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Abstract 

In the present study, gold/surfactant core/shell colloidal nanoparticles with a controlled morphology 

and chemical composition have been obtained via the so-called sacrificial anode technique, carried 

out in galvanostatic mode. As synthesized Au-NPs had an average core diameter comprised 

between 4 and 8 nm, as a function of the electrochemical process experimental conditions. The UV-

Vis characterization of gold nanocolloids showed clear spectroscopic size effects, affecting both the 

position and width of the nanoparticle surface plasmon resonance peak. 

The nanomaterial surface spectroscopic characterization showed the presence of two chemical 

states, namely nanostructured Au
(0) 

(its abundance being higher than 90%) and Au
(I)

. Au-NPs were 

then deposited on the top of a capacitive Field Effect sensor and subjected to a mild thermal 

annealing aiming at removing the excess of stabilizing surfactant molecules. Au-NP sensors were 

tested towards some gases found in automotive gas exhausts. The sensing device showed the largest 

response towards NOx, and much smaller –if any- responses towards interferent species such as 

NH3, H2, CO, and hydrocarbons. 
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1. Introduction  

The use of gold nanoparticles (Au-NPs) can be traced back to the 5
th

 or 4
th

 century B.C. in Egypt 

and China. During the Roman Age, metal nanoparticles were used for the production of colored 

glass and pottery, such as the well known Lycurgus Cup, dating back to the 4
th

 Century B.C. [1]. 

The first “pure” sample of colloidal gold was prepared in 1857 by Michael Faraday, who reduced a 

gold chloride solution by means of phosphorous. Faraday was the first to attribute the particular red 

color of that colloidal suspension to the infinitely minute sized gold particles, that he called 

“activated gold” [2].  

In the last decades, gold nanoparticles (Au-NPs) have attracted a great research interest due to their 

possible application in different fields, such as catalysis [3], optics [4], medicine [5], 

microelectronics [6], sensor technology [7]. Noteworthy, Au-NPs show interesting size- and shape-

dependent physicochemical properties [8-12]. In the bulk form, gold is considered an inert material; 

on the contrary, when finely dispersed at the nanometer scale, its chemical reactivity dramatically 

increases, as a function of the nanophase size, shape, composition, morphology dispersion, and 

crystalline status [13-15]. Au-NPs have not completely fulfilled the initial expectations, though, 

when used as catalyst active material, because of their substantially low catalytic activity, attributed 

to the completely filled d-band. Nevertheless, it has been found that a relatively high number of 

chemical reactions can be catalyzed by gold structures in the nanometer range [13]. Just to provide 

a few examples, in a recent report, the activity of Au-NPs was investigated in the catalytic reduction 

of aromatic nitro-compounds [16] and a review by Haruta et al. [14] showed the efficiency of 

supported Au-NPs in promoting CO oxidation and propylene epoxydation. NP-based gas sensors 

have been frequently investigated in these years since they offer several advantages, namely: 

increased surface area–volume ratio and new reactivity properties, thus resulting into improved 

sensing performance levels, potentially involving all the sensor figures of merit: sensitivity and 
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selectivity of the detection, as well as response and recovery time [17]. Frequently, the NP size-

dependent properties have been exploited to tune the sensor features [18]. The environmental 

importance of nitrogen oxides (NOx), that are correlated to a number of health diseases and 

pollution issues [26], is continuously stimulating an intense academic and industrial research for the 

development of NP-based NOx sensors.  

The first example of Au-NP based gas-sensor was proposed in 1998 [19], subsequently, other 

sensing applications of Au-NPs have followed, mainly based on the use of thiol-capped Au-NPs 

[20-21], and/or with several different functionalities [22]. Self-assembled coatings from Au-NPs 

and dendrimers [23], gold nano-triangles [24], were investigated, as well. Moreover, in reference 

25, the sensitivity of nanostructured gold systems was clearly shown to be affected by the particle 

size. In 1999, Lu et al. [27] extensively studied the chemistry of the NOx-gold surface system, 

which constitutes the supporting idea of developing Au sensing layers for NOx detection. In 2001, a 

new Field Effect gas sensor based on a thermally evaporated nanostructured Au film was proposed 

for the detection of NO2 [28]. The sensor showed lower or negligible sensitivity towards interfering 

species like H2 and CO, and a preferential detection of NO2, with respect to NO; interestingly, 

better results were obtained in the presence of thinner gate layers with smaller Au-grain sizes. In 

another study of the same year, Au-doped micro-porous silicon layers were used for the detection of 

