, Y. Jun, H.K. Lee, Sci. Rep. 5 (2015) 1–7.
[8] C. Wang, S. Lei, X. Li, S. Guo, P. Cui, X. Wei, W. Liu, H. Liu, Sensors 18 (2018).
[9] A.D. Smith, K. Elgammal, X. Fan, M.C. Lemme, A. Delin, M. Rasander, L. Bergqvist,

S. Schröder, A.C. Fischer, F. Niklaus, M. Östling, RSC Adv. 7 (2017) 22329–22339.
[10] T. Alizadeh, M. Shokri, Sens. Actuators B Chem. 222 (2016) 728–734.
[11] H. Xu, Y. Li, N.J. Huang, Z.R. Yu, P.H. Wang, Z.H. Zhang, Q.Q. Xia, L.X. Gong,

S.N. Li, L. Zhao, G.D. Zhang, L.C. Tang, J. Hazard. Mater. 363 (2019) 286–294.
[12] M.A. Shu-Guang, Procedia Eng. 11 (2011) 308–313.
[13] Q. Ding, Z. Peng, T. Liu, Q. Tong, Algorithms 7 (2014) 523–537.
[14] Z. Liu, A.K. Kim, J. Fire Prot. Eng. 13 (2003) 129–151.
[15] C.Y. Lin, E.T.H. Chu, L.W. Ku, J.W.S. Liu, 14 (2014) 17451–17470.
[16] Q. Wu, L.X. Gong, Y. Li, C.F. Cao, L.C. Tang, L. Wu, L. Zhao, G.D. Zhang, S.N. Li,

J. Gao, Y. Li, Y.W. Mai, ACS Nano 12 (2018) 416–424.
[17] D.B. Ferry, R.P. Kumar, S.K. Reddy, A. Mukherjee, A. Misra, Nanotechnology 26

(2015) 195502.
[18] R. Shi, L. Yan, T. Xu, D. Liu, Y. Zhu, J. Zhou, J. Chromatogr. A 1375 (2015) 1–7.
[19] R. Dong, C. Lan, X. Xu, X. Liang, X. Hu, D. Li, Z. Zhou, L. Shu, S. Yip, C. Li,

S.W. Tsang, J.C. Ho, ACS Appl. Mater. Interfaces 10 (2018) 19019–19026.
[20] D.H. Kwak, D.H. Lim, H.S. Ra, P. Ramasamy, J.S. Lee, RSC Adv. 6 (2016)

65252–65256.
[21] V.Q. Dang, G.S. Han, T.Q. Trung, L.T. Duy, Y.U. Jin, B.U. Hwang, H.S. Jung,

N.E. Lee, Carbon N. Y. 105 (2016) 353–361.
[22] B. Karunagaran, P. Uthirakumar, S.J. Chung, S. Velumani, E.K. Suh, Mater. Charact.

58 (2007) 680–684.
[23] O. Alev, E. Şennik, N. Kilinç, Z.Z. Öztürk, Procedia Eng. 120 (2015) 1162–1165.
[24] A.A. Haidry, P. Schlosser, P. Durina, M. Mikula, M. Tomasek, T. Plecenik, T. Roch,

A. Pidik, M. Stefecka, J. Noskovic, M. Zahoran, P. Kus, A. Plecenik, Cent. Eur. J.
Phys. 9 (2011) 1351–1356.

[25] V. Galstyan, Sensors 17 (2017) 2947.
[26] W. Maziarz, A. Kusior, A. Trenczek-Zajac, J. Nanotechnol. 7 (2016) 1718–1726.
[27] H. Lai, B. Kan, T. Liu, N. Zheng, Z. Xie, T. Zhou, X. Wan, X. Zhang, Y. Liu, Y. Chen, J.

Am. Chem. Soc. 140 (2018) 11639–11646.

