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Abstract 

Nanocomposite films consisting of gold nanoparticles (Au NPs) and boehmite nanorods (NRs) were 

synthesized via simple wet chemical methods. The nanocomposite film exhibited an excellent optical 

sensing capability of humidity utilizing the refractive-index-dependent localized surface plasmon 

resonance (LSPR), which directly enables low-cost and easy-to-use remote humidity monitoring. It has 

been revealed that the superior performance of the Au-NP/boehmite nanocomposite film is owing to 

porousness, smoothness, and hydrophilicity of the boehmite matrix. 
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1. Introduction 

Humidity is one of the most common physical quantities in our daily lives along with temperature, 

atmospheric pressure, and other ambient conditions. Historically speaking, the relative humidity of the 

environment has impacted the quality of life in a variety of ways with both low and high humidity levels 

affecting health, and impacting living conditions or technology, e.g. leading to mold growth or fouling of 

surfaces. Recently, the importance of accurate humidity measurement has rapidly grown in diverse areas 

such as air conditioning for human comfort, combating bacterial growth to industrial process control, and 

geotechnical measurements. The requirements for humidity monitoring may vary depending on the 

application and hence various techniques have been employed to perform humidity measurements [1]. 

For this reason, many different types of humidity sensors have been developed. 

One of the oldest sensors in use is the mechanical hygrometer. Although the mechanical hygrometer 

is inexpensive and easy to implement, its response is generally quite slow, and thus, unsuitable for most 

of those applications where environmental conditions change rapidly. As another conventional humidity 

sensor, the chilled mirror hygrometer has been known as the most accurate and reliable humidity sensor 

and is widely used for the determination of the dew point. However, this method is relatively expensive 

and requires regular maintenance due to its susceptibility to surface contamination. Among other 

conventional humidity sensors, the infrared (IR) absorption hygrometer, electronic humidity sensors 

(capacitive- and resistive-based) and optical waveguide sensors are commonly used depending on the 

purpose. 

The above-mentioned conventional humidity sensors, however, are generally not suitable for 
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humidity measurement near flammable liquids, in explosive atmosphere or in situations where in-situ 

and remote monitoring are required. Fiber-optics based humidity sensors have some unique features 

including small size, multiplexing and remote sensing capabilities, and thus, have attracted attention over 

the years even though there are still some problems to be solved such as the limitations of the operating 

range and accuracy. Typically, fiber-optics based humidity sensors involve direct spectroscopic 

(absorption- and fluorescence-based), evanescent wave (absorption-, refractive-index-, and 

scattering-based), in-fiber grating, and interferometric methods [1]. Each fiber-optics humidity sensor has 

had their own particular advantages and disadvantages in terms of cost, accuracy, operating range, ease 

of use, background interference, etc. For this reason, it is required to develop a new fiber-optics based 

humidity sensor that is accurate, easy to use, robust, can be employed in a wide range of environments 

and is low cost. 

Noble metal nanoparticles (NPs) have intriguing optical properties that make them ideal candidates 

for use as probes in chemical/biological sensing applications [2-7]. By utilizing the intriguing optical 

properties of metal NPs including localized surface plasmon resonance (LSPR), it becomes possible to 

detect minute amounts of chemical/biological substances [8-10]. Specifically, the LSPR peak wavelength 

of gold (Au) NPs strongly depends on the local environment, e.g. the refractive index of the surrounding 

medium and the interparticle distance, and thus, one can spectroscopically detect an analyte using the 

LSPR peak shift. 

Recently, on the other hand, Au NP-containing metal oxide nanocomposite films have been utilized 

for gas sensing applications [11-15]. Among those Au NP/oxide composite gas sensors, porous 
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semiconductor metal oxides such as SnO2, ZnO, TiO2, and NiO have been widely used as a 

sensing/supporting material. In most cases, the gas detection relies mainly on the electrical resistivity 

change of the composite film upon adsorption/desorption of gas molecules on the surfaces of the 

composite film just like the conventional semiconductor gas sensors. Au NPs were typically used as 

sensitizers and catalysts to enhance the sensitivity and selectivity of these semiconductor metal oxide gas 

sensors. 

