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ABSTRACT: This study reports for the first time that
polystyrene monodispersed nanosphere monolayer (PS-
MNM) based Au (Au-MNM) and Ag (Ag-MNM) nanostruc-
tures deposited on quartz crystal microbalance (QCM)
transducers can be used for nonoptical based chemical sensing
with extremely high sensitivity and selectivity. This was
demonstrated by exposing the Au-MNM and Ag-MNM
based QCMs to low concentrations of Hg® vapor in the
presence interferent gas species (ie, H,0, NH;, volatile
organics, etc.) at operating temperatures of 30 and 75 °C. At
30 °C, the Au-MNM and Ag-MNM based QCMs showed ~16
and ~20 times higher response magnitude toward Hg® vapor
concentration of 3.26 mg/m’ (364 parts per billion by volume
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(ppby)) relative to their unmodified control counterparts, respectively. The results indicated that the extremely high sensitivity
was not due to the increased surface area (only 4.62 times increase) but due to their long-range interspatial order and high
number of surface defect formation which are selectively active toward Hg° vapor sorption. The Au-MNM and Ag-MNM also
had more than an order of magnitude lower detection limits (<3 ppb,) toward Hg" vapor compared to their unmodified control
counterparts (>30 ppb,). When the operating temperature was increased from 30 to 75 °C, it was found that the sensors
exhibited lower drift, better accuracy, and better selectivity toward Hg’ vapor but at the compromise of higher detection limits.
The high repeatability (84%), accuracy (97%), and stability of Au-MNM in particular make it practical to potentially be used as
nonspectroscopic based Hg0 vapor sensor in many industries either as mercury emission monitoring or as part of a mercury

control feedback system.
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1. INTRODUCTION

Nanoparticles are well-known for their enhanced physical and
chemical properties over their bulk counterparts with the added
possibility to manipulate these properties for a range of
different applications by simply varying their dimension and
geornetry.l’2 The integration of nanoparticles into one-, two-, or
three-dimensional (2D or 3D) structures leads to novel
collective properties that can be controlled by altering the
nanoparticles’ arrangements, which in turn influences their
cooperative interactions.” > Therefore, the development of
functional nanostructures with specific patterns and high
interstitial long-range order has received considerable interest
in recent years due to their applications in the fields of solar
cells, optical devices, chemical sensing, and catalysis.6 From a
chemical sensing point of view, it is important to consider not
only high sensitivity but also uniformity and reproducibility of
the surface (sensitive layer) itself. Typically, well-ordered
nanostructures are fabricated using “top—down” methods
such as focused ion beam (FIB)” and electron beam
lithography (EBL).® However, the crystal structure or chemical
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properties of developed nanostructures could get damaged
during the etching process. In addition, using these methods to
fabricate nanostructures over a large substrate area is an
expensive and time-consuming process. An alternative method
is the self-assembly of polystyrene (PS) spheres that act as
templates to fabricate periodic nanostructures. Templating has
been widely used to produce a variety of devices taking
advantages of its good reproducibility, large-scale uniformity
(with less than 10% variation over the entire substrate), fast
processing, high stability, large area, and low fabrication
cost.” ™12 By use of this method, a lot of inorganic, organic,
and metallic based ordered materials with various photonic
crystal (PC) based structures have successfully been made as
optical filters, nanolasers, waveguides, catalysts, chemical
sensors, semiconductors, and microelectronics as well as
telecommunication technologies, just to name a few."”>™'¢ In
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Figure 1. Representative schematic of the QCM modification process (a) e-beam evaporation of Ti electrodes on quartz substrates to form Ti
QCMs followed by (b) transfer of self-assembled PSNSs on the Ti QCM followed by (c) e-beam evaporation of noble metals to form (c1) Au-
MNM and (c2) Ag-MNM directly on the Ti electrode of QCM transducers.

particular, PCs are promising platforms that enable harnessing
of increased sensitivity, better repeatability, and reduced noise
in chemical sensing applications.14 Further, the distance
between the unit cells (i, spheres, cubes, etc.) in PCs can
be controlled to govern their properties such as controlling the
distinct wavelengths of reflection and color.'®'” These features
have made PC structures attractive in applications like surface
enhanced Raman spectroscopy (SERS) based chemical
sensing'” where the close distance between the metal spheres
(with PS nanosphere templates) results in the formation of
electromagnetic hot spots, *'* thus enabling high sensitivities
to be reached.

