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The  gas  sensor  response  of  tin  monoxide  micro-disks,  functionalized  with  noble  metal  nanoparticles  (Pd
and Ag), to  NO2, H2 and  CO  were  studied  by  monitoring  changes  in  their  resistance  upon  exposure  to  the
various  gases.  The  tin  monoxide,  with  unusually  low  Sn  oxidation  state,  was  synthetized  by  carbothermal
reduction.  Surface  modification  by  Pd and  Ag  catalysts  was  achieved  by  coating  the  micro-disks  by  metal-
lic  nanoparticle  dispersions,  prepared  by  the  polyol  reduction  process,  followed  by thermal  treatment.
SEM  and  TEM  analysis  showed  nanoparticles  to be well-dispersed  over  the  SnO  surfaces.  The  decorated
SnO  micro-disks  exhibited  high  sensor  response  to reducing  gases  such  as  H2 and  CO.  On  the  other  hand,
the  catalytic  particles  tended  to reduce  the  sensor  response  to oxidizing  gases  such  as  NO2.  The  catalytic
activity  of  Pd  nanoparticles  was tied  to chemical  sensitization  while  that  of Ag  nanoparticles  to elec-
tronic  sensitization.  Impedance  spectroscopy  enabled  deconvolution  of  different  contributions  to the
sensor  response  with  only  the  Ag-decorated  specimens  exhibiting  two  RC  time  constants.  Thus,  in  con-

trast  to  undecorated  and Pd-decorated  specimens,  nearly  80%  of  Ag modified  SnO’s  response  to  H2 was
controlled  by  changes  in  the  interface  between  particles  and  disks.  Sensor  response  to  H2 was  optimal
at  higher  temperatures  (300 ◦C),  NO2 at 200 ◦C while  that for Pd-decorated  materials;  maximum  sen-
sor  response  to CO was  observed  at lower  temperatures  (under  150 ◦C),  where  CO  absorption  by metal
nanoparticles  is favored.

© 2016  Elsevier  B.V.  All  rights  reserved.
. Introduction

Growing concerns about the impact of gas emissions on health
nd the environment have driven the search for ever faster
esponding and more highly sensitive gas sensors with a focus
n the detection of flammable (H2, ethanol, hydrocarbons) and
oxic (H2S, CO, NO2, Cl2) gases at low levels (ppm or ppb) and
n the presence of interferents. Semiconductor metal oxide (SMO)
ased sensors, whose resistivity is modulated by the adsorp-
ion/desorption of a designated chemical species on the surface
f the SMOs, have received a great deal of attention, given good

erformance coupled with low cost materials and simple device
esign [1]. Performance improvements can be achieved by taking
dvantage of high surface area and/or quantum mechanical effects

∗ Corresponding author at: Department of Physical-Chemistry, São Paulo State
niversity – UNESP, Rua Francisco Degni 55, Quitandinha, P.O. Box 355, CEP: 14800-
00, Araraquara, São Paulo, Brazil.

E-mail address: orlandi@iq.unesp.br (M.O. Orlandi).

ttp://dx.doi.org/10.1016/j.snb.2016.07.157
925-4005/© 2016 Elsevier B.V. All rights reserved.
for appropriately engineered SMOs on the micro- and nano-scale
[2].

Further enhancements in performance can be achieved by addi-
tion of other phases to the metal oxide matrix by promoting
increased physical and chemical interactions between the gas and
the host material surface [3]. Such surface modification, known as
decoration or functionalization, may  include the addition of noble
metal (Au, Ag, Pt, Pd) nanoparticles (NPs) that act as catalysts, influ-
encing the adsorption processes (chemical sensitization) and/or the
position of surface energy levels (electronic sensitization) [4]. The
decoration of SMOs with noble metal nanoparticles has led to large
increases in sensor response in many different oxide matrices [5–8].
The best results are commonly observed for small-sized particles
(<100 nm)  in lower concentrations (0.1–10 wt%), and high surface
dispersion, thereby promoting catalytic activity without compro-
mising the host material’s function [9].
Tin oxide based materials are among the most used semi-
conductors for gas sensor technology given their high thermal
and chemical stability and reasonable cost [10]. While tin diox-
ide (SnO2), with various morphologies (porous thick and thin films

dx.doi.org/10.1016/j.snb.2016.07.157
http://www.sciencedirect.com/science/journal/09254005
http://www.elsevier.com/locate/snb
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nd 1-D nanowires), is the most widely studied gas sensor material,
ecent results by the authors have shown that tin monoxide (SnO)
an also exhibit an exceptional sensor response [11] even higher
han the SnO2-based sensors [12]. Because of questions regarding
ts thermal and chemical stability (the disproportionation reaction
f SnO to SnO2 and Sn0 occurs at ∼400 ◦C [13]), there are very
ew studies relating to SnO based sensors, even without surface

odification. In this work, we report the surface decoration of SnO
icro-disks with noble metals nanoparticles (Ag and Pd) and their

mpact on the detection of H2, NO2 and CO.

