The 2014 World Congress on
Advances in Civil, Environmental, and Materials Research (ACEM14)
Busan, Korea, August 24-28, 2014

Optical sensing of carbon dioxide based on colloidal gold
nanoparticles

Muhammad Akram Raza*Y, Saira Riaz? and Shahzad Naseem®

Centre of Excellence in Solid State Physics, University of the Punjab, Lahore 54590,
Pakistan
* akramraza.cssp@pu.edu.pk

ABSTRACT

Gold nanoparticles, owing to their fascinating optical properties, are considered very
attractive for detecting devices. Size, shape as well as surrounding environment may
affect the sensing behavior of nanomaterial and thus the study of such factors is of
great importance. We investigatedthe gas sensing performance of colloidal gold
nanoparticles of different sizes in carbon dioxide gaseous environment by measuring
the optical behavior with and without gas. The citrate reduction method was adopted to
synthesize gold nanoparticles; scanning electron microscopy was used for
morphological studies while optical properties were determined by spectroscopic
ellipsometery. We observed a size dependent decrease in the transmission spectra of
colloidal gold nanoparticles in the presence gaseous environment.

1. INTRODUCTION

Gas sensing technology is achieving more and more importance and attraction due to
its increasing demand in various fields such as industry to detect different gases e.g.,
methane in mines and polluting gases from vehicles; medical applications and health
e.g., monitoringof carbon monoxide and other dangerous gases and measuring of
greenhouse gas for environmental studies (Liu 2012).

Optical gas sensors, which are based on measuring the optical properties of sensing
materials in the absence and presence of the target gas,are getting much attention
than other gas detectors including electrochemical and semiconductor gas sensors by
showing less response time, insignificant drift and high gas specificity, with negligible
cross response to other gases. Thus optical gas sensing provides low-cost sensors
with good performance and high end laboratory equipment. Thus their higher sensitivity,
selectivity and stability make them promising for practical applications (Hodgkinson
2013).

Over last few decades, with dawn of nanomaterialsthis field of gas detection has
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become more striking due to extraordinary surface to volume ratios of
nanomaterilasand their higher sensitivity to surface interactions. Industrial interest is
growing remarkably in this arena to develop a class of sensing devices with greater
sensitivity and operational range utilizing this enhanced sensitivity of nanoscale
materials. The factors which may influence the sensing behavior of nanomaterial
include size, shape as well as surrounding environment. Therefore, for the fabrication
of practical optical sensing devices these parameters need to be studied in detail
(Dobrokhotov2006, Shah 2012, Dairo 2009).

Gold nanoparticles, because of their fascinating photosensitive properties, are being
studied as the promising applicants for optical sensing devices. In different ways gold
nanoparticles are employed to investigate the detection of various target gases. In most
cases, gold nanoparticles are used in combination with other materials for example
Sadek et al (Sadek 2010) used highly dispersed gold nanoparticles of diameter 5 nm
and 10 nm supported on nitrogen doped multi-walled carbon nanotubes for hydrogen
sensing. They achieved the highest sensitivity of the target gas with smaller size of the
particles.Similarly gold nanoparticles were also successfully utilized for functionalizing
the Gallium nitride (GaN) nanowires to study the response of Argon (Ar), Nitrogen (N,)
and methane (Dobrokhotov 2006). Young et al (Young 2012) reported that sensitivity of
carbon nanotubes based ethanol gas sensors could be significantly enhanced by
adsorption of gold nanoparticles. The effect of different profiles (dot and rod-shaped) of
gold nanoparticles for the sensing responses towards different kinds of alcohol vapors
(ethanol, methanol, isopropanol and gases suchas NHs3)) with TiO, thin films
investigated by Manera et al (Manera 2008) and an increased in the optical absorption
in case of nanocomposite (TiO2/Au) thin films was recorded than only TiO; thin film.
This trend was found simmilar for all investigated vapors; however no significant effect
of particles shape was noticed. The detection of trinitrotoluene (TNT) was also
investigated by immunosurface modified with gold nanoparticles and it was found that
the observed sensing performance was four times higher than that without gold
nanoparticles (Kawaguchi 2008).

