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Abstract  

Nanomaterials such as gold nanoparticles employed as solid-state sensors have attracted 

attention in recent years due to their ability to detect poisonous elements in the indoor/outdoor 

environment. Herein, chemoresistive sensors based on gold nanoparticles (AuNPs) 

functionalized with mixed thiol ligands were tested as sensing materials. Specifically, the 

electrical response of gold nanoparticles-based sensors was tested against Hg0
vap, H2S, SO2, NH3 

and relative humidity (R.H.) at room temperature. Gold nanoparticles samples were synthesized 

by wet reduction method and then deposited as thin films on suitable interdigitated transducers. 

Electrical conductivity measurements allowed evaluating a semiconducting behavior of the 

colloids. Selective and reproducible sensing behavior towards Hg0
vap was observed in the range 

0.1-1.0 ng/mL allowing simple and reliable resistive devices to be obtained. An irreversible 

interaction mechanism, based on the formation of Au-Hg direct bond, was observed in the case 

of isolated AuNPs samples. Interconnected AuNPs exhibited a reversible behavior as assessed by 

means of Micro Raman, XRD, XPS, AFM and SEM, UV-Vis and FTIR spectroscopies together 

with DLS measurements. Broadening of the plasmonic band and increase in mean particle size 

upon contact with Hg0
vap was observed. The morphological characterization revealed the 

formation of aggregates after interaction between Hg0
vap and AuNPs. XRD and Micro Raman 

measurements collected upon the non-exposed and Hg-exposed nanoparticles suggest their 

structural rearrangement at the surface and the formation of an Au-Hg alloy with Hg 

mechanically trapped within the bulk material. The simple and cost-effective fabrication of these 

sensors display prospect in the future as nanodevices for real-time outdoor air quality 

monitoring. 
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Introduction 

The awareness of the status of environmental contamination is increasingly garnering attention 

towards global air pollutants1,2. Several air pollutants can be detected in the atmosphere, many of 

which have a great impact on humans and wildlife, and among them, mercury vapors (Hg0
vap), a 

very volatile element, takes on an important role3-5. Over the past decades, the interest towards 

mercury and its vapors has increased6, mainly due to its life-threatening consequences on organs 

such as kidney and liver, combined with neurotoxic effects7-10. Mercury cycles are of great 

importance when it comes to both either prevent or reduce the diffusion of the pollutant. These 

cycles are related to their sources11, which are both natural (volcanoes, fires, etc.) and 

anthropogenic (engines, power plants, etc.)12,13. Mercury can be found in many chemical forms 

in the environment, with methylmercury (MeHg) being the most toxic, due to organisms’ 

absorption and bioaccumulation14. MeHg is found in high concentrations in fish, and seafood and 

recently also in deep oceans fauna15, hence the consumption of these products represents a health 

risk16,17. However, the most abundant form of mercury in the atmosphere is its inorganic form of 

gaseous elemental mercury (GEM) or Hg0
vap, which originates from the liquid state due to its 

high volatility18. The volatile vapours of Hg0
vap, due to their long residence time in the 

atmosphere, estimated from 6 to 24 months19, have a high global diffusion, with a quite 

homogeneous concentration ranging from 1.5-1.7 ng/m3 for the Northern Hemisphere to the 1.1-

1.3 ng/m3 for the Southern Hemisphere20,21. Besides the elemental form, mercury is found in the 

atmosphere in different forms, i.e., gaseous oxidized mercury (GOM) and particle bound 

mercury (PBM). However, ca. 95% of the Total Gaseous Mercury (TGM) found in the 

atmosphere is GEM19,22. Exposure to GEM has proven adverse effects on human health, mainly 

because of its rapid absorption in the respiratory tract with negative consequences on the central 
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nervous system. Although the toxic effect of mercury is dependent on several factors, such as the 

duration of exposure and the amount of inhaled GEM, short-term/reversible or irreversible health 

damage can be experienced. For its importance, many methods and instruments aimed to 

quantify and detect its presence in a certain environment have been developed in the past 

decades23. As it comes, the most common methods to detect the presence of the pollutant exploit 

or just base their readings on the affinity between noble metals (such as gold and silver) and 

mercury24-26. The interaction between these materials leads to the formation of an amalgam, 

which is used for the accumulation of mercury, especially at very low concentrations, in sensors 

based on noble metal film chemoresistors, piezoelectric resonators, quartz microbalances, MOS 

capacitors and MOSFET’s27-32. Currently, absorbent gold surfaces are extensively used for both 

direct and indirect mercury detection. However, these techniques are non-trivial, time consuming 

and require trained personnel for their use33. Most of these methods, in order to overcome cross-

interference effects, use a pre-concentrator mercury cartridge - also known as gold trap – prior to 

desorption and subsequent quantification through different detectors23. Severe cross-sensitivity 

issues caused by common contaminant gases, long operating lifetime, bulky and expensive 

equipment have greatly increased the demand for alternative detection methods34. The use of 

nanomaterials as sensitive layers is particularly convenient in the detection of mercury vapors 

due to their high surface area to volume ratio and absorption capacity, which gives an increased 

efficiency, especially in the presence of low concentrations of pollutants35-37. Recently, the use of 

gold nanoparticles for mercury vapor sensing has been explored, for example as resistive, 

magnetoelastic and acoustic wave sensors38. Accordingly, non-spectroscopic based sensors take 

advantage of the well-known mercury adsorption/amalgamation process that occurs between 