By taking advantage of both the refractive-index-dependent LSPR peak of Au NPs and the metal 

oxide material, it is possible to develop an optical humidity sensor using the Au NP/oxide composite film 

as a sensing element which can be readily implemented in a fiber-optics system, enabling low-cost and 

easy-to-use remote monitoring with reasonable accuracy and response time. To achieve this purpose, it is 

necessary to fabricate a thick porous composite film with a smooth surface to achieve high 

signal-to-noise ratio and fast response by having a high number density of Au NPs per unit area, high 

specific surface area and minimization of undesirable geometric scattering at the surface. 

Boehmite -AlOOH) has been historically used as catalyst support, filler, abrasive, and electrical 

insulating materials. Also -AlOOH is commonly used as a pigment in ink-jet paper coatings that limit 

diffusion of the ink away from the point of contact because of its transparency, amenability to 

calendering, and well-defined porosity [16]. In this study, we used -AlOOH as a metal oxide supporting 

material to fabricate thick, porous, and transparent Au NP-containing metal oxide nanocomposite films 

for their utilization as LSPR-based humidity and/or gas sensing materials. 

In the present study, Au NP-loaded -AlOOH nanocomposite films were fabricated via wet chemical 
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methods. The nanocomposite film exhibited an excellent optical sensing capability of humidity utilizing 

the refractive-index-dependent LSPR, which directly enables low-cost and easy-to-use remote humidity 

monitoring. 

2. Experimental Section 

2.1. Materials 

Trisodium citrate (purity 99.0 %), hydrogen tetrachloroaurate(III) trihydrate (HAuCl4·3H2O, purity 

99.9 %), acetic acid (purity 99.0 %), aluminum acetate, basic [Al(OH)(OAc)2], and common solvents 

were purchased from Sigma-Aldrich Corp. Hydrogen tetrachloroaurate(III) tetrahydrate (HAuCl4·4H2O, 

purity >99.0%) was purchased from Kanto Chemical. Water was purified with a Millipore Direct-Q 

system (18.2 MΩ). 

2.2. Syntheses of Au NPs and -AlOOH NRs 

Citrate-passivated Au NPs of different sizes were synthesized by the Frens method [17]. Briefly, an 

aqueous solution of HAuCl4·3H2O (50 mL, 0.25 mM) was vigorously stirred and heated at reflux. Then, 

an aqueous solution of trisodium citrate (1.25 mL, 1 wt%) was added to the reaction solution. After the 

addition of the citrate solution, the reaction temperature was kept at 100 ºC for 1 hour. By varying the 

amount of citrate solution added, monodispersed Au NPs of six different sizes (13.578.9 nm) were 

synthesized. 

-AlOOH NRs were synthesized by our own method [18]. In a typical synthesis of -AlOOH NRs, 3.5 

mmol of Al(OH)(OAc)2 was dissolved in 70 mL of distilled water, and then the resulting solution was 

transferred to an autoclave. The hydrothermal reaction was performed at 180 ºC for 12 hours. After 
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which the autoclave was cooled down to room temperature, the reaction mixture was taken out, 

centrifuged and repeatedly washed several times with distilled water. The as-prepared product was dried 

in an oven at 60 ºC overnight to give white powders of -AlOOH NRs. 

2.3. Preparation of AuNPs/-AlOOH nanocomposite films 

2.3.1. In-situ reduction method 

-AlOOH NRs (6.0 g) were dispersed in a mixture of pure water (17 g) and acetic acid (0.5 g), and 

then, sonicated for 5 min at room temperature. Subsequently, HAuCl4·4H2O (1.25 g) dissolved in 17 g of 

ethanol was added to the dispersion and sonicated for 5 min at room temperature. Then, the dispersion 

containing -AlOOH NRs and Au ions was spin-coated onto a non-alkali glass substrate followed by heat 

treatment at 70 ºC for 3 min, at 130 ºC for 10 min, and at 280 ºC for 10 min to obtain a AuNPs/-AlOOH 

nanocomposite film with a thickness of about 2 m. 