NOx, with a comparable device response to both NO and NO2 [29]. Steffes an coworkers. outlined 

the improvement in the sensing properties of Indium oxides towards NO2 in presence of Au-NPs 

[30]. Langmuir-Schaeffer layers of thiol-stabilized Au-NPs were proven to be sensitive towards 

NO2 at the low ppm concentration level, too [31]. Recently, Parthangal et al. assembled a sensor 

device using a Au nanostructured film on the top of zinc oxide nanowires. This sensor showed 

sensitivity to both reducing (methanol) and oxidizing (nitrogen dioxide) gases at high temperature 

[32]. Noteworthy, both in early [28] and recent [31] studies on the NOx/Au system, slow response 



4 

 

and/or recovery have been registered; this was explained through peculiar NOx/Au-NP surface 

interaction, leading to residual polarization phenomena in the active layers [28].  

A great number of methods have been proposed for the preparation of controlled size and shape Au-

NPs [33-38], and electrochemical techniques are usually less diffused than wet-chemical methods 

[39-42]. Wet-chemical preparation processes generally provide NPs of almost any possible shape 

and in a wide size range, while electrochemical routes to gold nanocolloids show some limitations 

in the nanomateriale size range and they allow the direct preparation of only few morphologies. 

Moreover, the preparation media need to contain electrolyte species whose presence might be 

undesired for some applications and their removal from the Au colloidal suspension could be 

critical or, at least, it could be a source of irreproducibility. On the contrary, in our opinion, one of 

the main advantages of electrochemical syntheses resides in the absence of chemical reductants and 

this results in the preparation of cleaner colloidal solutions with no contamination by the reductant 

excess or by its sub-products.  

In this work, the so-called Sacrificial Anode Electrolysis (SAE) has been used for the preparation of 

morphologically controlled core–shell Au-NPs.  

SAE approach was firstly proposed by the research group of M.T. Reetz [43-44] as a versatile and 

reliable method to prepare core-shell metal nanoparticles composed by a metal core surrounded by 

an organic shell. In SAE processes, the control of NP morphology is realized by the use of a proper 

choice of electrochemical parameters and by the cathodic stabilization of the nanophases growing 

on the electrode surface [45]. In case of Pd-NPs, the electrolysis was proven to afford for a tight 

control over the core size and the experimental results were in good agreement with the 

fundamentals of electrocrystallization theory [42, 46]. Recently, Huang et al. [47] studied SAE 

processes carried out in the presence of a mixture of surfactants and demonstrated that the size of 

electrosynthesized Au-NPs can be controlled by the nature and relative amount of the surfactants, 
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by the electrochemical parameters employed during the SAE preparation, and by the synthesis 

temperature. 

The present work is aimed at investigating the synthesis of gold nanoparticles using a three-

electrode electrochemical cell in a surfactant solution, with special emphasis on the characteristics 

of the gold nanoparticles produced. In particular, the effect of current density, surfactant carbon 

chain length and annealing time has been investigated. The morphology and composition of 

nanomaterials electrosynthesised by SAE processes were carefully assessed using UV-Vis 

Absorption Spectroscopy (UV-Vis), X-Ray Photoelectron Spectroscopy (XPS), Scanning Electron 

Microscopy (SEM) and Transmission Electron Microscopy (TEM). Finally, electrosynthesized Au-

NPs were investigated as active gate material in field effect capacitive sensors, showing interesting 

selectivity features in the detection of nitrogen oxides. 

 

2. Experimental  

2.1 Au-NPs electrochemical synthesis 

Au-NPs have been electrosynthesized by means of the so-called Sacrificial Anode Electrolysis, 

[43-44] using a three-electrodes cell equipped with an Ag/AgNO3 (0.1 M in acetonitrile) reference 

electrode, a gold anode and a platinum cathode. Electrode area was of about 3 cm
2
. The electrolytic 

solution was composed of a 0.1 M tetra-alkyl-ammonium salt (NR4Cl, with R = C4, C8, C12) 

dissolved in tetrahydrofuran/acetonitrile (THF/ACN, ratio 3:1). The ammonium salts were used as 

both particle stabilizer and supporting electrolyte. During the process, the cell was kept under a 

nitrogen atmosphere and the electrolysis charge was usually set at about 300 C. The nanocolloid 

concentration was calculated by weighting the Au anode before and after the process, to determine 

the amount of electro-dispersed metal. SAE electrochemical route offered several advantages in 

terms of reduction of the overall preparation cost, high morphological and chemical stability, as 
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well as the possibility of easily tuning the nanoparticle size, being the NP diameter correlated to the 

process parameters, and particularly to the applied current density (japp). 