Hg0
vap and gold surfaces39. The integration of nanomaterials - especially gold nanoparticles - in 
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the sensing electrode significantly increases the signal-to-background ratio and strongly 

improves the stability of the sensor when compared to a conventional gold electrode40. The 

advantage of gold nanostructures also lies in the fact that they offer an extensive surface 

chemistry and can be easily tailored to detect different analytes with an enhancement of 

selectivity and sensitivity41-43. 

In this work, gold nanoparticles (AuNPs) functionalized with mixed thiol ligands have been 

employed for the design of solid-state chemoresistive sensors with the aim to elucidate the role 

of different functionalizing layers. A response of the AuNPs after being exposed to GEM was 

investigated and evaluated. To investigate their role, different thiol ligands have been selected: 

an aliphatic one, bearing a sulfonate negatively charged end group (sodium 3-mercapto-1-

propanesulfonate, 3MPS), an aromatic thiol (4-bromobenzenethiol, 4BBT), and an aromatic 

dithiol (4,4’-dithiolbiphenyl, BP) suitable for the formation of interconnected nanoparticles. The 

modulation of surface functionality was achieved by using mixed hydrophilic and hydrophobic 

thiols onto the AuNPs surface (i.e., different pairs: AuNPs-1 with 3MPS/4BBT, AuNPs-2 with 

BP/4BBT, AuNPs-3 with BP/3MPS). This work aims to demonstrate the use of different 

functionalized gold nanoparticles (AuNPs) as active layers for the realization of a chemosensor 

able to detect Hg vapors in a wide concentration range without any pre-accumulation/desorption 

of the analyte. The electrical conductivity measurements for the detection of elemental gaseous 

mercury were performed with a flow-type device. composed of an interdigitated electrode coated 

by a drop casted thin film of gold nanoparticles as sensing material. Previous work done using 

similar device has shown that nanostructure materials based on gold nanoparticles deposited on 

interdigitated electrodes enhance the sensitivity of resistive sensors with high response44. 

Structural and morphological characterizations studies carried out with Raman, XRD, XPS, 
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AFM, SEM allowed to define a model of interaction. Time resolved XRD was performed in situ 

on pristine and previously Hg0
vap exposed AuNPs films, to observe structural reversibility of the 

sensing material. This device has allowed us to get a directly proportional response to the 

mercury vapors concentration. 

Experimental 

Materials 

Tetrachloroauric acid (HAuCl4∙3H2O), tetraoctylammonium bromide (N+[C8H17]4Br-, TOAB), 

sodium 3-mercapto-1-propanesulfonate (3MPS, NaC3H7O3S2), 4-bromobenzenethiol (4BBT, 

BrC6H5S), 4,4’-dithiolbiphenyl (BP, S2C12H10), Sodium borohydride (NaBH4), dichloromethane 

(DCM, CH2Cl2), toluene (C7H8), ethanol (EtOH, C2H6O), N,N-dimethylformamide (DMF, 

C3H7NO), were purchased from Sigma Aldrich and used as received. Deionized water (H2Oup) 

was obtained with a Zeneer Power I Scholar-UV (Full Tech Instruments) apparatus. A Scilogex 

centrifuge was used for the purification of the colloidal suspension of AuNPs. 

Synthetic procedures 

AuNPs functionalized with mixed hydrophilic and hydrophobic thiols were obtained via a 

Schiffrin-Brust method45 obtaining the following samples: AuNPs-1 with 3MPS/4BBT, AuNPs-

2 with BP/4BBT, AuNPs-3 with BP/3MPS, schematized in Figure 1.  
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Figure 1. Chemical structures of AuNPs and used thiols: AuNPs-1 with 3MPS/4BBT, AuNPs-2 

with BP/4BBT, AuNPs-3 with BP/3MPS. 

The synthesis of AuNPs-1 is briefly described as an example: firstly, 0.1000 g (2.54∙10-4 mol) of 

HAuCl4∙3H2O were weighed, dissolved in 5 mL of deionized water, and put in a two-neck round 

bottom flask under vigorous stirring at room temperature. The reagents were added in the 

following order: 0.1690 g (2.54∙10-4 mol) of TOAB, dissolved in 10 mL of toluene; 0.1820 g 

(1.02∙10-3 mol) of 3MPS dissolved in 20 mL of deionized water and finally 0.0480 g (2.54∙10-4 

mol) of 4BBT. Sodium borohydride (0.0970 g, 2.54∙10-3 mol), dissolved in 5 mL of deionized 

water was then added under inert atmosphere to reduce the gold Au3+ to Au0. The color of the 

solution shifted from yellow – HAuCl4 only – to orange with TOAB, white after the ligands were 

added and finally dark brown following the reduction of the gold. The solution was stirred for 

three hours before the purification processes. First, the product was purified via extractions in a 

separating funnel (ca. 5) and the aqueous phase was discarded; the organic phase was then 

reduced via rotary evaporation. Subsequently, the product was dissolved in ethanol and 

centrifuged (ca. 15 times) to further eliminate unwanted products and the purified nanoparticles 

were dissolved in DMF (Yield (wt) 20±8 %). AuNPs-2, and AuNPs-3 samples were obtained 

with a similar process and dissolved in DCM. The molar ratios between gold and other reagents 
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can be found in Supporting Information section, together with the main characterization results 

and reaction schemes (Figure S1, Table S1). 