One of the most sought-after chemical sensors being
developed among the scientific community is for anthropogenic
elemental mercury (Hg’) vapor detection.” >* The ever-
growing efforts to develop a Hg” vapor sensor is partly due to
the United Nations’ environmental programme's (UNEP)
recent Minamata Convention where delegates from 140 nations
agreed on a legally binding rule on reducing anthropogenic
mercury emissions.”>~>” This is not surprising when an
estimated 60000 babies with mercury related diseases are
born in the U.S. alone each year because pregnant mothers are
being exposed to mercury through their environmental
surround'n§s or via consumption of contaminated food
sources.”®*” In order to reduce emissions, accurate, cheap,
and reliable online Hg’ monitoring technologies are imperative
for providing feedback to industrial process control systems.*’
The conventional spectroscopic based instruments currently
being used to detect mercury in industrial processes and
emission points are either expensive, encounter problems with
portability, require sample pretreatment, have cross-interfer-
ence issues with other gas species })resent in the effluent gas, or
have long turn-around times.’° > These shortcomings
associated with spectroscopic based mercury detectors have
shifted attention toward developing Hg’ vapor sensors based
on other mechanisms with particular attention given to
microsensors.”>*"?33*73¢ However, thus far, producing a
microsensor that addresses all of these shortcomings of
spectroscopic based instruments has been met with limited
success. Most of the sensors developed are plagued by their low
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sensitivity, low temperature stability, and lack of selectivity
toward Hg® vapor. In this work, polystyrene monodispersed
nanosphere monolayer (PS-MNM) based Au (Au-MNM) and
Ag (Ag-MNM) are deposited on quartz crystal microbalance
(QCM) transducers and compared for their sensitivity and
selectivity toward low concentrations of Hg’ vapor. The
selectivity of the sensors toward Hg’ vapor was determined
by simultaneously introducing high humidity and ammonia
content as well as other volatile organic compounds (VOCs),
which are highly abundant in most industrial processes and/or
have high affinity toward noble metal nanostructures. The
MNM based microsensor demonstrated in this work can
potentially be used in harsh industrial process as a small,
independent, reliable, and sustainable unit to monitor Hg’
vapor in stack gas as well as operate as part of Hg" vapor
emissions control systems.

2. EXPERIMENTAL SECTION

Figure 1 shows a summary of the MNM based QCM transducer
fabrication process. Briefly, a 300 nm Ti layer was deposited on
optically polished AT-cut quartz substrates using e-beam evaporation
on both sides of the substrates (Figure 1a). To achieve polystyrene
nanospheres (PSNSs) based MNM on the prepared QCMs, initially
~500 nm PSNSs were synthesized using dispersion polymerization
method. The PSNSs were then used to form a monolayer template on
the transducers via air/water interface self-assembly (Figure 1b). A 100
nm Au (Figure 1c1) or Ag (Figure 1c2) layer was then deposited on
the modified QCMs using e-beam evaporation in order to form the
Au-MNM or Ag-MNM directly on the QCM transducers. All
chemicals used in this work were purchased from Sigma-Aldrich and
used as received. The quartz crystals (10 MHz, AT-cut, polished) were
purchased from AATA, Japan.

2.1. Polystyrene Nanoparticle Synthesis. The polystyrene
nanospheres (PSNSs) were synthesized using dispersion polymer-
ization method described by Unciti-Broceta et al.*” Briefly, a 20 mL
styrene monomer was first washed with ammonia (28%) solution to
remove any inhibitor that may have been present in the monomer
solution. The monomer was then washed with Milli-Q water
(resistivity of 18.2 MQ-cm, Millipore) several times until a pH of 7
was attained. Then 2 mL of the washed styrene was dissolved in 18 mL
of ethanol solution containing 20% water. The process was performed
in a three-neck round-bottom flask which was purged with dry
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nitrogen to remove any oxygen and therefore avoid unwanted
polymerization. Approximately 800 mg of polyvinylpyrrolidone
(PVP) was then dissolved in the prepared solution. Thereafter the
mixture was added to the monomer solution as a steric surfactant and
heated to 70 °C while stirring at 1500 rpm. In order to start the
polymerization reaction, 28 mg of azobisisobutyronitrile (AIBN)
initiator was dissolved in 20 mL of ethanol, purged with dry nitrogen
gas for 10 min, and finally injected to the prepared solution. The
synthesis was performed under dry N, atmosphere, while the
temperature and stirring were kept constant for a period of 24 h.
This method produced the PSNSs of 500 = 50 nm. The formed PS
monodispersed particles were centrifuged and washed with ethanol
and water several times and redispersed in ethanol.

