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Abstract. Inthe present study, Au-surfactant core-shell colloidal nanoparticles (NPs) with controlled dimension
and composition were synthesized by sacrificial anode electrolysis. Transmission electron microscopy (TEM)
revealed that Au NPs core diameter is between 8 and 12 nm, as a function of the electrosynthesis conditions.
Moreover, surface spectroscopic characterization by X-ray photoelectron spectroscopy (XPS) analysis confirmed
the presence of nanosized gold phase. Controlled amounts of Au NPs were then deposited electrophoretically on
carbon nanotube (CNT) networked films. The resulting hybrid materials were morphologically and chemically
characterized using TEM, SEM (scanning electron microscopy) and XPS analyses, which revealed the presence
of nanoscale gold, and its successful deposition on CNTs. Au NP/CNT networked films were tested as active
layers in a two-pole resistive N(sensor for sub-ppm detection in the temperature range of 100€208u

NP/CNT exhibited a p-type response with a decrease in the electrical resistance upon exposure to oxidizing NO
gas and an increase in resistance upon exposure to reducing gases @@.dt Wabk also demonstrated that the
sensitivity of the Au NP/CNT-based sensors depends on Au loading; therefore, the impact of the Au loading
on gas sensing performance was investigated as a function of the working temperature, gas concentration and
interfering gases.

1 Introduction gases, their resistance decreases; instead, the resistance v

ation is in the opposite direction in the presence of reduct
In recent years the use of carbon nanotubes (CNTs) has aing gas molecules (Kong, 2000). The possible sensing mech-

tracted great interest in gas sensing applications because ahisms include electrostatic gating (Kong, 2000), interac
their reduced dimensionality, which means a high surface+tion with pre-adsorbed oxygen species (Collins et al., 2000

to-volume ratio, together with an outstanding gas adsorpcharge transfer from adsorbed gas species to carbon nan-

tion capability, and lower operating temperatures comparedtubes (Chang et al., 2001; Zhao et al., 2002), and alteratio

to the conventional metal oxide-based device; thereforepf the electrode work function which leads to a change in the

these properties make CNTs ideal candidates for environearrier mobility due to formation or removal of the Schottky

mental sensing applications. Presently, continued progress ibarrier (Peng et al., 2009).

CNT-based sensor development for gas detection has been Although significant progress has been made in under

achieved (Zhang et al., 2008; Bondavalli et al., 2009; Penzatanding the sensing mechanisms of pristine CNTs toward

etal., 2014). gas molecules, the operation/sensing mode still remains an
Semiconducting CNTs generally have a typical p-type biguous (Fan et al., 2005).

electrical behaviour under specific ambient conditions

(Martel et al., 1998): in the presence of adsorbing oxidizing
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The need for air-quality monitoring necessitates the devel-metal is adsorbed on the point defect site of the nanotube
opment of highly sensitive sensors that are selective for thesurface, the structure becomes stable.

detection of individual pollutant gases, especiallyN@hich Covalent and non-covalent methods have been employed
is a very toxic air pollutant to be detected at sub-ppm levelto functionalize CNTs with various materials including poly-
with high sensitivity and selectivity. mers (Salavagione et al., 2014), metal oxides (Zhang et al.,

The sensing response of gas sensors based on unmodifi@®13), metals (Penza et al., 2014) and organometallic com-
CNTs is weak and scarcely selective since the ideal carbomlex (Brunet et al., 2012). In particular, the functionaliza-
hexagonal network is held together by stron§lspnds char-  tion with metal nanoparticles (NPs) can lead to highly sen-
acterized by a low chemical reactivity with the molecular en- sitive and selective gas sensors thanks to the extraordinary
vironment (Peng and Cho, 2003). Consequently, the funccatalytic properties of the metal NPs (Feldheim and Foss,
tionalization of the CNT sidewalls is mandatory to improve 2002), as already suggested by several experimental (Khalap
both the sensitivity and the selectivity of the CNT-based gaset al., 2010), theoretical (Pannopard et al., 2009) and com-
Sensors. bined (Kauffman et al., 2010) works.