 

2.2 Morphological and Surface chemical characterization 

SEM characterization of annealed Au-NPs was carried out using a LEO 1550 VP Field Emission 

Scanning Electron Microscope. Transmission Electron Microscopy (TEM) images were obtained by 

means of JEOL-2010 and Philips 400 T TEM facilities. 

Surface elemental characterization was performed by means of X ray Photoelectron Thermo VG 

Theta Probe spectrometer equipped with a micro-spot monochromatized Al K source. Both survey 

and high-resolution spectra were acquired in fixed analyzer transmission mode with a pass energy 

of 150 eV and 100 eV, respectively. As-synthesized colloids were cast as thin film onto a platinum 

plate, in order to minimize the onset of differential charging surface phenomena that may 

appreciably modify the photoelectron peak FWHM, shape, and baseline. 

 

2.3 Gas sensing device configuration and measurement setup 

The sensing devices employed in this study were field effect MIS (Metal-Insulator-

Semiconductor) capacitors  with a gate electrode covered by a layer of catalytically active Au-NPs. 

The capacitive sensor consisted of p-doped Si as semiconductor, with a thermally grown oxide as 

insulator. Above this, Cr/Au bonding pads were evaporated. The ohmic backside contact consisted 

of evaporated annealed Al. The sensor device (a ceramic heater) and a Pt-100 element were 

mounted on a 16-pin holder. A fixed volume (0.5 μl) of Au-NPs solution was drop-cast onto the 

SiO2 surface, partially overlapping the bonding pads. The as-deposited NPs film showed poor 

electrical conductivity. To increase the film conductivity and enhance its stability, Au-NPs were 

annealed at 200 °C for 1 hour. 4-probe measurements showed that the resistivity of annealed NPs 

film was in the range of 510
-7

 to 110
-6

 ohm∙m. 
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During exposure to the gas, the sensor holders were mounted in aluminum blocks connected to the 

gas line. A computer-controlled gas mixing system was used to select the concentration of gases 

flowing over the sensor surface. The mixing system was connected to a Multi Capacitance Meter 

(MCM), making possible to measure voltage at constant capacitance for several devices 

simultaneously. The device output signal was the voltage measured at constant capacitance during 

the exposure to the test gas. Sensing measurements were performed at 150° C with N2/O2 

(90%/10%) as carrier gas. Device response towards NO and NO2 was found to be almost identical. 

Consequently, the device sensitivity towards nitrogen oxides (generically indicated as NOx species) 

was investigated by using only one of them: NO2. Analyte pulses were set in the concentration 

range comprised between 50 and 400 ppm. Any test gas pulse was followed by a pulse of 

background gas of the same duration.  

 

3. Results and Discussion  

3.1 Au-NPs electrosynthesis and UV-Vis characterization 

In the present study, we aimed at systematically addressing the pros and cons of SAE routes to 

Au-NPs stabilized by a single capping agent at room temperature. In a first set of experiments, Au-

NPs have been electrosynthesized in galvanostatic mode, in presence of tetra-octyl-ammonium 

chloride (TOAC) as stabilizer, by varying japp from -0.50 mA∙cm
-2

 to -15.00 mA∙cm
-2

 (individual 

SAE data not reported). For every japp, three samples have been prepared and the process efficiency 

η% was calculated, η% being comprised between 20 and 70%, as a function of the experimental 

conditions and of a certain sample-to-sample variation. An increase in the mean measured voltage 

<E(V)> was observed when increasing japp, and this parameter also showed a certain sample-to-

sample dependence, too. Due to these sample-to-sample variations, η% values were then averaged 

for further data processing. According to japp, and to the mean value of η%, the effective current 

density (jeff, defined as jeff=japp∙<η%>) was estimated to vary from -0.09 mA∙cm
-2

 to -4.12 mA∙cm
-2

. 
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Soon after their preparation, pristine colloids were subjected to an UV-Vis spectroscopic 

characterization, providing the peak position (λmax) and the full width at half maximum (FWHM) 

values of the Au-NPs plasmon resonance bands are reported in Table 1. The relatively low mean 

process efficiency and sample-to-sample variations were attributed to the occurrence of side 

electrochemical processes involving solvent impurities (e.g. traces of water and, most of all, 

contaminants deriving from the stabilizer commercial batch), and/or stabilizer electro-degradation. 