. Materials and methods

The synthesis of SnO disk-like structures was conducted via the
arbothermal reduction method. The precursors used were SnO2
Sigma-Aldrich, 99.9% purity) and carbon black (Union Carbide,
99% purity) powders. Both powders were mixed together in the
olar ratio of 1.5:1 (SnO2:C) in an agate mortar, following which

he mixture was inserted into a tubular furnace at 1135 ◦C in the
resence of a N2 flow of 80 sccm for 75 min  in order to grow SnO
aterials under optimized conditions, as detailed in our previ-

us work [14]. After synthesis, a dark material was  retrieved from
he alumina tube walls. Both SnO micro-disks and nanobelts were
imultaneously obtained and subsequently separated by sedimen-
ation in isopropyl alcohol and then dried at 70 ◦C.

The catalytic nanoparticle dispersions were prepared by the
olyol reduction method [15] with specific conditions for each
etal. All synthesis took place in a three-necked round flask, par-

ially filled with ethylene glycol, using magnetic stirring. For the
ynthesis of Pd nanoparticles, two solutions were simultaneously
dded to 5 mL  of ethylene glycol (at 120 ◦C) at a rate of 45 mL  h−1.
he first solution was composed of 1.6 mL  of PdCl2 (Sigma-Aldrich,
.053 g mL−1 in a 0.17 g mL−1 HCl aqueous solution) and the second
ne was a solution of 0.08 g polyvinylpyrrolidone (PVP, Sigma-
ldrich, average Mw 34,000 g/mol) dissolved in 5 mL  of ethylene
lycol. Another solution containing 6.5 mL  of NaOH (0.007 g mL−1)
as added in order to facilitate the reduction reaction [16]. The
ixture was heated to 120 ◦C for 9 h.
For the Ag nanoparticles, two solutions were simultaneously

dded to 5 mL  of ethylene glycol (at 140 ◦C) at a rate of 45 mL  h−1.
he first solution was composed of 0.48 g of AgNO3 (Sigma-Aldrich,
99% purity) dissolved in 3 mL  of ethylene glycol, and the second
ne was composed of 0.10 g of PVP and 0.0004 g of NaCl (added
o control the size of the particles [17]) dissolved in 3 mL  of ethy-
ene glycol. To obtain the desired nanoparticles, temperature and
gitation were maintained at 150 ◦C for 40 h.

The decoration process of the SnO micro-disk surfaces with the
etallic nanoparticles was achieved by a self-assembly process [18]

y mixing 0.05 g of SnO micro-disks with sufficient amount of NP
ispersions to obtain an approximately 1 wt% loading. The mixture
as further dispersed using an ultrasonic cleaner, dried at 80 ◦C

nd annealed at 350 ◦C for 4 h in air in order to ensure thermal
tability of SnO host material. The morphological characteristics
f the metallic nanoparticles, the pristine SnO structures and the
P-decorated SnO structures were characterized by field-emission

canning electron microscopy (FE-SEM; JEOL, JSM-7500F) equipped
ith X-ray energy dispersive spectroscopy (EDS). Further, phase

nd crystallinity of materials were studied by transmission electron
icroscopy (TEM; Philips, CM200) operated at 200 kV.
In order to perform FE-SEM analysis, the materials were initially

ispersed with the aid of an ultrasonic cleaner. A few drops of each

olution (either the pristine SnO structures, metallic nanoparticles
r NP-decorated SnO structures) were dropped onto conductive
i substrates. For the metallic nanoparticles, the same thermal
reatment was carried out as that one used in the decoration step
uators B 239 (2017) 253–261

(annealing at 350 ◦C for 4 h in air). This treatment was necessary
to evaporate any residual solvent and to decompose any remain-
ing PVP from the synthesis process. Specimens for TEM analysis
were prepared by dripping droplets of solution onto copper grids,
followed by drying at room temperature.