In general, molecular sensing requires strong interactions Leghrib et al. (2010) reported on multi-walled carbon
between sensor material and target molecules; this is alsnanotubes (MWCNTS) decorated with different metal NPs,
the case for nanotubes. It has been found that nanotubes aeeg. Rh, Pd, Au and Ni, to tailor gas recognition of ben-
scarcely sensitive to many types of molecules (e.g. hydrozene vapours at concentrations lower than 50 ppb with high
gen and carbon monoxide), indicating an apparent lack ofensitivity and selectivity at room temperature. Au- or Ag-
specific interactions between nanotubes and these moleculedecorated CNT films have been used to detecp ldQup to
therefore, nanotube sensors with molecular selectivity can b&00 ppb at room temperature (Espinosa et al., 2007). Star et
obtained through rational chemical and/or physical modifica-al. (2006) and also Lu et al. (2004) decorated single-walled
tion of the nanotube’s surface, involving simple deposition of CNTs with Pt, Pd, Au or Rh for detecting a large variety of
functional materials on the nanotubes (Kong et al., 2001). gases such as CO, NOCHjy, H2S, NH; and H, by discrim-

Moreover, it has been reported that the sensitivity of nan-inating from interfering gases. Moreover, recent works (Col-
otube gas sensors could be enhanced through functionalndres et al., 2014; Doroodmand et al., 2013) concern the
ization and defect generation, because single-walled carbofunctionalization of CNTs with Pd and the electrodeposition
nanotube (SWNT) defect sites of various nature, such a®f FeOOH nanostructures on CNTSs fog @as sensing, with
topological, rehybridization, incomplete bonding defects anda detection limit in the range of ppb and a high selectivity.
doping with elements other than carbon (Charlier, 2002), are  Among various metal NPs, Au-functionalized CNT-based
more reactive than the pristine’sponded lattice. Appropri-  resistive gas sensors show the best sensitivity and selectivity
ate deposition procedures can selectively decorate CNT detowards NG gas detection (Penza et al., 2007).
fect sites with catalytic nanophases (Fan et al., 2005). As re- Several methods have been used to functionalize CNTs
ported in Robinson et al. (2006), CNT defect sites play anby metal NPs, such as thermal evaporation (Scarselli et al.,
important role in the electrical response for a broad spec2012), sputtering (Penza et al., 2011) and electrochemical
trum of chemical vapours, and the controlled introduction of deposition (Mubeen et al., 2011).
defects can be used to increase the sensitivity and chemi- In this study, we report on the functionalization of the
cal selectivity of both the conductance and capacitance re€NT-based gas sensor by Au NPs with defined dimen-
sponses. The defects form low-energy adsorption sites thagion and controlled loading using an electrophoretic depo-
also serve as nucleation sites for analyte condensation at higtition, as an easier process for the mass production of metal-
vapour concentrations; moreover, the chemical sensitivity offunctionalized CNT-based gas sensor devices. The effects of
SWNTSs can be increased significantly by introducing a con-the operating sensor temperature (range 100220d@nd of
trolled low density of defects along the nanotube sidewall. Inthe metal loading on sensor performance towards N&
addition, experimental studies (Lv et al., 2010) showed thattection were reported. Moreover, the Au NP-functionalized
defects of CNTSs created nucleation sites for metal nanopartiCNT-based gas sensor response in the presence of interfer-
cles. In fact, the structural defects, such as topological defectig gases (e.g. NO, Nl was also evaluated.
and vacancies in CNTSs, always existed in most of the CNTSs.

Studies (Kim et al., 2007; Pannopard et al., 2009) have indi-2 Experimental
cated that the transition metal has a rich d-electron and empty
orbit, and the small gas molecule can bond strongly to th
metal when adsorbed on the surface. As previously reporte
(Kim et al., 2007; Zhang et al., 2014), when metal nanopar-The core-shell gold nanoparticle (Au NP) solution, used to
ticles are deposited on the perfect surface of a nanotube anetal directly decorate CNT-based gas sensors, was pro-
away from the surface defects, the interaction between the&luced by the sacrificial anode electrolysis (SAE), in the
metal and the nanotube is weak; on the other hand, when thpresence of 0.05M tetraoctylammonium chloride (TOAC),
with the simultaneous function of electrolyte and Au NP

.1 Electrochemical synthesis of Au NPs
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Figure 2. Scheme of Au-modified CNT-based gas sensor device.

structure, and abundance of amorphous matter, are report
elsewhere (Penza et al., 2008).