Structural and spectroscopic characterizations 

Absorption spectra of AuNPs dispersed in the appropriate solvent were measured in 1.00 cm 

optical path quartz cells by using a Cary 100 Varian spectrophotometer. FT-IR spectra were 

recorded with a Bruker Vertex 70 instrument using KRS-5 cells, in the range 4000-400 cm-1 or in 

ATR configuration on a diamond crystal in the range 4000-600 cm-1; the samples were prepared 

as cast films. NMR spectra were carried out by using a Bruker Avance 400 spectrometer 

operating at a frequency of 400.13 MHz for the proton. The compounds were suspended in 0.6 

mL of DMF-d7. Dynamic light scattering (DLS) measurements were carried out on AuNPs 

suspensions (0.02–0.20 mg/mL in DMF), using a Malvern Zetasizer at temperature of 25.0 ± 

0.20°C and using a minimum of ten replicates. All measurements were conducted at least three 

times and the average value ± standard deviation was reported. FESEM images were obtained 

using a Zeiss Auriga 405, adopting a voltage level of 7.5 keV and a working distance of 2.5 mm, 

on freshly prepared films drop casted from DMF solutions (c=1 mg/mL) directly on the metallic 

sample holder. A variable pressure scanning electron microscopy (VP-SEM, Hitachi SU-3500) 

supported by dual energy dispersive X-ray spectroscopy detectors (VP-SEM-dEDS) arranged in 

parallel configuration (Bruker, XFlash® 6|60) able to high sensitivity elemental analysis by their 

large active area of a 60 mm2 each was also used. The samples were directly settled onto a 

carbon planchet stub without conductive coating46. All samples were observed at an accelerating 

voltage depending on the features of the pressure used in the chamber to avoid radiation damage, 

fatal for EDS spectrum analysis.  AFM measurements were carried out in tapping mode with a 

MultimodeTM Veeco model equipped with a Nanoscope IIIa controller and Bruker RTESP-300 
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probe. AuNPs samples were deposited by drop casting onto a SiO2 substrate, allowing the 

aqueous solvent to evaporate in air. Micro Raman measurements were performed on a Renishaw 

In-Via spectrometer, equipped with a 457 nm laser, in standard confocal mode. The best 

experimental setup was obtained combining 2400 cm/line grid with a 100X optical enlargement, 

setting the laser power at 5% of its maximum intensity and acquiring 50 accumulations for t=10 

s/point.  Same experimental conditions were kept for all measured samples. A Panalytical 

Empyrean Diffractometer was used to perform XRD in reflection mode using the Kα 

fluorescence line of a Cu-anode emitting tube as X-ray source (K-α1 [Å]=1.54060, K-α2 

[Å]=1.54443, K-α2/K-α1 Ratio=0.50000). Bragg Brentano configuration was chosen as incident 

optical pathway (divergent slits ¼° and ½°) and a solid-state hybrid Pix’cel 3D detector, working 

in 1D linear mode; optimized detection range was determined to be 30°<2θ<50°, Step Size [°2θ] 

= 0.0130 and generator parameters were kept I [mA] = 45 and V [kV] = 40; acquisitions were 

performed every 12 min to collect in-situ time resolved XRD patterns for an overall 24 hours. 

XPS measurements were carried out using a homemade instrument, consisting of preparation and 

analysis UHV chambers separated by a gate valve. The analysis chamber is equipped with a six-

degree-of freedom manipulator and a 150 mm mean radius hemispherical electron analyzer with 

a five-lens output system combined with a 16-channel detector giving a total instrument 

resolution of 1.0 eV as measured at the Ag 3d5/2 core level. Samples were introduced in the 

preparation chamber and left outgassing overnight at a base pressure of about 10−8 Torr, before 

introduction in the analysis chamber. Typical vacuum pressure in the analysis chamber during 

measurements was in the 10−8–10−9 Torr range. The used X-ray radiation is a non-

monochromatized Mg Kα (1253.6 eV). The spectra were energy referenced to the C1s signal of 

aliphatic carbons (BE = 285.0 eV). Curve-fitting analysis of the C1s, S2p, Au4f and Hg4f spectra 
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was performed using Gaussian profiles as fitting functions, after subtraction of a Shirley-type 

background. S2p3/2,1/2 doublets were fitted by using the same Full Width at Half-Maximum 

(FWHM) for each pair of components of the same core level, a spin–orbit splitting of 1.2 eV and 

branching ratios S2p3/2/S2p1/2=2/1. For the Au4f7/2,5/2 and the Hg4f7/2,5/2 doublets, a splitting of 

3.7 eV and 4.1 eV respectively, a branch ratio 4f7/2/4f5/2 of 4/3, and the same FWHM values for 

both spin−orbit components were used. When several different species were identified in a 

spectrum, the same FWHM value was set for all individual photoemission bands. 