A.I. Mtz-Enriquez, et al. Sensors & Actuators: B. Chemical 305 (2020) 127466

10

https://doi.org/10.1016/j.snb.2019.127466
http://refhub.elsevier.com/S0925-4005(19)31665-X/sbref0005
http://refhub.elsevier.com/S0925-4005(19)31665-X/sbref0005
http://refhub.elsevier.com/S0925-4005(19)31665-X/sbref0010
http://refhub.elsevier.com/S0925-4005(19)31665-X/sbref0015
http://refhub.elsevier.com/S0925-4005(19)31665-X/sbref0015
http://refhub.elsevier.com/S0925-4005(19)31665-X/sbref0020
http://refhub.elsevier.com/S0925-4005(19)31665-X/sbref0020
http://refhub.elsevier.com/S0925-4005(19)31665-X/sbref0025
http://refhub.elsevier.com/S0925-4005(19)31665-X/sbref0030
http://refhub.elsevier.com/S0925-4005(19)31665-X/sbref0030
http://refhub.elsevier.com/S0925-4005(19)31665-X/sbref0035
http://refhub.elsevier.com/S0925-4005(19)31665-X/sbref0040
http://refhub.elsevier.com/S0925-4005(19)31665-X/sbref0045
http://refhub.elsevier.com/S0925-4005(19)31665-X/sbref0045
http://refhub.elsevier.com/S0925-4005(19)31665-X/sbref0050
http://refhub.elsevier.com/S0925-4005(19)31665-X/sbref0055
http://refhub.elsevier.com/S0925-4005(19)31665-X/sbref0055
http://refhub.elsevier.com/S0925-4005(19)31665-X/sbref0060
http://refhub.elsevier.com/S0925-4005(19)31665-X/sbref0065
http://refhub.elsevier.com/S0925-4005(19)31665-X/sbref0070
http://refhub.elsevier.com/S0925-4005(19)31665-X/sbref0080
http://refhub.elsevier.com/S0925-4005(19)31665-X/sbref0080
http://refhub.elsevier.com/S0925-4005(19)31665-X/sbref0085
http://refhub.elsevier.com/S0925-4005(19)31665-X/sbref0085
http://refhub.elsevier.com/S0925-4005(19)31665-X/sbref0090
http://refhub.elsevier.com/S0925-4005(19)31665-X/sbref0095
http://refhub.elsevier.com/S0925-4005(19)31665-X/sbref0095
http://refhub.elsevier.com/S0925-4005(19)31665-X/sbref0100
http://refhub.elsevier.com/S0925-4005(19)31665-X/sbref0100
http://refhub.elsevier.com/S0925-4005(19)31665-X/sbref0105
http://refhub.elsevier.com/S0925-4005(19)31665-X/sbref0105
http://refhub.elsevier.com/S0925-4005(19)31665-X/sbref0110
http://refhub.elsevier.com/S0925-4005(19)31665-X/sbref0110
http://refhub.elsevier.com/S0925-4005(19)31665-X/sbref0115
http://refhub.elsevier.com/S0925-4005(19)31665-X/sbref0120
http://refhub.elsevier.com/S0925-4005(19)31665-X/sbref0120
http://refhub.elsevier.com/S0925-4005(19)31665-X/sbref0120
http://refhub.elsevier.com/S0925-4005(19)31665-X/sbref0125
http://refhub.elsevier.com/S0925-4005(19)31665-X/sbref0130
http://refhub.elsevier.com/S0925-4005(19)31665-X/sbref0135
http://refhub.elsevier.com/S0925-4005(19)31665-X/sbref0135


[28] J. Oliva, A.I. Mtz-Enriquez, A.I. Oliva, R. Ochoa-Valiente, C.R. Garcia, Q. Pei, J.
Phys. D Appl. Phys. 52 (2018) 025103.

[29] K.P. Padmasree, K.Y. Lai, W. Kaveevivitchai, A. Manthiram, J. Power Sources 374
(2018) 249–256.

[30] W. Burazo, V. Lachom, P. Siriya, P. Laokul, Appl. Math. Res. Express 5 (2018)
115003.

[31] F.F. Chen, Y.J. Zhu, F. Chen, L.Y. Dong, R.L. Yang, Z.C. Xiong, ACS Nano 12 (2018)
3159–3171.

[32] W. Kuffner, G. Hadjisophocleous, Fire Technol. 50 (2014) 723–744.
[33] S. Sikdar, S. Basu, S. Ganguly, Int. J. Nanopart. 4 (2011) 336–349.
[34] M. Diantoro, M.Z. Masrul, A. Taufiq, J. Phys. Conf. Ser. 1011 (2018) 012065.
[35] S.O.B. Oppong, W.W. Anku, S.K. Shukla, E.S. Agorku, P.P. Govender, J. Solgel Sci.