The production of amines and/or molecular chlorine (see XPS data in the following, for details), 

possibly physi- or chemi-sorbed on the surface of the cathode, might have significantly interfered 

with the SAE efficiency and reproducibility, too. 

3.2 Au-NPs UV-Vis characterization 

Link et al. [48] demonstrated a correlation between the FWHM of plasmon resonance peaks and 

the particle diameter (dAu) of aqueous Au-nanocolloids. Particularly, the FWHM decreased while 

increasing the diameter with a minimum value falling at around dAu=25 nm. After this value, for 

larger particles, the FWHM increases again. Wilcoxon et al. [49] reported, for Au-NPs, that the 

position and the FWHM of the plasmon resonance peaks depend on both core diameter and particle 

shape. The authors reported a red-shift of the plasmon resonance peak as the particle diameter is 

increased. In the present work, we observed a correlation between the variation of the effective 

current density jeff and the nanocolloid spectrophotometric features, namely the peak position and 

FWHM. Figure 1 and the panel “a” of Figure 2 show that the plasmon resonance peak position and 

FWHM clearly depend on jeff, thus indicating a NP size change upon varying jeff [49]. The peak 

position λmax shifted from about 522 nm to higher wavelengths (e.g. 528 nm) while changing jeff to 

less cathodic values. The peak FWHM proved to be a more suitable parameter for studying the 

correlation between jeff and NP size and spectroscopic effects. In fact, the peak width showed a 

marked and linear decrease as jeff was increased, thus indirectly showing that the Au-NPs core 

diameter changes with jeff and –given the observed trends- it should have been smaller than 25 nm 
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[48]. As an example, in Figure 2b, the UV-Vis absorption peaks of Au-NPs prepared at japp= -5.00 

mAcm
-2

 and japp= -10.00 mAcm
-2

 are reported. A wider FWHM can be clearly detected for the 

colloid prepared at japp = -10.00 mAcm
-2

, with respect to japp = -5.00 mAcm
-2

; on the contrary, λmax 

is only slightly shifted. 

 

Figure 1. Plasmon resonance peak mean position (λmax) changes as a function of jeff. The error bars 

represent the standard deviation for the mean wavelength and jeff values (n = 3 samples). 

 

3.2 Au-NPs TEM characterization 

The existence of a core size modulation while changing jeff from -0.09 mAcm
-2

 to -4.12 mAcm
-2

, 

was confirmed by direct TEM characterizations. Typical micrographs are reported in Figure 3 and 

are relevant to Au-NPs electrosynthesized at: (a) jeff = -0.14 mA∙cm
-2

, (b) jeff = -3.83 mA∙cm
-2

, (c) 

jeff = -4.12 mA∙cm
-2

. The dimensional histograms (see insets in the same Figure) showed that mean 

core diameters were all below the threshold of 25 nm and particularly they were comprised in the 

range between 5.4 nm and 7.9 nm. Even though jeff shifted from -0.14 mA/cm
-2 

to -4.12 mA/cm
-2

, a 

core diameter change of merely 2.5 nm has been observed. Nevertheless, for the same jeff variation, 

greater differences can be observed for the Au-NPs dimensional dispersion. In the case of jeff = -

0.14 mA∙cm
-2

, the particles possessed a quasi-spherical and regular shape, resembling the shape of a 

micellar environment that is compatible with the presence of the cationic quaternary ammonium  
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Figure 2. Panel a. Plasmon resonance peak full width at half maximum (FWHM) changes as a 

function of jeff. The error bars represent the standard deviation for the mean peak width and jeff 

values (n = 3 samples). Panel b. Plasmon resonance spectra for Au-NPs/TOAC electrosynthesized 

at japp = -5.00 mAcm
-2

 (inner curve) and japp = -10.00 mAcm
-2

 (outer curve) show clear difference in 

their FWHM values, while the peak λmax values are only slightly different. Baselines, used to 

calculate peak parameters, are reported for each spectrum. 