The chemical composition of the material surfaces was analyzed
by X-ray Photoelectron Spectroscopy (XPS) using a commercial
spectroscope (UNI-SPECS UHV SYSTEM) operating with an Mg  K�
X-ray source producing photons with energy of 1253.6 eV and
working at a vacuum pressure of 5 × 10−7 Pa. The spectra were
decomposed using a Voigtian function, utilizing a combination of
Gaussian and Lorentzian components. Binding energy scale of the
XPS spectra was calibrated by setting the peak energy of adven-
titious carbon (C 1s peak) to 285 eV. Gas sensing devices were
fabricated by ultrasonically dispersing the as-prepared materials
(pristine and Pd- and Ag-decorated SnO micro-disks) in isopropyl
alcohol and drop-casting the solutions onto alumina substrates pat-
terned with platinum interdigitated electrodes arrays (100 �m Pt
fingers spaced 200 �m apart). The devices were then heated to
100 ◦C to remove the solvent. Gas sensing measurements were
conducted by monitoring changes in electrical resistance in the
presence of different atmospheres with the aid of an HP34970A
data acquisition unit operating with a DC voltage of 100 mV. The
tested gas mixtures were composed of synthetic dry air (base-
line atmosphere) and different analyte gases (NO2, H2 and CO)
in various concentrations, ranging from 1 ppm to 1000 ppm, con-
trolled by mass flowmeters (MKS). Working temperatures in the
range of 100 ◦C to 350 ◦C were used. Before each series of measure-
ments, the sensors were exposed to synthetic dry air for 12 h to
stabilize the baseline resistance. The gas sensing properties were
expressed as a function of sensor response, defined either as the
ratio between the electrical resistance in the baseline atmosphere
and the electrical resistance in the presence of the analyte gases
(R0/Rgas) for the reducing gases (CO and H2) or as (Rgas/R0) for the
oxidizing gas (NO2). The same devices were also characterized by
impedance spectroscopy (IS) using a Modulab system (Solartron
Analytical), with a 0.1 V amplitude signal in the frequency range
between 10−1 Hz and 106 Hz.

3. Results and discussion

3.1. Morphological and structural characterization

The morphological and structural characterizations of pristine
SnO micro-disks before the decoration step (without noble metal
nanoparticles) were previously reported [11,14] and showed that
the disks are single-crystalline with diameters ranging from 0.1 �m
to 10 �m.  Fig. 1 presents electron microcopy (EM) images of noble
metal nanoparticles (NPs) obtained by the polyol synthesis method.
The SEM image (Fig. 1a) indicates that the Pd NPs are agglomerated,
but TEM characterization shows that is possible to disperse them
by ultrasonication. High resolution TEM (HRTEM) and selected area
electron diffraction (SAED) images of the nanoparticles are illus-
trated in Fig. 1b. The Pd nanoparticles were cubic (JCPDS card
#46-1043) and could be identified by indexing the planar distances
observed on the SAED pattern. Moreover, HRTEM image of the Pd
NPs shows that each nanoparticle is single-crystalline. The SEM and
TEM analyses of the Pd show it to be composed of nanoparticles
with average diameter below 15 nm as shown in the histogram in
Fig. 1c. By SEM imaging in Fig. 1d it is possible to observe that the Ag
synthesis yielded well-dispersed particles with bi-modal size dis-

tribution, with particle diameter ranging from 4 nm up to 200 nm.
The size distribution histogram for the smaller particles is shown in
Fig. 1f with mean diameter of 12 nm.  Fig. 1e shows HRTEM and SAED
images of the Ag nanoparticles. All of the rings in the SAED pattern
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ig. 1. Metallic NPs morphological characterization. Pd: (a) FE-SEM image, (b) HRT
mage with SAED and (f) particle size distribution.

an be indexed by the cubic structure of Ag metallic phase (JCPDS
ard #65-2871). Moreover, each Ag NP presents a single-crystalline
haracter, as observed from the HRTEM image.

The EM images of the Pd-decorated SnO micro-disks are shown
n Fig. 2. The Pd nanoparticles are dispersed in small clusters on
he surface of the SnO structures, indicating successful decoration
f the micro-disks (Fig. 2a). The interplanar distances observed by
RTEM (Fig. 2b) are (0.22 ± 0.1) nm for the NPs and (0.27 ± 0.1) nm

or the SnO micro-disks, which are related to the (111) and (110)
lanes of each structure. This reveals that after decoration, the NPs
re still in their metallic phase (important for catalytic activity),
hile SnO remains in the tetragonal phase (JCPDS card # 6-0395).