2.3.2. Direct mixing method 

-AlOOH NRs (50 mg) were dispersed in a mixture of pure water (350 L) and acetic acid (20 L), 

and then, sonicated for 5 min at room temperature. Subsequently 5 mL of citrate-capped Au NP 

dispersion was added to the boehmite dispersion dropwise under stirring, and then, the mixed sample was 

continuously stirred for 45 min at room temperature. After stirring, a thick viscous dispersion was 

obtained. Finally, the mixed composite was spin-coated onto a pre-cleaned glass substrate followed by 

heat treatment at 150 ºC for 1 hour (rate of temperature increase was 3 ºC/min) to obtain a 

AuNPs/-AlOOH nanocomposite film with a thickness of about 2 m. 

2.4. Instrumentation and measurements 
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The samples were characterized by X-ray diffraction (XRD), transmission electron microscopy 

(TEM), field-emission scanning electron microscopy (SEM), and UV-visible spectroscopy (UV-Vis). 

XRD data were obtained using a Rigaku SmartLab diffractometer with Cu K radiation ( = 1.54056 Å; 

30 kV, 40 mA). TEM images were obtained using an Hitachi H-7100 transmission electron microscope 

operated at 100 kV. SEM images were obtained using an Hitachi S-4700 field emission scanning electron 

microscope. UV-Vis spectra were recorded on a Perkin Elmer Lambda 35 spectrometer. 

For gas sensing experiments, two different home-made equipments were prepared. One of them was 

specially designed for humidity sensing experiments as shown in Fig. 1. The purpose of the experiments 

is to demonstrate how the AuNPs/-AlOOH nanocomposite film works as an excellent humidity sensor. 

The equipment for the humidity sensing experiments consists of two parts: one is a divided flow 

humidity generator and the other is a temperature-controlled measuring chamber (Fig. 1). The divided 

humidity generator produces the moist air of a given water vapor concentration by adjusting the 

proportions of dry and humid air. The humidity of the moist air was monitored in-line using a chilled 

mirror hygrometer (Shinyei Technology, DewStar S-2S). The measuring chamber was connected to the 

outlet of the humidity generator and the moist air was introduced into the chamber at a constant flow rate 

(0.5 L/min). The AuNPs/-AlOOH nanocomposite film on a glass substrate whose underside was coated 

with silver was placed onto a Peltier cooler in the measuring chamber. The temperature at the sample 

surface was kept constant at 26 ºC. Reflectance measurements perpendicular to the surface of the 

composite film were performed using a white light source (LS-1 tungsten halogen lamp, Ocean Optics) 

and a portable fiber-optic spectrometer (Model QE 65000, Ocean Optics). The temperature and humidity 
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in the chamber were also monitored using a thermo-hygrometer (Model HN-K, Chino). 

The second apparatus was specifically designed for experiments focusing on transient response of the 

nanocomposite film upon adsorption/desorption of gas molecules as shown in Fig. 2. For this purpose, 

hexane gas was turned into an object of detection, because it is volatile and does little harm to the 

chamber windows made of polymethyl methacrylate. N2 gas (99.99%) was used as reference and 

diluent gas for hexane vapor. Hexane vapor was generated by bubbling N2 gas through a liquid hexane in 

a sealed flask (Fig. 2a). The N2 gas flow rate was kept constant at 150 mL/min by a calibrated mass-flow 

controller, and then, N2 or hexane-containing N2 gas was introduced in the chamber (Fig. 2b). The total 

volume of the chamber and the tubes is ca. 80 mL, and thus, the delay time at the time of gas switching is 

virtually negligible. An optical filter and a monochromator were placed in front of the Xe lamp to obtain 

monochromatic light. The monochromatic beam was modulated by a chopper to obtain 1000 Hz square 

pulses and was split into two by a quartz plate. One of the beams was detected as a reference signal. The 

other was loosely focused by a lens on the sample surface in the chamber. The transmitted light was 

detected by a photo diode and a lock-in amplifier. The lock-in amplifier was synchronized with the 1000 

Hz chopper to eliminate noise associated with all of the non 1000 Hz frequencies, which improves the 

S/N ratio. All experiments were performed at 22±1 ºC. 