Modification of CNT-based devices was performed using
an electrophoretic process consisting of a three-cell electrod

device and Ag AgNO3 was the reference electrode. The dis-
tance between the anode and the cathode was setat2cm. T
electrolytic solution was the Au NP colloidal solution. The
deposition process is a cathodic process in which an applie
working potential a little bit more negative than the open cir-
cuit potential was used to induce the migration of the col
stabilizer, dissolved in an anhydrous tetrahydrofuran (THF)Itﬁf?:edASc{\il OPnS (;[?\;\;]aerdrz Str;ﬁ, ;]Ieg;zvforﬁztimoghee([C):c':lsiTti\(/js\gﬁgl

a?dlaczzegclngltrg\eﬂ(]ACN)lsotlun(;)n, n“xed m::ic;atlo (.C'Ofg i followed by its removal from the metal NPs surface, with the
€ aA’ A I\?O Orfi/-le' eZg)Ne C? was usle ,te(?jmppe Y:;' r}inal result of the CNT surface decorated with Au NPs. The|
an Ag/AgNOs (0. n ) reference electrode, a go xcess of the surfactant from the functionalized device wa

anode and a platln.um cathode. During the process, the Ceﬁompletely removed by washing it with ACN for three times.
was kept under a nitrogen atmosphere.

Since in these systems the NPs shell thickness is roughI%meS’ 90 and 600ss, to deposit different metal loadings. Th

proportional to the chain length of the surfactant (Reetz h f 2 AUWCNT resisti L
and Helbig, 1994; Reetz et al., 1995), while the core size;5r1(:|:?grm2a of a AU/CNT resistive gas sensor device is reporte

is mainly influenced by the electrochemical parameters, Au
NPs with a shell thickness of about 1.2 nm were synthesized

using TOAC. The working potential was set-al V corro- 2.3 Material characterization set-up
sion voltages and the electrolysis charge at 300 mC. As Olis"Sun‘ace chemical characterization was performed by mear
cussed in details in previous works (Cioffi et al., 2011), and

reported in Fig. 1, the electrochemically synthesized Au NPsOf a Thermo VG Theta Probe XPS spectrometer equippe

have a uniform dispersion with diameter of 12 nm. More- with a . spot monochromatic Al K source. Both survey

over, since the Au NPs are stabilized by the tetraoctylammo—a nd high-resolution spectra were acquired in fixed analyse

Figure 1. TEMimage and dimensional dispersion histogram (inset)
of electrochemically synthesized core-shell Au NPs/TOAC.

nium surfactant with a positive charge, as revealed in previ-s ectivel
ous work of our group (Cioffi et al., 2000; leva et al., 2008), P v .

. " . The dimension of synthesized Au NPs was evaluated us
the net surface charge of metal NPs is positive and it was

used for the electrophoretic deposition to surface decorat(%r}%a)ﬁfsltliiﬁf‘l T12 transmission electron microscopy
CNT devices. :

The morphology of pristine and Au-decorated CNTs wag
analysed by scanning electron microscopy (SEM), using
Field Emission ZeisZIGMA instrument at 5-10 KV, 10 um
aperture, directly on the sensor devices.

MWCNT layers were prepared by a radio-frequency plasma-
enhanced chemical vapour deposition (RF-PECVD) sys-
tem, at a reasonably low growth temperature of 4G0

onto low-cost alumina substrates (10 mm widthOmm  The experimental set-up used for gas sensing measureme
lengthx 0.6 mm thickness). The experimental conditions is reported elsewhere (Penza et al., 2010). The CNT-base
used, as well as details about MWCNT composition, gas sensors were placed in a sealed stainless test cell (5001

2.2 Growth of carbon nanotubes and sensor fabrication

4 Gas sensing measurements
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The process was performed using two different deposition
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Table 1. XPS surface chemical composition of pristine and Au-
functionalized CNTSs.

83.4eV

Sample C (%) Au (%) O (%)

Pristine CNTs 95.605 - 5005
Au NPs/CNTs:90s 94405 0.3£0.2 5.3+05
AuNPs/CNTs:600s 91205 1.1+£0.2 7.8+£0.5

Intensity (a.u.)

volume) for gas exposure measurements. They were in ther-
mal contact with a home-made heater sink, powered by a
DC power supply system (Agilent 6644A, 0-600~3.5 A),
to control the desired set-point operating temperature. The ” ] .
DC electrical conductance of the metal oxide-based gas sen- 82 84 86 88 90
sors was measured by the volt-amperometric technique in the
two-pole format by a multi-metre (Agilent, 34401A). The Binding Energy (eV)
chemiresistors in an array of four sensing elements were
scanned with automated control by a multiplexing switch rigure 3. XPS Au4f spectra of Au-decorated CNTSs.
system (Keithley, 7001) equipped by a low-current scanner
card (Keithley, 7158). All data were acquired and stored for
further analysis in a PC-based workstation, equipped with3 Results
software compiled in Agilent-VEE.