Gas sensing measurements setup 

To analyze the electrical and chemical-sensory characteristics, the AuNPs suspensions were 

deposited by drop casting onto homemade transducers (Figure S2). The transducers were based 

on interdigitated pairs of gold/chromium fingers implemented on passivated silicon substrate by 

conventional lithography, with the following geometry: fingers width and gaps 20 μm, length 

5640 μm, thickness 200 nm47. After drop casting of AuNPs onto the transducer, (5 μL of samples 

suspensions in CHCl3 at concentration 1 mg/mL) films were air dried, inserted into a 

measurement chamber and connected to a Keithley Model 595 Quasi-static CV Meter. Changes 

in the flowing current by applying a fixed voltage (0.5 V) were monitored at 20°C by exposure 

to different Hg0
vap concentrations (range 0.1-1.0 ng/mL). The Hg0

vap quantities, collected from a 

primary source (TEKRAN 2505) were introduced into the sampling chamber (volume 10 mL) by 

using a graduated Hamilton syringe withdrawing Hg vapors (Hg vapor pressure is 0.1727 Pa at 

293 K/20°C). The vapor was maintained in circulation onto the device by using a micropump 

(Figure S2). To obtain lower quantities of Hg0
vap (range 0.13-50.00 pg/mL), a different 

apparatus, reported in Fig. S2, was used. The Hg vapor was fluxed onto the device and mixed 

with dry N2 using a MKS mass-flow controller and maintaining the total flux at 2000 SCCM 
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(standard cubic centimeters per minute). Both nitrogen and synthetic air were used as carrier 

gases without finding any differences in the electrical response of the sensitive layer of AuNPs, 

as highlighted in the supporting information section. Measurements were also carried out in the 

presence of different gases to study the selectivity: H2S (900 ppb, dry), SO2 (40 ppm, dry), NH3 

(6 ppm, dry) and relative humidity (R.H. 0-50%). I/V and thermal studies were carried out under 

dry N2 conditions (2000 SCCM) in the 25-50°C temperature range with a HP 3458A multimeter 

and a Keithley 230 programmable voltage source. 

Results and Discussion 

Structural and spectroscopic characterization 

Gold nanoparticles functionalized with both hydrophilic and hydrophobic mixed thiols, 

covalently linked to Au(0) core via Au-S strong covalent bond (ca. 170-210 kJ/mol) were 

prepared with control towards aggregation48. Thanks to the extensive versatility of chemical 

synthesis of AuNPs, three different colloidal systems were obtained: AuNPs-1 with 

3MPS/4BBT, AuNPs-2 with BP/4BBT, AuNPs-3 with BP/3MPS. A negatively charged thiol, 

3MPS, was chosen to give hydrophilic character, whereas two hydrophobic aromatic thiols – 

4BBT and BP – were employed, the latter being a bifunctional linker which allows the formation 

of a networked pattern of nanoparticles. A schematic structure of the AuNPs is reported in 

Figure 1. Before exposure to the analyte the nanomaterials were thoroughly characterized. The 

UV-Visible and DLS results of the pristine AuNPs samples with different capping agents are 

shown in Figure 2(a,b). Figure 2a shows the absorption maximum of AuNPs-1 at about 525 

nm, which is attributed to the Localized Surface Plasmon Resonance (LSPR) band typical of 

isolated gold nanoparticles. In the presence of bifunctional thiols, the SPR absorption band of 

AuNPs-3 and AuNPs-2 samples broadened and red shifted to 635 nm and 700 nm, respectively. 
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This result suggested the formation of interconnected nanoparticles due to the intercoupling 

effects among AuNPs, as already discussed in literature29. DLS analyses confirmed the data 

collected from UV-Vis measurements. Figure 2b highlights the presence of a small population 

of nanoparticles at <2RH> = 8 ± 2 nm, with regards to the AuNPs-1 sample; DLS spectrum of 

AuNPs-2, as predicted, shows a population at <2RH>=495 ± 50 nm, whereas AuNPs-3 has a 

<2RH>=480 ± 40 nm. Further structural characterizations of AuNPs-1, i.e., FTIR and NMR 

measurements are reported in Figure S3. 

 

Figure 2. a) UV-Vis spectra of AuNPs samples in DMF (1 mg/mL). b) AuNPs samples DLS size 

distribution in DMF (1 mg/mL). 