Technol. 80 (2016) 38–49.
[36] L. Karimi, M.E. Yazdanshenas, R. Khajavi, A. Rashidi, M. Mirjalili, 21 (2014)

3813–3827.
[37] Y.J. Chen, H.L. Chen, T.F. Young, T.C. Chang, T.M. Tsai, K.C. Chang, R. Zhang,

K.H. Chen, J.C. Lou, T.J. Chu, J.H. Chen, D.H. Bao, S.M. Sze, Nanoscale Res. Lett. 9
(2014) 1–5.

[38] X. Gao, X. Zhang, C. Wan, X. Zhang, L. Wu, X. Tan, Appl. Phys. Lett. 97 (2010) 1–4.
[39] G. Rajender, P.K. Giri, J. Mater. Chem. C 4 (2016) 10852–10865.
[40] F.T. Johra, J. Lee, W. Jung, J. Ind. Eng. Chem. 20 (2014) 2883–2887.
[41] M. Khan, A.H. Al-Marri, M. Khan, M.R. Shaik, N. Mohri, S.F. Adil, M. Kuniyil,

H.Z. Alkhathlan, A. Al-Warthan, W. Tremel, M.N. Tahir, M.R.H. Siddiqui, Nanoscale
Res. Lett. 10 (2015) 1–9.

[42] S. Pu, R. Zhu, H. Ma, D. Deng, X. Pei, F. Qi, W. Chu, Appl. Catal. B Environ. 218
(2017) 208–219.

[43] P. Zhang, C. Shao, Z. Zhang, M. Zhang, J. Mu, Z. Guo, Y. Liu, Nanoscale 3 (2011)
2943–2949.

[44] M. Xing, F. Shen, B. Qiu, J. Zhang, Sci. Rep. 4 (2014) 6341.
[45] S. Pu, R. Zhu, H. Ma, D. Deng, X. Pei, F. Qi, W. Chu, Appl. Catal. B Environ. 218

(2017) 208–219.
[46] M. Xing, X. Li, J. Zhang, Sci. Rep. 4 (2014) 5493.
[47] A.J. Bullen, K.E. O’Hara, D.G. Cahill, O. Monteiro, A.V. Keudell, J. Appl. Phys. 88

(2000) 6317.
[48] H. Lee, H. Park, Adv. Condens. Matter Phys. 2015 (2015) 1–8.
[49] O. Leenaerts, B. Partoens, F.M. Peeters, A. Volodin, C. Van Haesendonck, J. Phys.

Condens. Matter 29 (2017) 035003.
[50] R. Garg, N. Dutta, N. Choudhury, 4 (2014) 267–300.
[51] J. Jang, H.C. Shim, Y. Ju, J.H. Song, H. An, J.S. Yu, S.W. Kwak, T.M. Lee, I. Kim,

S. Jeong, Nanoscale 7 (2015) 8829–8834.

A.I. Mtz-Enriquez works in Cinvestav-Saltillo and he focuses his research in materials for
solar absorbers, materials for removal of dyes and heavy metals. DFT calculations for
electronic properties of solid materials and gases adsorbed on carbon materials.

K.P. Padmasree works in Cinvestav-Saltillo and she focuses her research in materials to
make fuel cells such as solid electrolytes, anodes and cathodes.

A.I. Oliva works in Cinvestav-Merida and he focuses his research on the optical and
electronic properties of thin films. Also he works on conductive films made of carbon
materials such as graphene and carbon nanotubes.

C. Gomez-Solis works in the University of Guanajuato and he is expert for the synthesis
of materials for hidrogen generation, catalysis of gases and materials for the removal of
water contaminants.

E. Coutino-Gonzalez works in the optical research center (CIO) and he focuses his re-
search on nanustructured materials with applications in photocatalysis and microscopy.

C. R. Garcia works in the University of Coahuila and he is expert about materials for
photocatalytic degradation of dyes and removal of heavy metals. He also work on lu-
minescent materials for lighting applications.