 

surfactant. Moreover, the size dispersion was as small as 13% of the mean particle diameter 

(dTEM=7.9±1.0 nm, see panel “a” of Figure 3). In the case of jeff = -3.83 mA∙cm
-2

, the diameter 

decreased and the dimensional dispersion increased up to 25% of the core dimension (dTEM=6.2±1.6 

nm, panel “b” of Figure 3). The use of a more negative current density (jeff = -4.12 mAcm
-2

) gave 

rise to a further slight decrease in size, although the dimensional dispersion was broadened to ~40% 

of the mean diameter (dTEM=5.4±2.2 nm, see panel “c” of Figure 3). Moreover, the TEM image in 

panel “c” of Figure 3, shows the presence of non spherical nanoclusters, too. The TEM 

characterization revealed definitely that, by changing jeff, just a limited modulation of particle  
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Figure 3. TEM images and dimensional dispersion histograms (insets) for Au-NPs/TOAC 

electrosynthesized at (a) jeff = -0.14 mAcm
-2

, NNPs = 617 particles; (b) jeff = -3.83 mAcm
-2

, , NNPs = 

676 particles; (c) jeff = -4.12 mAcm
-2

, NNPs = 621 particles. 

 

 



12 

 

diameter could be obtained. In addition, the irregular morphology observed in some samples 

obtained at higher current density could be attributed to cross-reactivity involving Au-NPs with 

different size or electrolyte impurities, through Ostwald ripening and/or aggregation processes, with 

a consequent partial loss of spherical morphology. 

 

3.3 Au-NPs XPS surface characterization 

The surface chemical characterization of Au-NPs stabilized by TOAC and prepared at different jeff 

values has been performed by means of x-ray photoelectron spectroscopy (XPS) to assess the 

surface elemental composition and chemical states.  

The results for the surface elemental analysis of AuNPs prepared at different current densities are 

reported in Table 1. Noteworthy, samples prepared at different jeff values possess a comparable 

surface elemental composition. In all cases, carbon, nitrogen and chlorine are the most abundant 

elements detected on the nanostructured film surface. Signals from the quaternary ammonium 

moieties dominate the surface spectra and this is due to the high concentration of the surfactant, that 

is used both as stabilizer and as base-electrolyte during the preparation. Gold and oxygen were 

detected, too, although at a lower concentration levels. It should be noticed that Au surface atomic 

percentage showed a certain sample-to-sample dependence. This could be attributed to the solution 

casting procedure and to the limited film-forming properties of the surfactant, that is present in large 

excess in the colloidal NP suspension. Typical XPS chemical speciation results are reported in 

Table 2. In case of signals composed by a single chemical environment, e.g. Cl2p and O1s regions, 

the photoelectron peaks falling at BE values respectively equal to 196.4±0.2 eV and 532.4±0.2 eV 

were attributed to chloride species (as counterion of the tetra-alkyl-ammonium cation) and to water 

adsorbed on the surface of the particle film. The C1s region showed two chemical states, the main 

component, falling at BE=284.8±0.1 eV, was attributed to aliphatic carbon, whereas the component 

at BE=286.2±0.1 eV was attributed to C-N
+
 species, deriving from the ammonium stabilizer. The 
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N1s curve-fitting also showed two chemical states. The component at higher values (BE 

=401.8±0.1 eV) was attributed to quaternary nitrogen, while that falling at lower values 

(BE=398.1±0.2 eV), was attributed to aminic species, formed during the possible electro-

degradation of the ammonium salt. In the Au4f high resolution region, two chemical states were 

detected. The first one, falling at lower BE values, was attributed to Au in the elemental oxidation 

state. The position of the Au4f7/2 peak (BEAu4f7/2=83.0±0.1 eV) was significantly lower than that 

expected for bulk metallic Au (BEAu4f7/2=84.0 eV) [50]. This is reasonably due to initial state size-

effects, already highlighted for very small gold particles [51]. Noteworthy, differently from other 

nano-systems that showed a BE increase in the case of particles with respect to homologous bulk 

material [52-53], in the case of Au-NPs, a decrease in the BEAu4f7/2 was detected. The doublet 

falling at higher binding energies (BEAu4f7/2=84.8±0.1 eV) was attributed to Au(I) chlorides, most 

probably as (NR4)AuCl2 species [54]. No doublet belonging to Au(III) species (BEAu4f7/2=87.4 eV) 

was detected [55]. It should be pointed out that the relative abundance of the nano-Au(0)/Au(I) 

chemical environments was sample-to-sample dependent. In particular, the higher the Au-NPs 

concentration in the colloidal solution, the lower the amount of Au(I) chlorides. Presumably, Au(I) 

species are involved –in the form of chloro-complexes- in the electrostatic interactions with the 

positively charged particle surface, as already demonstrated for core-shell Pd- and Cu-NPs [52-53].
 