XPS measurements were carried out on AuNPs-1, AuNPs-2 and AuNPs-3 samples collecting Cs, 

O1s, S2p, Au4f, Br3d core level signals; a complete collection of Binding Energy (BE) values, 

Full Width Half Maxima (FWHM), Atomic Ratios and proposed assignments is reported in 

Table S2 in the Supporting Information. In particular, the peak fitting analysis carried out on 

C1s and S2p spectra allowed to confirm the stability of the capping agent molecular structures. 

C1s spectra (Figure S4) show a main component at 285.0 eV that contains contributions from 

aliphatic, aromatic carbon atoms and C-S groups; a signal at higher BE values (nearly 286.5 eV) 

a) b) 
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is observed in all samples and attributed to C-Br bonds and C-O arising by contaminants; a last 

component of very low intensity is observed around 288 eV for AuNPs-1 and AuNPs-2 samples 

and assigned to carbonyl groups arising by contaminants. Adventitious carbon signals (C-O, 

C=O species) are usually found on the surface of air exposed samples. S2p signals, reported in 

Figure 3, are interesting because they allow to probe the capping agent-gold nanoparticle 

chemical interaction49.  

 

Figure 3. S2p spectra collected on AuNPs-1, AuNPs-2 and AuNPs-3. 

In sample AuNPs-1 at least two different S atoms can be detected, as expected from the 

molecular structure of 3MPS and 4BBT ligands: the spin-orbit pair observed at lower BE 

values is indicative for thiol moieties covalently bonded to gold atoms at the NP surface 

(S2p3/2 component at 162.4 eV BE), while a signal at higher BE is associated with 

sulphonate —SO3
- groups of 3MPS (S2p3/2 BE = 166 eV), as reported for analogous 

systems.49 For AuNPs-2, a single spin-orbit pair is observed and attributed to thiol 

moieties covalently bonded to gold (S2p3/2 BE = 162.2 eV), suggesting that all thiol end-

groups of BP and 4BBT are efficiently bonded to gold atoms at the NPs surface. Finally, 

AuNPs-3 S2p spectrum is similar to the AuNPs-1, but the thiol-like S atoms give rise to 

two pairs of spin-orbit components indicative for S atoms either covalently bonded to 
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gold atoms at the NP surface (S2p3/2 component at 162.2 eV BE) or physisorbed on the 

NP surface (S2p3/2 component at 164.4 eV BE). The high BE signal associated with 

sulphonate —SO3
- groups of 3MPS is also observed, as expected. As for Au4f signals 

(Figure S4), as expected for AuNPs stabilized by thiols, a main component due to 

metallic gold atoms at the NPs bulk (Au4f7/2 BE = 84.0 eV) is observed for all samples. In 

AuNPs-1 Au4f spectrum a second spin-orbit pair is found at higher BE values (Au4f7/2 

BE = 85.2 eV) and attributed to partially positively charged gold atoms chemically 

interacting with thiols at the NP surface, as already observed for similar systems.49 

However, coherently with the DLS and UV-Vis findings about AuNPs mean sizes, Au4f 

signals collected on AuNPs-2 is barely observable and AuNPs-3 Au4f spectrum is very 

noisy. This effect is attributed to the very large size (hundreds of nm) of AuNPs-2 and 

AuNPs-3, giving rise to a lower surface-to-volume ratio.50 

Sensing mechanism 

AuNPs samples were characterized after Hg0
vap exposure to 13 mg/m3 to evaluate the ligands 

presence and the possible formation of a direct Au-Hg bond. The optical and morphological 

responses were assessed by means of UV-visible and FTIR spectroscopies together with dynamic 

light scattering, XPS, AFM and SEM studies. The UV-Visible spectra of AuNPs-1 sample (1 

mg/mL), shown in Figure 4a highlights the change in the shape of the plasmonic band after 

exposure of the gold nanoparticles to mercury, as opposed to the band of AuNPs-1 alone (Figure 

2a), although no redshift occurs. A shift in the UV-Vis curves was also observed for AuNPs-2 

and AuNPs-3 samples, reported in Figure S5. The broadening of the plasmonic band is strongly 

dependent on the increase in mean particle size and polydispersity of the nanoparticles51. This 

assumption can be confirmed by dynamic light scattering. Dynamic light scattering 
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measurements on AuNPs-1 sample indicate a tendency to aggregation and increase in 

polydispersity of the AuNPs upon contact with gaseous mercury: before exposure to this analyte, 

the sample has a mean hydrodynamic diameter of <2RH>=8 ± 2 nm. This value increases to 

<2RH>=60 ± 20 nm after being in contact with Hg0
vap (Fig. 4b). Figure S5 shows the DLS size 

distribution of AuNPs-2 and AuNPs-3 after interaction with gaseous mercury. The XPS 

measurements at Hg4f core level confirmed the presence of metallic mercury in AuNPs-1 after 

interaction with the analyte (Figure 4c)52. C1s, S2p and Au4f spectra (reported in Figure S6) did 

not show noticeable modifications, at least within the experimental resolution of this experiment. 