2.2. QCM Fabrication. The QCM transducer relies on measuring
the resonant frequency (f,) of the QCM upon exposure to the gas
stream containing Hg® vapor. Given that the sensitive layer on the
QCM electrodes has high affinity and is very selective toward Hg’
vapor, an amalgam will be formed when Hg® vapor comes into contact
with the sensor surface, thus resulting in increased mass of the QCM
electrodes. From Sauerbrey’s equation,® a change in mass (Am) of the
electrodes results in a proportional change in the resonant frequency
(Af) of the QCM as

Af = =S;Am (1)
where S, represents the integral mass sensitivity (or Sauerbrey
constant). In order to fabricate the QCM transducers, a 300 nm Ti
layer was deposited on optically polished AT-cut quartz substrates (@
7.5 mm, 10 MHz resonant frequency, Hy-Q_Crystals, Australia) using
e-beam evaporation on both sides of the substrate. The Ti layer was
used as the QCM electrodes because of its high adhesion froperties to
quartz as well as its lack of affinity toward Hg® vapor.***

2.3. Au-MNM and Ag-MNM Based QCM Fabrication. The Ti
based QCM electrodes (2 4.5 mm) were modified by employing the
widely used self-assembly process to form a monolayer of PSNSs,*!
hence direct formation of PS-MNM on QCM transducers. Briefly, the
synthesized PSNSs were first suspended in ethanol. A few drops (~10
uL) of the suspension were then introduced on the water surface
inside a glass Petri dish which had an internal diameter of 10 cm.
Introduction of PS solutions was stopped when about 3/, of the water
surface was covered with PSNS. A few drops of sodium dodecyl sulfate
(SDS, NaC,H,sSO,) were then added in the Petri dish to form rigid,
close-packed PSNS monolayers through the modification of the water
surface tension. PSNS monolayer array was transferred from the water
surface to the surface of the Ti based QCM electrode by simply
dipping the quartz substrates (@ 7.5 mm) in the solution and removing
it gently over a period of 30 s. The QCMs were then left to dry under
N, atmosphere. A 100 nm Au or Ag layer was then deposited on the
modified QCMs using e-beam evaporation on both sides of the
substrate in order to form either Au-MNM or Ag-MNM based QCM.
In order to fabricate the control QCMs, a 100 nm Au (referred to as
Au-control) or Ag (referred to as Ag-control) layers were also
deposited on the Ti based QCMs. The metal depositions were
performed by a Balzers e-beam (BAK 600) at room temperature (~22
°C) and typical base pressure of 2 X 1077 mbar. The Ti, Au, and Ag
layers were deposited at 0.1, 0.2, and 0.2 nm/s deposition rates,
respectively. The electron beam evaporator was set at an electron
beam voltage of 6 keV for Ti and Ag or 11 keV for Au.

2.4. Surface Characterization. Following their modification, the
QCMs were first characterized using scanning electron microscopy
(SEM) on a Nano-SEM instrument operating at an accelerating
voltage of 10 kV. X-ray photoemission spectroscopy (XPS) of the
surfaces was then carried out using Thermo K-Alpha XPS instrument
which had a Mg Ka radiation source at a pressure better than 1 X 10~
Torr and with a spectral resolution of 0.1 eV. The elemental binding
energies (BEs) were aligned to the adventitious C 1s BE of 285 eV.

Electrochemical Surface Area. The electrochemical surface area
(ESA) of Au-MNM was determined using the linear sweep
voltammetry (LSV) technique. This process was first described by
Rand and Woods* and involves calculating the charge required to
reduce an oxide monolayer that is formed on the surface. The
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experiment consisted of performing cyclic voltammetry (CV) of both
the control and modified surfaces at 100 mV s™* in a 1 M H,SO,
solution. Although the LSV technique is not designed to estimate the
ESA of silver sufaces, the Ag-MNM was assumed to have a similar ESA
to that of Au-MNM due to their similarity in terms of metal film
thickness and the underlying PSNS template.