 

3.4 Effects of the surfactant alkyl-ammonium chain length 

According to what was demonstrated by the group of M.T. Reetz in 1995 in case of SAE-prepared 

Pd-NPs [45], the modulation of Au-NPs overall diameter (given by the sum of the shell thickness 

and the core diameter) may be performed by increasing the carbon chain length for the alkyl-

ammonium salt. The carbon chains are supposed to assume a roughly stretched conformation within 

the organic shell, thus making possible a quite uniform distribution of the nitrogen cations. The 

shell may not be considered as an ordered system though, due to the chains’ random orientation, its 
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thickness is expected to be roughly proportional to the carbon chain length. The effect of the chain 

length on the core diameter of Au-NPs was investigated in this study since it should have been 

expected that the longer chain prevents the Au cluster growth, possibly due to a certain chain ability 

to capture the metal clusters, thus resulting in the synthesis of small particles. Au-NPs were 

electrosynthesized at japp= -10.00 mAcm
-2

, using tetra-butyl-ammonium chloride (TBAC), TOAC 

and tetra-dodecyl-ammonium chloride (TDoAC). The UV-Vis characterization revealed that the 

peak position shifted from 519.3±1.5 to 525.5±1.5 nm, and the peak width decreased while 

decreasing the chain length from dodecyl (C12) to butyl (C4), both evidences revealing a NP core 

size increase [49]. Reasonably, Au-NPs core diameter had to be smaller than 25 nm [48]. No matter 

the surfactant chain length, XPS characterization results indicated a surface composition in which 

carbon, nitrogen and chlorine were the most abundant elements (see Table 4). The interpretation of 

the results of Table 4 is similar to what already discussed in the case of data from Table 1 of 

paragraph 3.3. Moreover, the surface chemical speciation analysis for TBAC- and TDoAC-

stabilized Au-NPs gave results very similar to those of Table 2, too; this occurred both in terms of 

chemical states peak position and relative abundance. In particular, the BE values of the Au4f7/2 

photoelectron peaks, for the Au elemental and Au(I) oxidation states, were precisely alike across the 

different shell particles: BEAu4f7/2=83.0±0.1 eV and BEAu4f7/2=84.8±0.1 eV, respectively, [54] with 

relative abundances for nano-Au(0) and Au(I) chemical environments that depended on Au-NPs 

concentration. The developing dimensional effect, attributed to the stabilizer carbon chain, could be 

hardly revealed from the nano-Au(0) Au4f7/2 peak parameters (peak position and FWHM). The 

influence of the surfactant chain length on the NP core diameter could not be excluded based on 

these spectroscopic results, but possibly, there was no such size change that would induce any 

appreciable differences in the Au photoelectron peak features. 

 

3.5 TEM characterization 
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Au-NPs stabilized by quaternary ammonium species with different chain length were then 

characterized by means of direct TEM measurements and typical micrographs are reported in 

Figure 4. The dimensional distributions, taken from the inset histograms, confirmed that NP core 

diameter was not significantly influenced by the chain length, as the mean NP core diameters were 

comprised in the range 4.9 nm ≤ dTEM ≤ 7.2 nm. Greater differences were found on the particle size 

dispersion, that was broader in the case of TBAC-capped particles (σ~40%), while The C8- and C12-

capped NPs showed a more regular and spherical morphology with a smaller size dispersion (σ ~ 

20%). TBAC turned out a sparely stabilizing salt, with respect to TOAC and TDoAC, probably 

because of the short C4 chains were not able to give rise to closed and compact shells around the 

particle growing nucleus, thus leading to a less regular morphology.  

 

3.6 Au-NPs as gate material for gas sensing 

In a previous publication we tested Pd- and Au- nanoparticles produced by the SAE method as 

gas sensing layers in capacitive Field Effect devices at a temperature of 175 °C [56]. Here we have 

investigated the effect of the annealing of these sensing layers which is necessary to get functioning 

gas sensing devices. Furthermore, we have measured the response of gold nanoparticles as sensing 

layers at 150 °C. Before gas-sensing applications, Au-NPs/TOAC were drop cast on the device 

(following the procedure reported in paragraph 2.3) and then subjected to a thermal annealing step 

at 200°C for 1 hour. XPS showed that such a treatment induced the complete conversion of Au(I) 

species in nano-Au(0), that was the only chemical environment detected (BE= 83.7±0.1 eV). The 

other XP regions (e.g. N1s, C1s) showed only limited changes in the relative abundances of 

chemical environments. In particular, N1s region still showed two signals due to amine and 

ammonium species, although the abundance of the latter chemical environment was significantly 

increased upon annealing. C1s spectra of annealed samples were composed by two peaks (due to 

aliphatic and C-N carbons) and were very similar to that of pristine Au-NPs, that has been discussed  
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Figure 4. TEM images and dimensional dispersion histograms (insets) of Au-NPs 

electrosynthesized in presence of (a) TBAC, (b) TOAC and (c) TDoAC at japp = -10.00 mAcm
-2

. 