Gold nanoparticles are also used as gas sensors by functionalizing the surface of the
particles with some other materials such as polymers or molecules with different
functional groups. For example, biofunctionliedcolloidal gold nanoparticles were
successfully used to for the detection Hydrogen sulfide (H.S). It was argued that
sensing perform is due to the bio-moieties on the particles which have higher dielectric
constant. It was also noted that sensing performance of gold nanoparticles was better
than other solid state H,S sensors (Ganachari 2011). Zhang and co-worker
functionalized the gold nanoparticles with OH and CHgz terminal groups for investigate
the vapor sensing performance of dichloromethane (DCM), methane and ethanol
(Zhang 2002). They conclude that gold nanopatrticles can be utilized for the detection of
polar and non-polar molecules depending upon the functionalizing terminal group of the
gold nanoparticles. Very recently Ma and Yung (Ma 2014) functionalized gold
nanoparticles with a specially synthesized polymer for the detection of dissolved carbon
dioxide (dCO.The sensing mechanism based on the color change of gold
nanoparticles solution due to the aggregation of colloidal gold in the presence of
dissolved CO,. Still, there is a need to explore simple and easy approaches to study
the optical sensing characteristic of nanoparticles which could lead to devices
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fabrication.

We, in this work, adopted a facile method to study the gas detecting performance of
colloidal gold nanopatrticles. We used carbon dioxide (CO,) as target gas. Spherical
gold nanoparticles of different diameters (size) were synthesized by reducing hydrogen
tetrachloroaurate (HAuUCl,) with tri-sodium citrate in water. To determine the surface
morphology and size scanning electron microscopy (SEM) was used.The gaseous
environment was introduced by passing the gas through the colloidal gold solution.
Optical characteristics of colloidal gold nanoparticles with and without gas flow were
measured by spectroscopic ellipsometery. We recorded a decrease in transmission
spectra of gold nanoparticles in the presence of gaseous atmosphere. We also noticed
a size dependent sensing behavior of gold nanopatrticles for CO, gas.

2. EXPERIMENTAL DETAILS

All the reagents were of analytical grade and the highly purified water was used
throughout the experimentSpherical gold nanoparticles of three different sizes
(diameters)were synthesized following the citrate reduction approach (Raza 2011, Brown
2000). First smaller (seed) gold nanoparticles were prepared and then these seeds were
grown into larger particles

For smaller gold nanopatrticles (sample A), 100ml of ImM HAuCl4was heated to 100°C
under refluxing conditions and then 10ml of 38.8mM Sodium citrate (NazCeHsO7)was
added at once into the boiling aqueous solution while stirring vigorously. A color
change originally from yellow to transparent, to dark blue and finally, after about 2 mints,
to burgundy red which was an indication of completion of the reaction.

Gas outlet
Colloidal S
gold particles gl
—~—
B Light
> B
Gas inlet

Fig.1The set-up to produce gaseous environment for optical gas sensing of gold
nanoparticles

For medium size gold nanoparticles (sample B), 5ml of seedcolloids were added
simultaneously with 430ul 0f38.8mM Sodium citrate (final concentration 0.17 mM)into a
92.5ml boiling solution of 0.3mM HAuCIsstirring continuously under refluxing
environment. Similarly for larger gold nanoparticles (sample C), 100ml of 0.3mM
HAuClswas heated up to boiling with continuous stirring and then 443pul 0f38.8mM
Sodium citrate (final concentration 0.17 mM)and 1ml of seed particles were addedat
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once under refluxing condition. The heating with stirring was continued for further 10-15
min before cooling down to room temperature

To determine the morphology and size of the prepared particles, scanning electron
microscopy was used. All three size gold nanoparticles were deposited of silica
substrates by functionalizing the silica surfaces with (3-Mercaptopropyl)
trimethoxysilane (MPTMS, CgH1603SSi). MPTMS acted as a binding agent between
silica and gold particles providing a high affinity for gold particles due to its thiol end
groups (Raza 2011).