2.5. Hg® Vapor Sensing Using Photonic Crystal Based QCMs.
Both Au-MNM and Ag-MNM based QCMs as well as their
unmodified control counterparts were tested for their sensing
capabilities toward a dynamic range of mercury vapors at operating
temperatures of 30 and 75 = 1 °C to demonstrate the high sensitivity
and selectivity of the modified sensors over their control counterparts.
The operating temperature of 30 °C was used, as it was the closest to
room temperature which could be controlled by the in-house built
mercury vapor delivery system. On the other hand, 75 °C was chosen
because this was near the temperatures used in field sampling of trace
amounts of Hg® vapor in industrial effluents** and yet lower than the
glass-transition temperature of polystyrene (~100 °C)* based
template on the sensor sensitive layers. The mercury concentrations
toward which the sensors were tested are 0.21, 0.31, 0.45, 0.64, 0.93,
1.27, 1.74, 2.38, and 3.26 + 0.05 mg/m® where 1 mg/m® is equivalent
to 111.7 ppb,. The different concentrations of Hg’ vapor were
generated in a controlled manner using NIST certified mercury
permeation tubes (VICL TX, USA). Hg® vapor concentrations in the
test stream were confirmed by using an acidic KMnO, impinger train
calibration system (similar to the Ontario-Hydro method) and
employing inductively coupled plasma mass spectroscopy (ICP-MS,
Agilent 7700 series, ShieldTorch system) for their analysis. Two
research quartz crystal microbalance (RQCM, Maxtek) units with a
frequency resolution of +0.03 Hz were used to measure the resonant
frequency (f) of the four QCMs tested at any one time.

The sensors were tested continuously for a total of 25 days. All
sensing measurements were conducted using the following procedure:
The experiments were performed in a custom built gas cell, which
housed four QCM sensors (Au-MNM modified, Ag-MNM modified,
Au-control, and Ag-control), and exposed to a gas stream containing a
mixture of dry N, and a known concentration of Hg® vapor (with or
without interferent gases) for 1 h. Thereafter, the sensors were
recovered by dry N, flow for 1 h without altering the total flow in the
gas cell or the operating temperatures. The total flow of 200 standard
cubic centimeters per minute (sccm) was kept constant using a
specially developed multichannel gas delivery system, employing mass
flow controllers (MKS instruments, Inc, USA). The sensors were
tested toward Hg® vapor in the presence of additional interferent gases
(ammonia, (NH;, 384 ppm), acetaldehyde (Ac-ald, 304 ppm), ethyl
mercaptan (Ethyl-M, 2.61 ppm), dimethyl disulfide (DMDS, 5.01
ppm), methyl ethyl ketone (MEK, 40.1 ppm), and humidity (H,O,
27.2 g/m®)) which are known for their extreme affinity for AP
or are common in many industrial effluents.>® The high level of
humidity (27.2 g/m’) was generated using a relative humidity
generator (V-Gen from InstruQuest).

3. RESULTS AND DISCUSSION

3.1. Surface Characterization of the Sensitive Layers.
The SEM images of the Au-MNM and Ag-MNM are presented
in Figure 2. The SEM images presented in Figure 2al and
Figure 2a2 show the Au-MNM’s monodispersion and surface
coverage on the Ti electrode surfaces of the QCM transducers,
respectively. Similarly, Figure 2b1 and Figure 2b2 show the Ag-
MNM’s monodispersion and surface coverage on the Ti
electrode surfaces of the QCM transducers, respectively. It can
be observed that highly monodispersed, hexagonally close-
packed nanosphere monolayer of PSNSs are obtained on the
QCM electrodes with long-range ordering on the Ti surface.
Even though the PC (in this case metal- MNM) surfaces exhibit
high surface to volume ratio, have relatively large number of
active sites, and have shown excellent optical _/properties and
SERS based sensing activities in the past,”*"**%” they have not
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Figure 2. SEM images representing (al) close-packed Au-MNM, (a2)
surface coverage of Au-MNM on the Ti electrode of QCM transducer,
(b1) close-packed Ag-MNM, and (b2) surface coverage of Ag-MNM
on the Ti electrode of QCM transducer.

yet been tested for nonoptical based Hg’ vapor sensing
applications. It is envisaged that the spherical shape of the
PSNSs combined with their close packed arrangement will
produce active sites (following metal deposition) that will have
high sensitivity toward Hg’ vapor. In addition to high
sensitivity, high selectivity is expected to be achieved by
choosing the appropriate material with high affinity solely
toward Hg® vapor.