Dry air was used as the reference gas and diluting gag.1 Material characterization
to air condition the sensors. The gas flow rate was con-
trolled by distinct mass flow metres (MFC) with different The surface of pristine CNTs and Au-decorated CNTs at dif-
full scales and controlled by GMIX software. The total flow ferent process times was chemically characterized by XPS.
rate per exposure was kept constant at 1000 sccm. The ga—é']e detailed chemical quantification of the structures showed
sensing experiments were performed by measuring the resi¢hat by increasing the deposition time, as expected, the gold
tance change of deposited films under the exposure to the tatoading on CNTs increases, as reported in Table 1. There-
get gas at different concentrations. The sensing experimenti®re, by controlling the process time it is possible to tune the
were conducted at three different sensor temperatures (10@leposited metal concentration.
150 and 200C), to evaluate the temperature effect on gas In Fig. 3 the XPS Au4f spectrum of electrophoretically
sensing performance. Au-decorated CNTs is reported. It is composed by a single

The gas sensing cycle consisted of a period (at leasfloublet, attributed to Au in the elemental oxidation state.
60 min) of stabilization of the sensor signals with dry air The position of the Au4f, peak at 83.7e\t0.2eV was
(analysis certificate on the gas bottle given by the companysignificantly lower than that expected for bulk metallic Au at
providing gases, AirLiquide) flowing, an exposure time of 84.0eV (Moulder et al., 1992). This phenomenon is reason-
10 min to various targeted gas concentrations at increasingbly due to initial state size effects, highlighted for small gold
steps and finally a recovery time (at least 60 min) to restoreparticles (Radnik et al., 2002; Cioffi et at., 2011). Therefore,
the sensor signals with dry air flowing to clean the test cellthe effectiveness functionalization of CNTs with nano-size

and sensor surface. gold particles has been demonstrated. To corroborate these
The sensor response to a given gas concentration was déesults, morphological analysis was performed by SEM.
fined as the resistance changeR, whereAR is the change Figure 4 displays SEM images of un-functionalized and

in resistance between the values of steady state of the elegurface-modified CNT films with of 0.3 and 1.1at.% of

trical resistanceR ; and R;, of the sensor upon a target gas Au loading. The morphological analysis of CNTs reveals a

and in air, respectively. The mean gas sensitivity (% ppm  Pronounced tubular structure, consisting of tangled nets of

(Sm) is defined as weighted mean of the ratio between perdensely distributed chains.

centage relative resistance change (%) over gas concentration Past Raman spectroscopy on pristine CNTs revealed the

unit (ppm); it can be calculated with Eq. (1): presence of some amount of amorphous carbon in the CNTs
network (Penza et al., 2008, 2010); specifically, the high in-

1 —n |ATf|j 1 tensity ratio ((D)/I1(G)) of D peak, associated with the
Sm = ;ijl c; (%ppnT ), (1) disordered graphitic layer, t& peak, due to the tangen-

tial modes of the graphitic planes, revealed qualitatively
wherec; is a defined gas concentration which corresponds tahe presence of a large amount of disorder and defects.
the [AR/R;]; response. On the surface-functionalized CNTs, Au NPs effectively
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Figure 4. SEM images ofa) pristine CNTs, and CNTs wittb) 0.3 at. % andc) 1.1 at. % Au loading.