3. Results and discussion 

3.1. Characterization of Au NPs and -AlOOH NRs 

Mean diameters and size distributions of Au NPs of different sizes are 13.5±0.9 nm, 24.1±1.5 nm, 

35.0±3.8 nm, 48.5±4.8 nm, 55.9±4.6 nm, 67.1±6.4, and 78.9±5.6 nm. All samples are relatively 
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monodispersed with a size distribution of less than 10%. Fig. 3a, b, c and d show TEM images of Au NPs 

of mean diameter, D, of 13.5 nm, 24.1 nm, 48.5 nm, and 78.9 nm, respectively. Fig. 3e shows a TEM 

image of -AlOOH NRs. As seen in Fig. 3e, the NRs have a diameter of about ~10-30 nm and a length of 

about ~60-400 nm. The -AlOOH NRs are readily dispersed in water or other polar solvents at high 

concentration with excellent colloidal stability. The inset of Fig. 3e shows the XRD pattern of -AlOOH 

NRs indicating that the NRs have an orthorhombic -AlOOH single phase. Fig. 4 shows normalized 

UV-Vis spectra of aqueous dispersions of Au NPs with different sizes. It is clearly seen that the LSPR 

band is red-shifted and broadened with increasing the Au NP size. The inset of Fig. 4 shows the LSPR 

peak wavelengths plotted versus D having some deviations from the possible linear approximation. 

Those variations are presumably due to the size distribution of Au NPs. 

3.2. AuNPs/-AlOOH film prepared by the in-situ reduction method 

Fig. 5a, b, c and d show visual appearance, UV-vis spectra, SEM image of the surface and 

cross-sectional TEM image of AuNPs/-AlOOH composite film fabricated via the in-situ reduction 

method. The composite film is transparent and reddish-pink in color in ambient conditions (Fig. 5a, top). 

However, it turns bluish-purple in color when exposed to water (Fig. 5a, bottom) due to an increase in the 

refractive index of the surroundings (air = 1.000, water = 1.333). The color change is also evidenced by 

UV-Vis spectra (Fig. 5b). One important aspect of the composite film is the smoothness of its surface 

which is responsible for transparency (Fig. 5a). As seen in Fig. 5c, the composite film is highly porous 

even though its surface is rather smooth. Au NPs generated in the porous -AlOOH framework are 

well-separated and uniformly distributed over the entire film as shown in Fig. 5d. However, one of the 
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common problems of the in-situ reduction method is that the size distribution of NPs becomes quite 

broad. In fact, the Au NPs in the composite film are polydispersed (Fig. 5d). 

3.3. Sensitivity factor 

It is well-known that the LSPR peak shifts toward longer wavelength with increase in the refractive 

index of the surrounding medium, the mechanism of which has been elucidated by Mie theory [19]. 

Typically, in the case of Au NPs, the LSPR peak wavelength (max) linearly increases with increasing the 

refractive index of the surrounding medium (n). The slope of a plot of max vs refractive index is the 

so-called sensitivity factor, S = dmax /dn, which is generally used as a measure of sensitivity of 

LSPR-based sensors [19]. Fig. 6a shows the LSPR peak wavelength as a function of refractive index for 

AuNPs/-AlOOH composite films containing Au NPs of different D fabricated via the direct mixing 

method. Note that all samples are structurally almost the same except for the mean size of Au NPs (data 

not shown). The UV-Vis spectra were obtained for the AuNPs/-AlOOH composite film immersed in 

methanol, hexane, chloroform and toluene, whose refractive indices are 1.3284, 1.3749, 1.4458 and 

1.4969, respectively. In all samples, linear dependence of max on n is clearly observed and the S value 

increases with D as shown in Fig. 6b. According to the discrete dipole approximation (DDA) calculation, 

S linearly increases with D in the case of spherical Au NPs [19], while S exponentially increases with D 

in the present study as shown in Fig. 6b indicating that the larger NPs exhibit a higher LSPR peak shift. A 

value of S of 38±5 nm per refractive index units (RIU) was obtained for D = 13.5 nm, and S 

systematically increased with D (S = 42±4, 42±5, 47±6, 56±6, 70±4, and 100±8 nm/RIU for D = 24.1, 

35.0, 48.5, 55.9, 67.1, and 78.9 nm, respectively). However, increase in D usually induces undesirable 
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line broadening of the LSPR peak (Fig. 4) which limits the resolution power and whether the spectral 

change can be distinguished. 