In order to determine the increase in surface area of the
modified surfaces over the control substrate that resulted
because of MNM formation, the active electrochemical surface
areas (ESAs) of the Au-control and Au-MNM were determined
using the linear sweep voltammetry (LSV) technique*” as
shown in Figure 3. As expected, the ESA increased with the
formation of MNM with the ratio of the Au-MNM to Au-
control ESA being about 4.62 and therefore should achieve at
least a similar increase in response magnitude toward Hg’
vapor.

0.24{— — -Au-control
. 0.01
<«
E 2]
=
L
£ -04-
=
Q
-0.6-
-0.8 - Ratio = 4.62
0.0 0.5 1.0 1.5

Potential (V) Vs Ag/AgCl

Figure 3. Linear sweep voltammograms (LSVs) obtained at 100 mV
stin1M H,SO, solution vs Ag/AgCl reference electrode for the Au-
control and Au-MNM surfaces. The electrochemical surface area
(ESA) was calculated from the reduction peak area, and the ratio of
Au-MNM to Au-control was found to be 4.62.
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3.2. Sensor Performance. In order to test the influence of
operating temperature on the sensor response times, sensitivity,
and detection limits, all four QCMs (Au-control, Ag-control,
Au-MNM, and Ag-MNM) were exposed toward a set of Hg’
vapor concentrations (0.21, 0.31, 0.4S, 0.64, 0.93, 1.27, 1.74,
2.38, and 3.26 + 0.05 mg/m?) in sequential order from lowest
to highest concentrations at operating temperatures of 30 and
75 °C. The sensor dynamic response at 30 and 75 °C are
presented in Figure 4al and Figure 4bl, respectively, while

>
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Figure 4. Modified (Au-MNM and Ag-MNM) and control (Au-
control and Ag-control) based QCMs (al) dynamic response, (a2)
response magnitudes at 30 °C, and (bl) dynamic response, (b2)
response magnitudes at 75 °C when exposed toward Hg’ vapor
concentrations of 0.21, 0.31, 0.45, 0.64, 0.93, 1.27, 1.74, 2.38, and 3.26
+ 0.05 mg/m3 in sequential order from lowest to highest
concentrations. The lines through the data points in (a2) and (b2)
represent the lines of best fit for the LRC equation.

their corresponding analysis curves are shown in Figure 4a2 and
Figure 4b2, respectively. It can be observed that the modified
sensors have significantly more affinity toward Hg" vapor than
their control counterparts at both operating temperatures. At
30 °C the Au-MNM and Ag-MNM are observed to exhibit ~16
and ~20 times higher response magnitude toward Hg’ vapor
concentration of 3.26 mg/m® than their control counterparts,
respectively. This increase is much greater than the expected
increase as a result of the increased surface area (which was
~4.6 times that of the corresponding control). As well as the
increase in surface area, the increase in response magnitude
could also be due to the way the metals deposit on the
underlying spherical PSNS. As shown in the Supporting
Information, Figure S1, because of the curving nature of the
PSNS, the deposited metal film topology is significantly
different from that of the “flat” control thin films; thus, the
curvy nature of the underlying PSNS may have created sites
with high Hg® affinity during metal deposition. Other factors
that may also play a role for the enhanced affinity of the MNM
based surfaces toward Hg’ vapor (and could change by altering
these parameters) are postulated to be the interparticle PSNS
gaps, the size, and shape of the underlying structure as well as
the thickness of the deposited metal film. That is, our group has
recently shown that the formation of surface defects can lead to
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Figure 5. QCM based sensor data showing the accuracy (selectivity) performance of Au-MNM and Ag-MNM over their control counterparts when
exposed to interferent gases at an operating temperature of (a) 30 °C and (b) 75 °C. The solid magenta lines in each panel represent the tested Hg’
vapor concentration of 3.26 mg/m°>. Compared to all sensors presented, Au-MNM is observed to report the target concentration of 3.26 mg/m?> with

high accuracy and repeatability at 75 °C.

active sites that enable metal sorption to occur.”® These surface
defects can sometimes be highly active toward metal sorption
where thermodynamically such sorption capacity is forbidden
on otherwise polished films. In addition to this phenomenon
possibly increasing the affinity of the surface toward Hg’ vapor,
it is well accepted that the presence of defect sites (crystal
lattice as well as surface topology defects) increases the affinity
of noble metal surfaces toward Hg? vapor.>"**~%* Thus, it may
be the combination of these phenomena occurring on the
MNM based surfaces that results in higher sorption capacity of
the noble metal layer toward Hg’ vapor. The higher Hg’
sorption capacity of the Au-MNM and Ag-MNM demonstrates
that PCs do not just have enhanced optical properties, as has
been reported thus far, but also can be designed to improve the
detection properties in chemical microsensors such as QCMs
where the sensing mechanism is not based on the interaction of
light with the substrate.