 

in paragraph 3.3. These evidences can be interpreted similarly to what was reported for other gas 

sensing materials containing quaternary-ammonium stabilized NPs, like Pd-NPs/SnOx composites 

[57]. Thermal annealing is reasonably inducing a partial oxidative degradation of carbon species 



17 

 

(thus increasing the relative abundance of high-BE carbon peaks) and also Hoffman processes, 

leading to the degradation of ammonium-functionalities to-amine species (Hoffman processes 

leading to the increase of the abundance of aminic nitrogens and to the decrease of the oxidized 

carbon peak). The two opposite effects on the carbon speciation are therefore expected to partially 

elide each other and this explains why C1s spectra show minor changes upon thermal annealing. 

Moreover the Au/C surface atomic ratio was increased from 0.027 (value measured for pristine 

NPs) to 0.039 and also the layer electrical conductivity was improved. Capacitor sensitivity towards 

NOx was investigated by exposing annealed Au-NPs/TOAC sensors to NO2 target analyte, in a 

nitrogen/oxygen carrier flow. The Au-NPs sensor was able to detect NO2 at a concentration 

comprised between 50 and 400 ppm (Figure 5). A typical calibration curve was recorded for this 

analyte at 150°C and is reported in panel “a” of the same Figure. The voltage increase after the 

exposure to NO2 could be explained by considering that nitrogen oxides behaved as charge donors, 

thus leading to an increase in the charge density at the Au-NPs-film/insulator interface and thereby 

influenced the charge carriers in the semiconductors. It should be noted, however, that after the NO2 

pulse, the sensor did not recover back to the initial baseline, thus indicating that some irreversible 

interaction between NO2 and the Au-NPs film took place [28, 31]. Thus, these data confirmed that 

slow sensor features were related to the Au-NOx system, no matter of the capping agent and particle 

size. An experiment aiming at quantifying the sensor selectivity is reported in the left plot of the 

same figure. The sensor selectivity was studied by using CO, H2, NH3 (250 and 500 ppm) and C3H6 

(50 and 100 ppm) pulses, since these species are frequently present in the exhaust gases emitted by 

internal combustion engines and therefore play a key role in affecting the performance level of NOx 

sensors to be employed in automotive applications. A couple of injections were used to monitor the 

device sensitivity towards each interfering gas at two concentration levels: 50 and 100 ppm C3H6, 

250 and 500 ppm for CO, H2, NH3 respectively. Noteworthy, at the working temperature of 150°C, 
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the Au-NP sensor provided really small responses to NH3 and was not responding at all to H2, CO 

and C3H6.  

 

Figure 5. (a) Calibration curve of an Au-NP sensor exposed to NO2 in a nitrogen/oxygen carrier 

flow (n=2 replicates); (b) Sensor response, at operative temperature of 150°C, for several interfering 

species at 50 and 100 ppm for C3H6, at 250 ad 500 ppm for CO, H2, NH3, in presence of an active 

gate layer of annealed Au-NPs/TOAC. (c) Sensor response at operative temperature of 150°C for 

several NO2 concentration levels in presence of an active gate layer of annealed Au-NPs/TOAC. 

 

4. Conclusions  

In this study, core shell Au-NPs were electrochemically synthesized by the so called Sacrificial 

Anode technique and then used for the surface-modification of gate electrodes employed in Field-

Effect capacitor sensors for NOx sensing. Nano-colloidal materials were subjected to a 

morphological and spectroscopic characterization in order to reveal size effects attributed to current 

density, and surfactant carbon chain length, to select the optimal preparation conditions for the 

nano-structured sensing films. In particular, UV-Vis spectroscopy and TEM showed that a limited 

tuning in the core size of pristine Au-NPs is possible by changing the current density and the 

surfactant carbon chain length. XPS elemental analysis indicated that the surface of pristine material 
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is covered by large amount of quaternary ammonium species, that derive from the NPs colloidal 

solution.  