3.4. Humidity sensing 

To demonstrate how the AuNPs/-AlOOH nanocomposite film works as an excellent humidity sensor, 

we performed humidity sensing experiments using the AuNPs/-AlOOH composite film fabricated via 

the in-situ reduction method. Fig. 7 shows the evolution of the change in absorbance at 570 nm (A570) 

for different humidity levels. Fig. 7a depicts a calibration plot of A570 as a function of water vapor 

concentration (V) with a good sigmoidal fit (R
2
 = 0.987) within the range of 100 to 35,000 

ppmv(approximately corresponding to the dew point range of 41.2 ºC to 23.3 ºC). The sigmoidal fit is 

typically used for calibrating the absorbance change as a function of chemical species concentration in 

different types of absorption-based LSPR sensors [20,21]. The sensor shows reproducible sensitivity for 

a sequence of measurements. Fig. 7b shows the time evolutions of the water vapor concentration, V, 

measured by the AuNPs/-AlOOH composite film (red curve) and a chilled mirror hygrometer (black 

curve) for different humidity levels of moist air. Importantly, the response time of the AuNPs/-AlOOH 

composite film was found to be quite fast (ca. <20 sec) and the signal was quickly stabilized. 

Because the sensor response is nonlinear in nature as seen in Fig. 7a, development of an adequate 

calibration methodology is required to expand the range of detection [22]. Moreover, at the time of initial 

introduction of water-containing air, the overshoot phenomenon is observed. This overshoot phenomenon 

would be a result of the competition between diffusion and reaction for the gas molecules [23]. Although 

some problems remain to be solved as mentioned above, it has been clearly demonstrated that the 
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AuNPs/-AlOOH composite film has great potential as a high-performance humidity sensing element 

which is easily implementable in a conventional fiber-optics system with high accuracy equivalent to a 

chilled mirror hygrometer in a low-humidity environment. 

3.5. Transient response upon adsorption/desorption of hexane 

As mentioned above, the AuNPs/-AlOOH composite film exhibited a fast response to water vapor. It 

is possible that the hydrophilic nature of the -AlOOH surfaces is a key for the response speed even more 

than the porous structure of the composite film. To test the hypothesis, we carried out the hexane vapor 

sensing experiments using AuNPs/-AlOOH composite films containing Au NPs with different D 

fabricated via the direct mixing method, because hexane is representative of nonpolar solvents which has 

weak affinity for the hydrophilic surfaces. The analysis of sensing performances revealed an appreciable 

reproducibility even upon repeated cycling. Fig. 8 shows the isothermal dynamic responses for 

AuNPs/-AlOOH composite films with different D (D = 13.5, 48.5 and 78.9 nm) to square concentration 

pulses of hexane at room temperature. The measured transmission dropped off at fixed wavelength (520, 

540 and 580 nm for D = 13.5, 48.5 and 78.9 nm, respectively) in the presence of hexane vapor due to an 

increase in the LSPR intensity which is typically observed along with the red-shift of the LSPR peak 

shift as the refractive index of the surrounding medium increased [24] (see Fig. 5b). When 

hexane-containing N2 gas was introduced in the chamber, the adsorption of hexane molecules in pores of 

the AuNPs/-AlOOH composite film takes place, and thus, the refractive index of the local environment 

of the Au NPs increases resulting to the transmission drop. On the contrary, when N2 gas was introduced 

in the chamber, hexane molecules desorbed from the surfaces of the composite film and the transmission 
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promptly recovers. Time constants of the adsorption and desorption processes were calculated by a single 

exponential curve fit and found to be 3.4±0.4 min and 0.5±0.1 min, respectively, regardless of D. 

Because the time constant for gas switching is roughly 0.5 min, desorption of hexane would be rather fast. 

On the other hand, the adsorption rate of hexane is much slower than the desorption rate. This might be 

due to the hydrophilic nature of the -AlOOH surface and the resulting weak interaction between hexane 

molecules and the -AlOOH surface. In the case of water vapor, as discussed above, the response time 

was found to be very fast (ca. <20 sec), possibly due to a strong interaction between water and the 

-AlOOH surface [25]. Interestingly, the amount of transmission change (Tmax) for the composite film 

containing the smallest Au NPs (D = 13.5 nm) is largest (28%). Tmax is defined as Tmax = 100(TN 

TH )/TN where TN and TH are the steady-state transmissions in N2 and hexane-containing N2 atmosphere, 

respectively. For other composite films with D = 48.5 and 78.9 nm, Tmax are 16.6% and 15.0%, 

respectively. This trend is completely opposite to the trend observed in the sensitivity factor, S, 

suggesting that the broadening of the LSPR peak exerts an enormous amount of negative influence on 

the actual sensitivity when the amount of refractive index change is relatively small. This means that one 

needs to carefully choose an appropriate size of Au NP depending on the application. 