Optical gas sensing properties of colloidal gold nanoparticles were investigated by
measuring the transmission spectra in the absence and presence of gas flow with a
variable angle spectroscopic ellipsometer (VASE J. A. Woollam) in the photon energy
range 0.8—4.5 at a fixed zero incident angle with respect to the surface normal. CO,
were used in this work, the gaseous environment was produced by passing the gas
flow through the colloid in a transparent chamber as shown in figure 1.

3. RESULTS AND DISCUSSION

In order to determine the surface morphology and size of the prepared entities bY SEM,
colloidal particles were deposited on the silica substrates by derivatizingthe silica
surfaces with MPMTS. In figure 2, SEM images of all three types ofAuNPs; smaller,
medium and larger size are presented in (a), (b) and (c) respectively. The measured
particle diameters were found 13 £5nm (colloid A), 25 £3nm (colloid B) and 45+5nm
(colloid C). The insets show the corresponding colloidal gold solutions for each sample as
indicated on each vial.

Fig.2SEM micrographs of gold nanoparticles deposited on silica substrates: (a)
smaller diameter 13nm (colloid A), (b) medium size 25 nm (colloid B), and
larger diameter particles 45 nm (colloid C). Insets show the colloidal gold
solution of each sample.

As can be seen in figure 2, all AUNPs are nicely and randomly adsorbed on the
silica substrates. The reason of this random deposition of nanoparticles is thatgold
nanoparticlesin the solution werestabilized by citrates and thus AuNPsexperience a
short-range repulsion due to the negative charge of citrates while the exposed
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thoilgroups of MPTMS on the substrates provide the irreversible bindingcausing the
nanoparticles immobile as they were attached to the thiol groups. The most of the
particles in figure 2(a) and (b) having smaller and medium diameters are of almost
spherical geometries. However, some of larger particles seem differing from the perfect
spherical geometries. Perhaps with the increase of the particle size, the profile of the
growing particles was likely affected by the preferential growth on crystalline faces
which created the irregularities forming elongated or slightly protrudedshapes

The optical characteristics of all colloidal gold nanoparticles without and with
gaseous environment are shown in figure 3. The CO,gas detecting performance of
smaller gold nanoparticles (colloid A) is demonstrated in figure 3(a). The transmission
spectra measured by spectroscopicellipsometery without (black solid line) and with
(dashed red line) CO, gas flow through the solution shows a clear fall in the trasnmision
in the case of COygas. Similar CO,gas sensing activity were also found with other
medium and larger gold nanoparticles as depicted in figure 3(b) and (c) respectively.
However, smaller gold nanoparticles were found showing highest sensitivity for CO,as
compared to medium and larger particles (figure 3 (d)).

0.8 T a 0.8 T T b

; = T e T T
[—— AuNPs(A) _nogas f AuNPs(B) _ nogas

0.7 M= = AuNPs(A) _COZ gas 4 0.7 = — AuNPs(B) _ CO2 gas|

Transmission
Transmission

S00 600 700 8OO 800 1000 '500 600 700 800 800 1000
Wavelength (nm) Wavelength (nm)

——AuNPs(C) _nogas |
0.7 = - AuNPs{C) _CO2 gas|

| 6.44%

3.82%

Transmission

Transmission dectrease (%)
L I - e I =

"500 600 700 800 800 1000
Wavaelength (nm) Samples

Fig.3The experimentally measured optical transmission spectra of colloidal gold
nanoparticles with and without CO, gas flow. In all three cases; (a) 13nm
smaller,(b) 25nm medium, and (c) 45nm diameter larger nanoparticles, a decrease
in transmission in presence of CO, gas is evident. The effect of particle size on
this trend is in shown in figure 3(d)