D. Esparza works in the University of Zacatecas and his research is focused on solar cells,
organic light emitting diodes and sensors.

J. Oliva works in the Institute for Scientific and Technological Research of San Luis Potosi
(IPICYT) and his research is focused on flexible electronics, which include: flexible bat-
teries, flexible supercapacitors and flexible gas sensors.

A.I. Mtz-Enriquez, et al. Sensors & Actuators: B. Chemical 305 (2020) 127466

11

http://refhub.elsevier.com/S0925-4005(19)31665-X/sbref0140
http://refhub.elsevier.com/S0925-4005(19)31665-X/sbref0140
http://refhub.elsevier.com/S0925-4005(19)31665-X/sbref0145
http://refhub.elsevier.com/S0925-4005(19)31665-X/sbref0145
http://refhub.elsevier.com/S0925-4005(19)31665-X/sbref0150
http://refhub.elsevier.com/S0925-4005(19)31665-X/sbref0150
http://refhub.elsevier.com/S0925-4005(19)31665-X/sbref0155
http://refhub.elsevier.com/S0925-4005(19)31665-X/sbref0155
http://refhub.elsevier.com/S0925-4005(19)31665-X/sbref0160
http://refhub.elsevier.com/S0925-4005(19)31665-X/sbref0165
http://refhub.elsevier.com/S0925-4005(19)31665-X/sbref0170
http://refhub.elsevier.com/S0925-4005(19)31665-X/sbref0175
http://refhub.elsevier.com/S0925-4005(19)31665-X/sbref0175
http://refhub.elsevier.com/S0925-4005(19)31665-X/sbref0185
http://refhub.elsevier.com/S0925-4005(19)31665-X/sbref0185
http://refhub.elsevier.com/S0925-4005(19)31665-X/sbref0185
http://refhub.elsevier.com/S0925-4005(19)31665-X/sbref0190
http://refhub.elsevier.com/S0925-4005(19)31665-X/sbref0195
http://refhub.elsevier.com/S0925-4005(19)31665-X/sbref0200
http://refhub.elsevier.com/S0925-4005(19)31665-X/sbref0205
http://refhub.elsevier.com/S0925-4005(19)31665-X/sbref0205
http://refhub.elsevier.com/S0925-4005(19)31665-X/sbref0205
http://refhub.elsevier.com/S0925-4005(19)31665-X/sbref0210
http://refhub.elsevier.com/S0925-4005(19)31665-X/sbref0210
http://refhub.elsevier.com/S0925-4005(19)31665-X/sbref0215
http://refhub.elsevier.com/S0925-4005(19)31665-X/sbref0215
http://refhub.elsevier.com/S0925-4005(19)31665-X/sbref0220
http://refhub.elsevier.com/S0925-4005(19)31665-X/sbref0225
http://refhub.elsevier.com/S0925-4005(19)31665-X/sbref0225
http://refhub.elsevier.com/S0925-4005(19)31665-X/sbref0230
http://refhub.elsevier.com/S0925-4005(19)31665-X/sbref0235
http://refhub.elsevier.com/S0925-4005(19)31665-X/sbref0235
http://refhub.elsevier.com/S0925-4005(19)31665-X/sbref0240
http://refhub.elsevier.com/S0925-4005(19)31665-X/sbref0245
http://refhub.elsevier.com/S0925-4005(19)31665-X/sbref0245
http://refhub.elsevier.com/S0925-4005(19)31665-X/sbref0255
http://refhub.elsevier.com/S0925-4005(19)31665-X/sbref0255

	Tailoring the detection sensitivity of graphene based flexible smoke sensors by decorating with ceramic microparticles
	Introduction
	Experimental section
	Fabrication of the flexible and porous graphene composites
	Decorating the FPGCs with RPP and TiO2 ceramic powders
	Structural and morphological characterization
	XPS and optical characterization
	Mechanical and electrical characterization
	General experimental conditions for smoke detection using the sensitized FPGCs (smoke sensor)

	Results and discussion
	Structure and morphology of the flexible graphene based smoke sensors
	Fast smoke detection using the FPGCs
	Mechanism for smoke detection using FPGCs (FGS)

	Conclusion
	mk:H1_14
	Acknowledgments
	Supplementary data
	References