4. Conclusion 

Au NP-loaded -AlOOH nanocomposite films were synthesized via in-situ reduction and direct 

mixing methods. In both cases, we could obtain uniform and clear composite films. The in-situ reduction 

method is more facile than the direct mixing method to form the composite film, while the resulting Au 

NPs become polydisperse. On the other hand, the direct mixing method gives more uniform films in 
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terms of Au NP size even though the construction technique is more rigorous than the in-situ reduction 

method. It is worth noting that there is no difference per se between the composite films fabricated via 

in-situ reduction and direct mixing methods in terms of the sensing characteristics. By using both 

methods as the situation demands, we obtained four important findings: first, the sensitivity factor, S, 

exponentially increases with the Au NP size, D, unlike the theoretical calculation which predicted the 

linear dependence of S on D; second, the AuNPs/-AlOOH composite film acts as an excellent 

LSPR-based humidity sensing element which can be readily implemented in a fiber-optics system and 

enables low-cost and easy-to-use remote monitoring with reasonable accuracy and response time; third, 

the AuNPs/-AlOOH composite film exhibited a relatively fast response to water vapor due to the 

hydrophilic nature of the -AlOOH surfaces; fourth, the dynamic range is not always large just because S 

is large, and thus, it is important to design optimal size, size distribution and number density of Au NPs 

depending on the operating conditions. 
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Figure captions 

 

Fig. 1. Schematic illustration of the humidity sensing experiment setup. 

 

Fig. 2. Schematic illustration of the experimental setup for investigating the adsorption and desorption 

kinetics of hexane. (a) Gas generator, (b) sample chamber, and (c) optics system. 

 

Fig. 3. TEM images of Au NPs of D = (a) 13.5 nm, (b) 24.1 nm, (c) 48.5 nm, and (d) 78.9 nm, and (e) 

-AlOOH NRs. The inset of (e) shows the XRD pattern of -AlOOH NRs with the corresponding 

reference pattern (JCPDS card no. 01-072-0359). 

 

Fig. 4. UV-Vis spectra of aqueous dispersions of Au NPs. From left to right, D = 13.5, 24.1, 48.5, 55.9, 

67.1, and 78.9 nm. The inset shows the LSPR peak wavelengths plotted versus D. 

 

Fig. 5. (a) Photographs of AuNPs/-AlOOH composite film before (top) and after (bottom) putting a 

water drop on the film. (b) UV-Vis spectra of the film before (red, bottom) and after (blue, top) 

moistening. SEM image of the surface (c) and cross-sectional TEM image (d) of the AuNPs/-AlOOH 

composite film. 

 

Fig. 6. (a) The LSPR peak wavelength plotted versus the refractive index of the surrounding medium for 

AuNPs/-AlOOH composite films containing Au NPs of different D. From bottom to top, D = 13.5, 24.1, 

48.5, 55.9, 67.1, and 78.9 nm. (b) The sensitivity factor, S, plotted as a function of D. 

 

Fig. 7. (a) Evolution of the change in absorbance at 570 nm (A570) as a function of water vapor 

concentration (V). Solid line represents a sigmoidal fit of the data (R
2
 = 0.987). The inset shows the linear 

scale plot of A570 versus V. (b) Time evolutions of V measured by the AuNPs/-AlOOH composite film 
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(red curve) and a chilled mirror hygrometer (black curve) for different humidity level of moist air. The 

humidity level increases in a stepwise fashion at five-minute intervals. 

 

Fig. 8. Time evolutions of the transmission intensity of the AuNPs/-AlOOH composite films with 

different D at fixed wavelength. From bottom to top, D = 13.5, 48.5 and 78.9 nm. The detection 

wavelengths are 520, 540 and 580 nm for D = 13.5, 48.5 and 78.9 nm, respectively. 
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