There could be numerous factors which may influence the optical properties of
the materials for example in case of semiconductors optical behavior depend on the
energy band gap and band gap is very sensitive to temperature, radiation effect, grain
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boundaries, doping, three dimensional quantum charge size effects, and composition
change (Siraj 2013, Riaz 2009, Saeed 2013). However in the case of metallic
nanoparticles such as gold and silver, mostly ‘surface plasmon resonance (SPR)’ is
considered responsible for the optical characteristics. Actually, when a light with
wavelength greater than that of nanoparticle size shines on them and if the natural
frequency of the nanoparticle surface electrons matches with incident light frequency,
the standing resonance conditions can be set up. As a result, the mobile electrons at
surface of the particle start to oscillate against the restoring force of positive nuclei
resulting in the electron density polarization. The ‘surfaces plasmon resonance’ is the
collective oscillation of these surface electrons in resonance with incident light
frequency (Link 2000).

The absorption and scattering spectroscopy can be used to determine the
resonance condition while parameters such as the shape, size and the dielectric
constants of both the metal and the surrounding medium can significantlyaffect this
condition. Achange in the electric field density on the surface can be activated by the
variation in size and shape of nanoparticles which results in a modification of the
oscillation frequency of the electrons resulting in a change in cross-section for the
optical behavior including absorption and scattering.The variation in size and shapeof
nanoparticles can cause a shift in the electric field density on the surface which results
a modification in the oscillation frequency of the electrons and thus cross-section for the
optical performance including absorption and scattering may change. Likewise, the
surrounding material can affect dielectric constant which can directly influence surface
ability to accommodate the electron charge density and consequently oscillation
frequency can be changed(Eustisa 2006).

The mechanism of COj-gas induced optical transmission change can be
ascribed by considering how CO, can affect the colloidal gold nanoparticles and its
atmospheres. When colloidal gold solutions were bubbled with CO, gas, the surface as
well as the surrounding medium of nanoparticles might be influenced by the CO, gas
molecules which could induced a change in optical characteristics.

In fact, the CO, gas can change the pH of the solutions and the electrostatic
repulsion among the nanoparticles (Mohammed 2013) as it bubbled through the
colloidal gold nanoparticles solutions. Similarly the CO, gas can also affect surface of
the nanoparticles by the adsorption of CO, molecules on colloidal gold and this
adsorption could be from gas-phase adsorption or dissolved state adsorption. There
could be different adsorption sites on the surface of metallic nanopatrticles for example
sites where molecules are physisorbed (or weakly adsorbed) are known as "normal’ or
N-sites while the sites on which the molecules interact strongly with the surface
(chemisorbed) are called “extra’ or E-sites. These E-sites are in fact various types of
atomic-scale roughness sites (Akemann 1992).

The Possible factors which caused the change in the transmission spectra were
adsorbed CO, molecules on N-sites of gold nanoparticles from the dissolved state in
the colloidal solution(Kneipp 1995) and/or the change in the pH and the electrostatic
repulsions. Perhaps the accumulative effect has induced a change in the electron
charge density on the surface which caused a decrease in the transmission spectra of
gold nanopatrticles in the present of CO,-flow.
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Moreover a size dependent response in this phenomenon was also noticed. By
increasing the size of the particle this declining trend in the transmission spectra further
increased. It indicates that smaller size particles show highest sensitivity for gas which
is in agreement with already reported results (Sadek 2010). This can be attributed by
considering more adsorbing sites to accommodate additional CO, molecules and thus
enhancing the interaction of incident light with surfaces resulting further decrease in
transmission as represented in figure 3 (d).

4. CONCLUSIONS

Size dependent opticalgas sensing performance of citrate stabilized gold nanoparticles
for CO, gas is studied in detail. A decrease in transmission spectra of colloidal
solutionin the presence of CO;-gas flow was recorded which was consider due to the
possible effect of CO, molecules on the surfaces of nanoparticles.it was also found that
smaller particles are more efficient for gas sensing as compared to the larger ones as
largest change is transmission was recorded for smallest size nanopatrticles.
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