Fig. 3 shows EM characterization of Ag-decorated SnO micro-
isks. Again, it is possible to observe from Fig. 3a a good dispersion

f the Ag NPs on the surface of the disks, with only the smaller
articles decorating the SnO structures, which can be favorable
or enhanced catalytic activity. HRTEM image (Fig. 3b) revealed
n interplanar distance of (0.24 ± 0.1) nm for the Ag NPs, which

ig. 2. Pd-decorated SnO structures: EM images of Pd-decorated SnO disk-like structures (
age with SAED and (c) particle size distribution. Ag: (d) FE-SEM image, (e) HRTEM

are related to the (111) planes of cubic structure of the metal, as
observed by SAED pattern of this material in Fig. 1e, and an inter-
planar distance of (0.37 ± 0.1) nm for the SnO micro-disks, related
to the (100) planes of the SnO tetragonal structure. It means that
SnO remains in the tetragonal phase after the decoration process
by silver nanoparticles. For both catalysts used in this work, self-
assembly treatments promote the deposition of particles while
maintaining their metallic character, without compromising the
crystalline phase of the SnO host material.

To investigate the chemical composition, bonding and oxida-
tion state of the materials, X-ray photoelectron spectroscopy (XPS)
analyses were performed on the pristine and decorated materials.
Fig. 4a exhibits the survey scan of the pristine (black line), Pd (red
line) and Ag (blue line) decorated structures. Results from the ele-

mental quantification exhibited an external surface ratio between
oxygen and tin of 1.4 (O/Sn) for all samples. This result is in agree-
ment with previous XPS analysis performed on SnO materials [19],
which indicated that an oxygen rich surface (2–3 nm thick) may

a) FE-SEM and (b) HRTEM image of a SnO/Pd interface with planar distance indexing.
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Fig. 3. Ag-decorated SnO structures: EM images of Ag-decorated SnO disk-like structures (a) FE-SEM and (b) HRTEM image of a SnO/Ag interface with planar distance
indexing.

F ectrum
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ig. 4. XPS analysis of the pristine and decorated SnO materials: (a) Survey scan sp
aterials. (c) High resolution spectra of the Pd 3d peaks and (d) Ag 3d peaks. (For

ersion of this article.)
e present on the surface of SnO resulting from synthesis con-
itions. X-ray diffraction and in situ X-ray absorption near edge
pectroscopy (XANES) results presented by our group in previous
ork [11], alongside the HRTEM and SAED analyses, indicate that
 and (b) high resolution spectra of the Sn 3d peak, obtained on the three different
pretation of the references to colour in the text, the reader is referred to the web
there is no evidence for a distinct SnO2 phase at the surface. Elemen-
tal analysis performed on the decorated structures also indicated
the atomic fraction of metallic NPs to be 0.4% for Pd (0.7% in weight
percentage) and 0.9% for Ag (1.3% in weight percentage), indicat-
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Fig. 5. (a) Sensor response obtained for pristine and Pd- and Ag-decorated SnO disk-
like structures at 300 ◦C for a series of H2 pulses with concentrations ranging from 10
to  1000 ppm. (b) Maximum sensor response measured for 1000 ppm H2 exposure,
M.S. Barbosa et al. / Sensors an

ng that the decoration was successfully achieved on levels close to
he targeted 1% in weight percentage. Fig. 4b shows the high res-
lution spectra of the Sn 3d peak for the three different materials.
he peak is composed by both Sn4+ and Sn2+ chemical shifts, and it
s not possible to distinguish their oxidation state and proportion
ased solely on this information. Fig. 4c shows the high resolu-
ion spectra of the Pd 3d peak for the Pd-decorated materials. One
bserves peaks corresponding to Pd in multiples states of oxidation.
he 3d5/2 peaks at 336.9 eV and 337.5 eV can be attributed to the
xides PdO (Pd2+) and PdO2 (Pd4+), respectively. A peak at 335.7 eV
as also observed, indicating that the metallic state is also present

Pd0), as observed by TEM. A second set of peaks corresponding
o the 3d3/2 levels associated with Pd2+ at 342 eV and 337 eV was
bserved with a separation of approximately 5 eV, in agreement
ith the spin-orbit doublet separation value that can be found in

he literature (5.3 eV) [20]. Fig. 4d shows the high resolution spec-
ra of the Ag 3d5/2 peak for the Ag-decorated materials with peaks
orresponding to Ag, Ag2O and AgO at 368.3, 367.9, and 367.3 eV,
espectively. Due to the closeness of the binding energy between Ag
nd AgO, their peaks could not be fully resolved, but these results
evertheless indicate that Ag exists in more than one oxidation
tate [21].