            

 

Figure 4. AuNPs-1 sample in DMF characterisations showing the aggregation and increase in 

polydispersity after contact with 13 mg/m3 gaseous mercury (Vapour pressure at 20°C): a) UV-

a) b) 

c) 
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vis and b) DLS particle size distribution; c) XPS Hg4f spectrum collected on AuNPs-1 sample 

exposed to gaseous mercury. 

AFM and FESEM analyses were carried out to characterise the colloidal systems from a 

morphological point of view. As it can be seen, AFM typical images of AuNPs-1, like the one 

reported in Figure 5a showed isolated uniformly distributed AuNPs with maximum height lower 

than 4 nm before the interaction with Hg0
vap. Exposure to the gaseous analyte leads to a slight but 

clearly visible increase of the overall particle size distribution, now centred around 5-6 nm and 

with maximum height up to 9 nm, due to the formation of aggregates, as shown in Figure 5b. 

Statistical analysis performed on randomly selected areas of the sample before and after Hg0
vap 

exposure highlights the size change (Figure S7). Surface morphological image at high 

magnification of the pristine AuNPs-1 is shown in Figure 5c. As-prepared AuNPs were quite 

spherical, with a particle size in the 5-10 nm range53. The exposure of the pristine AuNPs-1 

sample to Hg0
vap triggers the coalescence of the nanostructure, which causes the formation of 

densely packed AuNPs aggregates, in agreement with DLS size distributions and AFM 

measurements (Figure 5d). The dispersive X-ray spectroscopy (EDS) spectrum (Figure S7) of 

the as-prepared AuNPs-1 showed a composition consisting of gold, sulfur and Bromine, due to 

the aromatic thiol covalently linked on the surface. Similarly, the EDS for AuNPs-1 after Hg0
vap 

exposure (Figure S7) confirmed the presence of elemental mercury. Hence, both morphological 

and chemical results depict and confirm the interaction between gaseous mercury and the gold 

colloids. 
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Figure 5. AFM images on cast deposited AuNPs-1 sample from DMF solutions, a) before and b) 

after Hg exposure. c) FESEM image of cast deposited AuNPs-1 before Hg exposure. d) FESEM 

image of cast deposited AuNPs-1 after Hg exposure. 

Preliminary XRD measurements were performed upon the Silicon/SiO2 substrate to detect 

contributions eventually arising and to further consider them as background in the investigation. 

As expected, the Si (400) reflection was observed at 2θ (degrees) = 69.000 and labelled in 

Figure S8 accordingly to ICCD card Nr. 00-001-0787.54 Subsequently, same experimental 

conditions were used to compare the unexposed AuNPs-1 sample (black line) with the Hg-long 
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exposed thin film (red line), and the results are shown in Figure 6. As predictable, the substrate 

Si(400) reflection is the dominant signal and the signals arising from the active material are 

highlighted in the inset of Figure 6. AuNPs were observed as crystalline in both samples, the 

(111) cubic reflection being detected at 2θ (degrees) = 38.270, according to ICCD Card Nr. 00-

001-1174.55 The presence of Au reflections is indicative of the formation of NPs aggregates, 

since nanostructures as small as 5-10 nm in size are not expected to provide any XRD signal (X-

ray amorphous). After prolonged Hg exposure structural modifications were clearly observed, 

the Au (200) signal at 2θ (degrees) = 44.600 being detected, suggesting a structural 

rearrangement of the nanoparticles, and most importantly, the formation of an Au-Hg alloy was 

also observed. Indeed, at 2θ (degrees) = 39.750 a crystalline signal is found, most likely 

attributed to hexagonal Gold Mercury, ICCD card Nr.: 00-019-0522. 

The same samples characterized by XRD, were also studied by means of Micro Raman 

measurements. It is noteworthy that surface damage induced by laser was not observed thus 

allowing for accurate measurements to be performed. Due to the presence of embedded AuNPs, 

Surface Enhanced Raman scattering (SERS) - a technique offering orders of magnitude increases 

in Raman intensity - was here applied, thus enhancing the signal of molecules absorbed at the 

metal surface, allowing for accurate chemical investigation and to observe structural 

modifications occurring as a function of time in air and subsequently under nitrogen forced flux. 
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Figure 6. Comparison of XRD patterns collected upon un-exposed (black line) and Hg-exposed 

(red line) AuNPs-1 sample.  Substrate Si signal is dominant and in the inset the AuNPs 

reflections are shown, as well as the formation of an Au-Hg complex in the exposed sample. 

The patterns representative of the spectra collected upon Hg-exposed and non-exposed AuNPs-1 

sample are reported in Figure 7 and Figure S9, respectively. Both spectra exhibit the strong Si 

signal (520 cm-1) and overtones, as predictable. 