Interesting spectroscopic size effects were outlined by both spectrophotometric and surface 

spectroscopy results. Au-NP plasmon resonance peaks were shown to shift and change significantly 

their width as a function of very small core-size differences. Au4f high resolution XP spectra 

showed the occurrence of marked side-effects, reasonably due to initial-state phenomena. 

A mild thermal annealing was then applied to Au-NPs films before their use in gas-sensing devices. 

The treatment reduced the surface concentration of carbonaceous species, and increased the surface 

availability of nano-structured gold species. Thermal annealing also induced the conversion of the 

Au(I) oxidation state into Au(0). Au-NP capacitive sensors were able to detect NOx at concentration 

levels ranging from 50 to 400 ppm, with good selectivity to NH3 and no response to CO, H2 and 

C3H6. Work is in progress in order to study the effect of higher operating temperatures and of the 

simultaneous presence in the nanostructured sensing layer of other nano-sized materials. 
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 Table Captions 

 

 

Table 1. XPS surface elemental analysis for Au-NPs/TOAC electrosynthesized at different jeff 

values. 

Table 2. Chemical speciation analysis for Au-NPs/TOAC electrosynthesized at jeff = -2.65 mAcm
-2

. 

Homologous data relevant to Au-NPs/TBAC and Au-NPs/TDoAC are very similar to those of the 

present Table. 

Table 3. Typical electrochemical and UV-Vis resonance peak parameters for Au-NPs prepared at 

japp= -10.00 mAcm
-2

 in presence of TBAC, TOAC and TDoAC. The error associated to the plasmon 

peak position (max) and width (FWHM) is ±1.5 and ±2 nm, respectively. 

 

Table 4. XPS surface elemental analysis for Au-NPs/TBAC, Au-NPs/TOAC and Au-NPs/TDoAC 

nanocolloids electrosynthesized at japp: -10.00 mA∙cm
-2

. 



23 

 

Table 1. 

j
app 

/mA cm
-2
 j

eff 
/mA cm

-2
 C(%) Au(%) N(%) Cl(%) O(%) 

-0.50 -0.14 90.6±0.5 1.9±0.2 3.3±0.5 3.6±0.5 0.6±0.5 

-1.00 -0.48 90.5±0.5 2.7±0.2 2.8±0.5 3.4±0.5 0.6±0.5 

-2.00 -0.93 90.6±0.5 2.9±0.2 2.9±0.5 2.8±0.5 0.8±0.5 

-3.00 -1.21 89.8±0.5 2.1±0.2 2.8±0.5 2.6±0.5 2.7±0.5 

-5.00 -2.65 90.4±0.5 1.7±0.2 2.9±0.5 3.1±0.5 1.9±0.5 

-10.00 -3.83 89.9±0.5 2.5±0.2 2.6±0.5 3.1±0.5 1.8±0.5 

-15.00 -4.12 91.9±0.5 1.9±0.2 2.9±0.5 2.7±0.5 0.6±0.5 

 

 

Table 2. 

 Region BE/eV Relative abundance (%) Attribution 

Au-NPs/TOAC Au4f 83.0±0.1 82±5 Nano-Au(0) 

    84.8±0.1 18±5 Au(I) 

  C1s 284.8±0.1 88±5 aliphatic carbon  

    286.1±0.1 12±5 C-N+ 

  N1s 398.1±0.2 23±5 NR3, NHR2, NH2R 

    401.8±0.2 77±5 NR4+ 

 

 

Table 3. 

 j
app 

/mA cm
-2

  j
eff 

/mA cm
-2

  <E> /V η% λ
MAX

 /nm FWHM /nm 

Au-NPs/TBAC -10.00 -3.34 +1.7 50 525.5 65 

Au-NPs/TOAC -10.00 -3.83 +2.1 35 522.4 89 

Au-NPs/TDoAC -10.00 -3.29 +1.8 47 519.3 95 

 

Table 4. 

 j
app 

/mA cm
-2

  j
eff 

/mA cm
-2

  C(%) Au(%) N(%) Cl(%) O(%) 

Au-NPs/TBAC  -10.00 -3.34 81.3±0.5 1.6±0.2 5.5±0.5 6.4±0.5 5.2±0.5 

Au-NPs/TOAC  -10.00 -3.83 89.9±0.5 2.5±0.2 2.6±0.5 3.1±0.5 1.8±0.5 

Au-NPs/TDoAC -10.00 -3.29 93.3±0.5 1.9±0.2 2.0±0.5 1.9±0.5 0.8±0.5 
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