.2. Gas sensing characterization

Gas sensor measurements were performed simultaneously for
he pristine and noble metal decorated samples upon exposure to
ither H2, NO2 or CO. Fig. 5a shows the sensor response as a function
f time for an exposure program of periodic H2 pulses (20 min  long)
ith concentrations ranging from 10 to 1000 ppm, for pristine and
P-decorated SnO disk-like structures at the working temperature
f 300 ◦C. Sensor responses for all materials, corresponding to mea-
urements performed at 1000 ppm H2 as a function of the operating
emperature, are shown in Fig. 5b. The Pd-decorated SnO micro-
isks (red curve) clearly exhibits higher sensor response at 300 ◦C
ompared to the pristine SnO structures (black curve). This differ-
nce was greater as the H2 concentration increased. One should also
otice that the Pd-decorated SnO sensor exhibited an overshoot
ffect, i.e. the sensor response just after exposure to the analyte
as was highest followed by a signal decay up to the end of the gas
ulse. Also of interest is the linear dependence of the Pd-decorated
ample sensor response with temperatures between 150–300 ◦C,
bove which an additional increase in temperature does not lead
o further increases in sensor response (Fig. 5b).

To clarify the catalytic effect promoted by Pd NPs on SnO surface,
t is important to investigate the nature of the H2 interaction with
he surfaces of the SnOx based sensors. The SnOx surface is pro-
osed to be covered with either atomic (O−, at high temperatures)
r molecular (O2

−, at low temperatures) species, interacting with
one pair electrons in oxygen rich atmospheres (e.g., synthetic dry
ir) at temperatures under 400 ◦C. When H2 is introduced, it reacts
ith the oxygen species, with the release of electrons responsi-

le for decreasing the material’s resistance, based on the following
eactions:

cheme 1. Proposed model for H2 interaction with O species over
nOx surface.

H2(g) + O−
2(SnO) → 2H2O(g) + e−

(SnO) (1)

2(g) + O−
(SnO) → H2O(g) + e−

(SnO) (2)
When Pd NPs are present on the material’s surface, an additional
atalytic step is introduced, as Pd can react with H2, by breaking
he H H bond and bind directly with atomic H, in a process known
s split-over [22]. Following that step, Pd-bound H migrates to the
plotted as a function of operating temperature for the pristine and decorated SnO
disk-like structures. (For interpretation of the references to colour in the text legend,
the  reader is referred to the web version of this article.)

surface of SnO to react with the adsorbed oxygen species (spillover),
to further promote a free electron [23]:

Scheme 2. Proposed model for Pd sensitization of the H2 interac-
tion with O species over Pd-decorated SnOx surface.

H2(g)
Pd→2H(Pd) (split − over) (3)

4H(Pd) + O−
2(SnO) → 2H2O(g) + e−

(SnO) (spillover) (4)

2H(Pd) + O−
(SnO) → H2O(g) + e−

(SnO)(spillover) (5)

As adsorption is facilitated by the introduction of this step
to the kinetic process, a chemical sensitization phenomenon is
present, increasing the material’s sensor response to H2, as has
been reported for SnO2 based sensors [24]. Thus an increase in sen-
sor response was  expected, as observed for the sensors based on
Pd-decorated SnO disks when exposed to hydrogen.