 

Figure 7. Raman spectra collected upon Hg°vap-exposed AuNPs-1 sample. Substrate Si signal is 

dominant (520 cm-1 and overtones). In the inset the highlight of the low wavenumber region is 

reported. 
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As shown in the inset of Figure 7, interestingly the exposed sample exhibits Raman signals 

arising from the formation of complexes between the functionalized AuNPs and absorbed 

mercury. In particular, the C-S-Hg ν mode at 302 cm-1 and the M1+M2 Hg-S vibrational mode at 

433 cm-1 were detected56. Furthermore, the C-C G-band at 1570 cm-1 was clearly observed, 

probably due to a rearrangement of the NPs after Hg uptake. The reversible sensing behavior of 

AuNPs-3 was established through electrical measurements. Therefore, this sample was further 

characterized through XRD at different times to evaluate the desorption mechanism of gaseous 

mercury. Pristine thin AuNPs-3 film deposited onto monocrystalline [100] Si was characterized 

by XRD in the angular range of interest, to evidence the possible Au nanoparticle crystalline 

signal. As visible in Figure 8 (black line), no contribution due to the NPs was observed, 

indicating that in the present case the NPs aggregates were characterized by nanometric 

dimensions (less than 20-30 nm), inducing a structural amorphous-like behavior. Subsequently, 

samples were exposed to Hg vapors for 30 seconds (red line), 90 seconds (blue line) and 3 hours 

(magenta line), respectively. The presence of the (101) Hg reflection was clearly detected for 

samples exposed from 90 seconds upward, and labelled accordingly to ICDD Reference code: 

00-009-0253, in Figure 854. 
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Figure 8. Sequence of XRD patterns collected upon a pristine AuNPs-3 sample and after 

different Hg-exposure times. As clearly visible after 90 seconds the Hg absorption is remarkable 

and structurally detectable. 

Subsequently, in-situ time resolved XRD measurements were performed on 90 seconds exposed 

sample in air, collecting patterns for 12 minutes each for an overall time of 24 hours, to observe 

structural reversibility of the sensing material. In Figure 9a, the obtained sequence of diffraction 

patterns is shown and in the inset the Hg crystallinity time evolution is plotted, as obtained by 

Gaussian fitting procedure of the (101) reflection. As clearly visible, a partial desorption of 

mercury was observed within the first hour, the (101) crystallinity being reduced by ≈ 50% and 

subsequently stabilizing itself with no further modification. Indeed, the process was fitted by a 

first order exponential decay (red line in the inset). Mercury seems to be trapped into the sample, 

bare simple exposure to air not being capable to enable a complete desorption. To validate this 

hypothesis, the same sample was subsequently exposed to nitrogen flux, to force mercury 

desorption from the bulk and same experimental procedure previously described was performed. 

As clearly evidenced in Figure 9b, where the sequence of XRD patterns collected as a function 
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of N2 exposure time is shown, within 24 minutes (three curves), superficially trapped mercury 

was removed bringing the total amount of removed mercury up to 70%. Further 30% was not 

desorbed after 24 hours of N2 exposure. This indication validates the hypothesis of mechanically 

trapped mercury within the bulk material. 

              

Figure 9. Sequence of in-situ time resolved XRD patterns on AuNPs-3: (a) collected in air upon 

a 90 second Hg-exposed film. In the inset the loss of Hg (101) crystallinity associated to the 

desorption mechanism was evidenced and fitted by a first order exponential decay (red line).  

Only a partial reset is observed from a structural point of view; (b) collected in N2 flux on the 

same sample reported in (a). In the inset the loss of Hg (101) crystallinity associated to the 

desorption mechanism was evidenced and fitted by a first order exponential decay (red line).  A 

further partial reset was observed from a structural point of view. 

Gas sensing characteristics 

Gold nanoparticles are excellent candidates for detecting gaseous mercury, as the interaction 

with the analyte leads to the formation of an amalgam with gold27, thus causing a strong 

variation in the chemical system which can be detected by electrical measurements. Thanks to 

high surface area to volume ratio and absorption behavior of Hg0
vap on AuNPs, the sensitivity of 

b) 
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the system can experience a synergic enhancement. Moreover, the role of the functionalizing 

thiols can be fundamental to drive the interaction, with a fine control on the aggregation 

equilibria29. Some of the literature papers that report about metal nanostructured sensors for 

mercury detection mainly detect Hg2+ ions in tap, waterways, and sea water samples58,59. 

However, mercury ions can be converted into vapor form which is the main root for the 

respiratory and immune system failure in humans7,8. With the aim of obtaining simple and cost-

effective gold nanoparticles-based sensors, the synthesized colloidal samples were tested as 

resistive Hg0
vap gas sensors.  

To assess the electrical behavior of the selected AuNPs, electrical measurements were carried out 

on AuNPs-1, AuNPs-2, AuNPs-3 films. As confirmed by the I vs. V and I vs. T measurements 

(reported in Figure S10), a semiconducting behavior was observed with Ea measured in the case 

of AuNPs-1 equal to 0.108 eV, in good agreement between the studied samples and literature 

data on AuNPs57. In order to investigate the sensor sensitivity and selectivity towards Hg0
vap at 

room temperature, the responses of the three AuNPs samples to various gases were investigated. 