0.2

CNTs with Au nanoclusters. In particular, the N®ensing
response for all sensors increases upon increasing the ana-
lyte gas concentration, as reported in the calibration curves in
Fig. 6a for all gas sensors. As reported in Fig. 6b in which the
NO; concentration range is magnified from 0 up to 1.0 ppm
the trend of the sensor response toJNOncentration is quite
linear up to 1 ppm of N@ instead, after this value, at higher
gas concentrations, the response variation is lower, probably
due to the sensor saturation. Moreover, the;M&ponse at
the operating sensor temperature of 160s higher for Au-
R modified CNTs compared to the pristine CNT film; in par-
200 100 600 800 1000 1200 ticular, the CNT sensor containing 0.3 at. % of Au shows the
better response.
The baseline resistance is not stable for all measured fun¢
Figure 5. Time response of the NDgas chemiresistor based on tionalized CNT-based gas sensors, due to the thermal dri
pristine CNT films, and functionalized with Au-loading of 0.3 and induced by operating sensor temperature in CNT material,
1.1at. %, at a working temperature of 15D. and probably also to the instability of the catalyst particles
onto CNT sidewalls, activated by thermal energy (Penza €
al., 2008); moreover, the baseline drift is more evident at low
decorate MWCNT sidewalls, forming isolated nanoclusters,gas concentration because of the lower ratio between signa
with a density increase upon increasing deposited Au conand noise.
tent. Specifically, a homogeneous distribution of Au NPs is  Considering the sensor operating temperature effect o
found on CNT sidewalls in the top layers of films; even the sensing properties of all gas sensor devices at all investigated
presence of Au NPs on CNT sidewalls in the inner layerstemperatures in the range 100-2@0) the mean sensitiv-
should not be excluded due to the film porosity. The tunedity towards NQ of Au-doped CNT films is always higher
surface modification enables CNTs with controlled surfacethan the un-doped, as reported in Fig. 7; specifically, the
metal loading for the fabrication of selective gas sensorshighest values are obtained for CNTs containing the lowef
The catalytic covering of nanotubes should strongly affectAu loading of 0.3 at. % , especially at lowest tested temper
their properties concerning the gas adsorption and reactivityatures. Moreover, for all gas sensor devices the maximum
hence, the tailoring of gas sensitivity, as discussed in the nexdf mean sensitivity is obtained at the intermediate tempera

— Pristine CNTs
—0.3% Au
014 11%Au

0.0
-0.14

-0.24

Resistance change (R-R,) (kQ)

-0.34

-0.4

time (min)

=

—

=)

paragraph. ture of 150°C at which both systems, Au NPs and CNTs,
are stable, since at higher temperature CNTs could decom-
3.2 Gas sensing characterization pose and Au NPs could agglomerate, decreasing their cat-

alytic properties. On the contrary, a lower temperature coul
Figure 5 reports the time response of the CNT chemiresistorspot be enough to activate chemically effective interactions
pristine and surface modified with a different Au NPs loading the interfaces between the two structures, probably respons
of 0.3 and 1.1at. % , exposed to 10 min pulses of decreasingle of the dominant sensing mechanisms. The higher senspr
spot concentrations of Ngas in the low range from 10 to response towards NObf CNTs containing the lower load-
0.1 ppm. The working sensor temperature was°Xh0The  ing of Au NPs is probably due to the fact that in this con-
electrical resistance of Au-loaded and pristine CNT devicesdition the Au NPs agglomeration in nanoclusters of higher
decreases rapidly when exposed toA\fas; thus the p-type dimension is prevented, since the surface density of Au NP,
characteristic is maintained also after functionalization of the

[2)
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Figure 6. Calibration curves for pristine and Au-decorated CNT-based sensors towgrg&dat 150C (a) in the concentration range of
0.1-10 ppm andb) the magnification of 0.1-1.0 ppm concentration range.
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Figure 7. Mean sensitivity of pristine and Au-decorated CNT-based rigyre 8. Repeatability test based on time response of functional-

sensors toward Nfgas at different sensor operating temperaturesized CNTs with Au loading of 0.3 at. % at a working temperature of

in the range 100-20TC. 150°C and at 10 and 1 ppm of NQrepeating 10 times the expo-
sure to each gas concentration.

on the sidewall of CNT is low, as revealed by SEM images;

therefore, a high surface catalytic activity of nanosized Au is € 10 B Pristine CNTs
guaranteed. Instead, a high Au loading causes a high surface & 0% Au
density of the Au NPs that could agglomerate, reducing their § 081 '
catalytic properties. As confirming this assumption, Hvol- S
baek et al. (2007) have demonstrated by density functional 'S %€]
calculation that the fraction of low coordinated Au atoms S
scales approximately with the catalytic activity, suggesting g 2
that atoms on the corners and edges of the Au NPs are the ‘2
active sites. & 021
Moreover, excellent short-term repeatability of the re- =
sponse to the selected targeted gases has been also measured 0.0- NO, T NH,

for the Au-modified CNT-based sensors, as reported in Fig. 8

in which the repeatability test has been evaluated exposingigure 9. Mean sensitivity of CNT-based sensors toward NGO
functionalized CNTs with Au-loading of 0.3 at. % at 10 and and NH; gases at a sensor temperature of 160

1ppm of NG repeating 10 times the exposure to each gas

concentration, at a working temperature of 280
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