Ag-decorated structures (blue curve, Fig. 5b) also exhibited an
increase in sensor response over that of the pristine specimen in the
presence of 1000 ppm H2 for measurements performed at tempera-
tures of 250 ◦C and below but not as high as for Pd-decorated device.
Interestingly, the sensor response of Ag-decorated SnO began to

drop below that of the pristine material from 300 ◦C (except for
1000 ppm H2 at 300 ◦C). H2 sensors, based on Ag-decorated SnO2
materials, have been reported to show an enhanced electronic
effect, due to the oxidation of Ag nanoparticles that sets a redox
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Fig. 6. (a) Sensor response to CO exposure at 100 ◦C for a series of CO pulses with
concentrations ranging from 10 to 1000 ppm for the pristine and decorated SnO disk-
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ike structures. (b) Maximum sensor response measured for 1000 ppm CO exposure
s  a function of operating temperature for the pristine and decorated SnO disk-like
tructures.

air (Ag+/Ag0) equilibrium in oxygen rich atmospheres [25]. This
reates an electron-depleted region around the Ag NPs, and when
he material is exposed to a reducing gas (such as H2), the shift of
he equilibrium to the reduced state promotes the pinning of the
xide’s Fermi energy with the metal work function, resulting in a
reater increase in conductivity [25]. A similar electronic sensiti-
ation effect seems to be occurring (the pristine and Ag-decorated
aterials have different conductivities and sensor response), but

ne must keep in mind that SnO and SnO2 have different ioniza-
ion potentials, i.e, 4.79 eV for SnO2 [3] and 5.8 eV for SnO [26]. This
ifference can affect the junction barriers promoted by either Ag or
gO species, depending on the oxidative/reductive characteristics
f the atmosphere. Further, studies on the activation energies of the
ecorated materials are being conducted to understand the extent
f these electronic sensitization effects on SnO sensors.

The pristine and decorated SnO structures were also charac-
erized for exposure to CO using the same exposure cycle used
uring the H2 characterization. Fig. 6a shows the sensor response
s function of time for measurements performed at 100 ◦C and
ig. 6b shows the sensor response obtained for measurements at
000 ppm as function of operating temperature. Pd-decorated SnO

tructures exhibited a large increase in sensor response at low
orking temperatures (150 ◦C) and at large concentrations (over

00 ppm). This follows from the fact that group 10 (Pd, Pt, Cr) met-
ls are known to adsorb CO at temperatures below 150 ◦C, due to
uators B 239 (2017) 253–261

the � −backbonding interaction [27] between the filled d orbitals
of the metal and the empty �* molecular orbitals of CO. The SnOx

sensor response for CO detection relies on the oxidation of CO to
CO2 by reaction of the CO with adsorbed oxygen species. This reac-
tion is further catalyzed by the adsorption of CO on the metallic NPs
[28,29], and is attributed to the chemical sensitization model as:

Scheme 3. Proposed model for chemical sensitization promoted
by group 10 metals nanoparticles on the CO interaction with O
species over SnOx surface.

CO
M→CO (M) (6)

2CO (M) + O−
2 → 2CO2 + e− (7)

CO (M) + O− → CO2 + e− (8)

For the measurements performed at 150 ◦C, the Pd-decorated
structures exhibited a strong response to CO at a concentration of
1000 ppm (approximately 75), but very low response (under 5) for
any other concentration (not shown here). At temperatures higher
than 150 ◦C, the Pd-CO interaction is not favored [30] and the cat-
alytic effect is no longer present. For the measurements performed
under these conditions, no significant difference in the sensor
response of undecorated and decorated structures was observed.

The Ag-decorated SnO structures exhibited a small increase in
CO sensor response for all measurements below 350 ◦C. However,
just as observed for the pristine structures, the sensor response was
never higher than 15. This weak effect was previously observed
for Ag-decorated SnO2 sensors, and was attributed to the Ag+/Ag0

redox equilibrium working as electron-acceptors [31].
To test Pd and Ag decoration effects on sensor response to oxi-

dizing gases, the sensor based on SnO structures were exposed to
NO2 using a similar program as used for the reducing gases, but in
concentrations ranging from 1 ppm to 100 ppm. Fig. 7a shows the
sensor response following a series of NO2 pulses for measurements
performed at 250 ◦C, while Fig. 7b shows the sensor response as
function of operating temperature for the maximum level of NO2
exposure (100 ppm). Since the electrical resistance of the decorated
samples for temperatures below 250 ◦C was above the upper limit
that the instrumentation was capable of measuring, these samples
were only characterized for 250 and 300 ◦C. As shown in Fig. 7, the
pristine SnO structures have the highest sensor response for all con-
ditions of gas concentration and temperature, indicating that the
metal NPs act to inhibit the interaction of the sensor with NO2. Thus,
opposite to the response of the decorated SnO sensor to H2 and
CO, the catalysts had a negative influence on sensor response. This
is consistent with our previous observation that the high sensor
response of SnO to NO2 is due to the electron lone pairs associ-
ated with divalent Sn [11], resulting in a Giant Chemo-Resistance
(GCR) effect. The electronic effect, introduced by the metallic NPs,
via Schottky barrier formation, leading to electron depleted regions
associated with redox pairs (such as Ag+/Ag0), make free electrons
less available for interaction with NO2, resulting in the observed
decrease in sensor response [32].