AuNPs-2 and AuNPs-3 showed the highest sensitivity towards Hg0
vap, being able to detect 

quantities as low as 10 pg/m3, but the most effective and stable response was obtained with 

AuNPs-1. Indeed, in the case of AuNPs-1 sample, a reproducible response to small amounts (1 

μg/m3) of Hg0
vap was observed with a time response of less than 30 seconds, as reported in 

Figure 10a. 
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Figure 10. a) Electrical response towards increasing amounts of Hg0
vap with AuNPs-1 sample 

(steps from 0.1 mg/m3 to 1 mg/m3; T 25°C, R.H. 24%); b) Comparison of the electrical responses 

of AuNPs-1 (red), AuNPs-2 (ciano) and AuNPs-3 (green) samples towards Hg0
vap 

concentrations; c) H2S (900 ppb), SO2 (40 ppm), NH3 (6 ppm), relative humidity (R.H. 50%) 

responses of AuNPs-1, AuNPs-2 and AuNPs-3 samples. (applied voltage 0.5 V). 

 

 It is remarkable that a cumulative, non-reversible effect was obtained with sensitivity to low 

mercury quantities in the 0.1-1.0 ng/mL range. It is noteworthy that a response was also observed 

in the case of AuNPs-2 and AuNPs-3 films, with a reversible response but with different 

sensitivity (see Figure 10b and Figure S11). Sensor membrane based on AuNPs-3 sample also 
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showed a reversible signal. These data were compared with our preliminary results of 

homologous AuNPs stabilized with single thiols.29 These materials showed to be efficient 

absorbers and were also electrically tested towards Hg0
vap, showing no response. Therefore, 

AuNPs-1 and AuNPs-3 were further characterized to assess the sensing mechanism. For sensing 

practical application, the gas sensing properties towards H2S, SO2, dry NH3 and relative humidity 

(R.H.) were also investigated. A higher selectivity to small amounts of Hg0
vap was obtained in 

the case of AuNPs-1, which showed only a minimal to no response to H2S, SO2 and NH3. 

AuNPs-2 showed little to no response towards SO2 and NH3, but the conductivity of the sample 

increased significantly when exposed to H2S and R.H. AuNPs-3 was responsive towards H2S and 

SO2 (Figure S12) while it was insensitive to the presence of NH3 (see Figure 10c, Table S3). 

 

Conclusions 

Gold nanoparticles capped with mixed hydrophilic and hydrophobic thiols were prepared via a 

simple and inexpensive two-phase method and tested as sensing materials for the detection of 

toxic gases. Solid-state sensors were obtained through deposition of thin film gold nanoparticles 

on interdigitated electrodes and their response against Hg0
vap and other possible contaminants, 

such as H2S, SO2, NH3 and relative humidity (R.H.), was studied. Gas-sensing measurements 

have shown that these materials were sensitive and selective towards gaseous Hg0
vap at room 

temperature. Herein, functionalization of the AuNPs plays a pivotal role in which the appropriate 

selection of thiol ligands can provide a detection system with different selectivity and sensitivity. 

Indeed, depending on the nature of the colloidal samples, i.e., isolated/interconnected AuNPs, 

different behaviors can be observed. Irreversible response towards 1 μg/m3 of Hg0
vap was 
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observed in the case of isolated nanoparticles AuNPs-1 sample, due to a structural rearrangement 

of the nanoparticles and the formation of an Au-Hg alloy with Hg mechanically trapped within 

the bulk material, as evidenced by XRD and Micro Raman measurements. Interconnected 

AuNPs-2 and AuNPs-3 samples showed a reversible behavior to lower concentrations of gases, 

due to the nature of the nanostructure as the AuNPs network does not allow a proper interaction 

between Hg0
vap and the surface. However, the interconnected samples did not exhibit a selective 

response. Structural and morphological characterizations allowed to focus on the interaction 

mechanism and to understand how the AuNPs can detect Hg0
vap in the 0.1-1.0 ng/mL range. 

Optical measurements together with DLS, AFM and SEM analyses evidenced aggregation 

phenomena. Overall, our results indicate the use of mixed thiol ligands functionalized AuNPs, 

showing a selective and reproducible sensing behavior, as a very promising cost-effective 

strategy in developing chemoresistive sensor for elemental gaseous mercury detection. 
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The following files are available free of charge. The Supporting Information contains schemes 

for the synthesized AuNPs systems (Figure S1), schematic diagrams of the electrical 

measurements (Figure S2), FTIR spectra of the AuNPs systems (Figure S3), XPS measurements 

of AuNPs systems (Figure S4), UV-Vis and DLS spectra of the sensing devices (Figure S5), 

XPS measurements of AuNPs after interaction (Figure S6), AFM and EDS measurements 

(Figure S7), XRD pattern of the silicon/silicon oxide substrate (Figure S8), Raman spectra 

collected upon un-exposed AuNPs-1 sample (Figure S9), I/V graphs (Figure S10), electrical 

response to analytes (Figures S11, S12),  Experimental parameters for the synthesis and main 

characterizations (Table S1), C1s, S2p, Au4f and Hg4f XPS data (assignments, BE, FWHM, 

Atomic Percentages) of AuNPs systems (Table S2), Electrical response of AuNPs towards 

different analytes (Table S3). 
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