The consequence of sensor response enhancement for reducing
gases due to catalytic effects, and suppression for NO2 detection on
the sensor selectivity can be observed in Fig. 8. The sensor response
observed following exposure to the various gases at 100 ppm con-
centration shows the high selectivity of the pristine SnO structure
to NO2 at 200 ◦C. At the same time, the Pd-decorated SnO struc-
tures at 300 ◦C exhibit strong selectivity for H2 compared to the
pristine and Ag-decorated samples. Thus Pd-decorated SnO struc-
tures show great potential for detecting reducing gases with high

sensor response and with strong selectivity particularly to H2, while
undecorated SnO specimens remain highly selective to NO2.

To further investigate the mechanisms behind the observed
catalytic effects, complementary impedance spectroscopy (IS)
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Fig. 7. (a) Sensor response for NO2 exposure for a series of NO2 pulses with
concentrations ranging from 1 to 100 ppm for the pristine and decorated SnO disk-
like  structures performed at 250 ◦C. (b) Maximum sensor response measured for
100  ppm NO2 exposure, in each working temperature for the pristine and decorated
SnO disk-like structures.

Fig. 8. Sensor response to 100 ppm of NO2, H2 and CO gases for pristine (at 200 ◦C
w
d

m
s
p
t
A
r
a
F

H2 at 300 ◦C, this points to the fact that nearly 80% of the response to
orking temperature), Pd-decorated (at 300 ◦C working temperature) and Ag-
ecorated (at 300 ◦C working temperature) SnO disk-like structures.

easurements were performed on both pristine and decorated SnO
tructures under simulated gas sensor operation conditions. Fig. 9
resents the results of IS measurements at the working tempera-
ure at which each sample exhibited its highest sensor response.
n ideal single semicircle with its origin on the Z′ axis can be rep-

esented by a single resistor R in parallel with a single capacitor C
s, for example, observed by the red curve (Pd-SnO) in the inset of
ig. 9a. Such circuits are described as having a single time constant
uators B 239 (2017) 253–261 259

� = RC. Depressed semicircles, as observed, for example, in the blue
curve (Ag-SnO) in Fig. 9d, reflect the fact that there is an inhomo-
geneity in the process and that the response needs to be described
in terms of circuits with a distribution of time constants. Two semi-
circles in series, as observed for the blue curve (Ag-SnO) in Fig. 9f,
reflects the fact that the electrical response is representative of the
two parallel RC circuits in series, with the one at lower frequencies
having the larger time constant. This can be the case, for instance,
in which the equivalent circuit represents contributions from the
bulk (high frequency semicircle) and from the contact interface or
electrodes (low frequency semicircle). In the following, we exam-
ine the changes induced in the impedance measurements of both
the pristine and decorated SnO structures as a result of changes in
gas composition and attempt to relate these changes to the location
of the controlling reactions at the gas/solid interfaces.

The Nyquist plot for the pristine and the Ag- and Pd-decorated
SnO materials are shown in Fig. 9. In air atmosphere, the Ag-
decorated SnO structures have by far the highest impedance values
at all measured temperatures. The initiation of a second semicir-
cle at lower frequencies is evident for Ag-SnO disks, most clearly
seen in Fig. 9c, which is likely related to a process at the inter-
face of the disks. The orders of magnitude higher resistance of
Ag-decorated SnO sample is consistent with the electronic sensiti-
zation model, wherein it is proposed that Ag-decorated structures
exhibit electron-depleted zones induced by Ag/Ag+ oxidation. The
Pd sensitized sample, with an approximately five-fold increase in
resistance over the unsensitized specimen can also be attributed
to the formation of a Schottky barrier and consequent depletion of
electrons in vicinity of the semiconductor-metal junction, but with
lower barrier.

Fig. 9d shows the results for IS measurements performed instead
with 20 ppm NO2 at 200 ◦C. As adsorbed NO2 molecules remove
free electrons from the surface, the resistivity of all the materials
increase, but the relative changes depend on each material’s sensor
response. As the pristine structures were found to be most sensitive
to the NO2 gas (see Fig. 7), it was expected that we would find
a larger change in its resistance than for the sensitized specimens,
which was  confirmed. The pristine disk device resistance increased
from 8.0 × 103 to 3.3 × 106 ohms. Interestingly, the Pd sensitized
specimen showed the weakest sensor response to NO2 increasing
in resistance form 4.4 × 104 to 1.0 × 105 ohms (see Fig. 9d inset).

Fig. 9f presents the results upon exposure to 20 ppm H2 at 300 ◦C.
Under these conditions, the resistance of all materials decreased
(due to the introduction of electrons promoted by H2 oxidation),
with the Pd-decorated SnO structure being less resistive than the
pristine one. The Ag-decorated SnO structures exhibited two dis-
tinguishable semicircles, indicating the presence of two relaxation
process, while the pristine and Pd-decorated structures appear to
exhibit only one. This points to the fact that while the resistance
changes in the undecorated and Pd decorated specimens are largely
due to the change in the contact resistance of the SnO micro-disks,
for the Ag-decorated specimens, an additional interfacial process is
contributing to the overall impedance, generating a more complex
electrical response. This points to an additional electron blocking
activity at either the electrodes or at the interface between the
micro-disks. Since the electrode material is the same in all cases, it
points to the particle-disk interface as the main source of the addi-
tional impedance. This is perhaps not surprising given the role of
electronic sensitization introduced by Ag nanoparticles, leading to
enhanced charge depletion at the Ag/SnO interface. Given that the
low frequency “semicircle” is nearly 4 times larger than the high fre-
quency semicircle for the Ag-decorated specimen as measured in
H2 exhibited by this material is not related to a SnO–SnO resistance,
but rather a modulation of the interface resistance between micro-
disks and Ag particles. This is in strong contrast to that observed
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ig. 9. IS characterization for the pristine and decorated SnO disk-like structures 

00 ◦C and (e) 300 ◦C; (b) 20 ppm CO at 100 ◦C, (d) 20 ppm NO2 at 200 ◦C and (f) 20
eader is referred to the web version of this article.)

or both undecorated and Pd-decorated specimens that show only
he contact between disks effect. Thus aside from the higher sensor
esponse of the Pd- vs the Ag-decorated SnO micro-disks to H2, the
impler nature of the response of the Pd-decorated specimens could
e expected to lead to longer-term stability of the sensor device.

. Conclusions

SnO micro-disks decorated by catalytically active nanoparticles
f Pd and Ag were shown to exhibit high sensor response to reduc-
ng gases as exemplified by H2 and CO. On the other hand, they

ere observed to reduce the sensor response to oxidizing gases
uch as NO2. These findings provide guidance on how to achieve
oth high sensor response and selectivity as illustrated in Figs. 5–7.
he catalytic activity of Pd was found to be related to chemical
ensitization unlike that of Ag that appears to be related to elec-
ronic sensitization. The former correlates with the well-known
bility of Pd to support the H2 to 2H split-over conversion fol-
owed by spillover. In contrast, both changes in conductivity on
g-decorated structures, and their behavior when exposed to oxi-
izing and reducing gases, can be correlated to silver oxidation
nd reduction (Ag0/Ag+ equilibria) leading to electron-depleted

egions. The application of impedance spectroscopy enabled decon-
olution of different contributions to the sensor response. Only
g-decorated specimens exhibited two semicircles response, cor-
esponding to two different time constants. This showed that in
erent atmospheres and working temperatures: Synthetic dry air at (a) 100 ◦C, (c)
H2 at 300 ◦C. (For interpretation of the references to colour in the text legend, the

contrast to undecorated and Pd-decorated specimens, nearly 80%
of the Ag decorated sensors’ response to H2 was controlled by
changes in the interfacial resistance between Ag particles and disks,
leading perhaps ultimately to a less stable device. Optimum tem-
perature of operation changed according to each gas, as the result
of the diverse gas-solid interaction mechanisms. Sensor response
to H2 being related to the reaction with O2 species, were optimal
at higher temperatures (300 ◦C). In the case of NO2 (direct inter-
action with electron pairs), the maximum sensor response was
observed at 200 ◦C. For Pd-decorated materials, CO sensor response
was enhanced at lower temperatures (under 150 ◦C), where CO
absorption by metal nanoparticles is favored.
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