A closer analysis of Figure 4a2 and Figure 4b2 reveals that
the difference in response magnitude between the modified
QCMs and their control counterparts is reduced to 2 and 6
times for Au-MNM and Ag-MNM at the operating of 75 °C,
respectively. This is postulated to be due to the increased vapor
pressure of Hg® at 75 °C relative to 30 °C, resulting in the
lower tendency of the atoms to undergo sorption processes on
the sensor surface. The drift of the sensors overall however is
observed to reduce at the high operating temperature of 75 °C
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relative to 30 °C (Figure 4-al and Figure 4bl) but with the
compromise of reduced sensitivity. The lower drift observed
from the Au based QCMs is attributed to better Hg” desorption
from the Au over the Ag surface during the 1 h recovery period
where a 200 sccm dry nitrogen flow was employed following
each mercury exposure.

In order to determine the detection limit of the developed
sensors, the method of 3 standard deviations of the blank
sample noise profile (over a 1 h period) was used. It was found
that the detection limits of the modified QCMs (Au-MNM and
Ag-MNM) were significantly lower than their control counter-
parts at 30 °C with the Au-MNM, Au-control, Ag-MNM, and
Ag-control based QCMs having detection limits (LoD) of 15,
269, 21, and 307 ug/m? respectively. When the operating
temperature was increased to 75 °C, the LoD values for the Au-
MNM, Au-control, Ag-MNM, and Ag-control based QCMs
were calculated to be 130, 150, 139, and 224 ug/m?
respectively. The data suggest that the detection limit of the
sensors deteriorates with increasing operating temperature;
however, the modified sensors maintain their better detection
limit overall. The advantage of the higher operating temper-
ature of 75 °C is the better recovery of the sensor surfaces
following a sensing event relative to 30 °C as can be observed
by comparing Figure 4al with Figure 4b1. The extent of sensor
recovery for the Au-MNM, Au-control, Ag-MNM, and Ag-
control based QCMs following each Hg’ vapor sensing event at
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Table 1. Sensor Characteristics Including Response Time (t,,), Detection Limit (LoD), Recovery, Accuracy, Repeatability, and
Average Error As Calculated from the Data Presented in Figures 4 and §¢

30 °C 75 °C
Au-MNM Ag-MNM Au-ctrl Ag-ctrl Au-MNM Ag-MNM Au-ctrl Ag-ctrl
too (min) 46 50 42 51 29 45 24 30
LoD (ug/m?) 15 21 269 307 130 139 149 224
recovery (%) 62 S1 58 31 92 80 91 53
accuracy (%) 12 70 18 3 97 97 45 39
repeatability (%) 29 87 32 S 84 83 75 33
average error, ¢ (mg/m3) 0.33 1.30 0.65 0.98 0.10 0.98 0.65 0.82

“The data are calculated from the sensors’ response when exposed to Hg" vapor concentrations of 3.26 mg/m”.

30 °C was found to be 55%, 55%, 50%, and 25%, respectively.
At 75 °C, however, these values were observed to increase to
90%, 90%, 80%, and 45%, respectively. Overall it could be
deduced that following any Hg® vapor sensing event, Au films
had superior recovery properties relative to that of Ag films,
which resulted in the large baseline drift observed for the Ag
based QCMs during Hg” vapor detection experiments.

The selectivity of the developed Au-MNM and Ag-MNM
based QCMs was tested by exposing them to a Hg” vapor
concentration of 3.26 mg/m” in the presence of six interferent
gases including ammonia (384 ppm), acetaldehyde (304 ppm),
ethyl mercaptan (2.61 ppm), dimethyl disulfide (5.01 ppm),
methyl ethyl ketone (40.1 ppm), and humidity (27.2 g/m?) as
well as a mixture of each. These experiments were performed
on separate occasions at both 30 and 75 °C, the data of which
are presented in Figure Sa and Figure Sb, respectively. In order
to understand how selective the sensors are toward Hg” vapor
in the presence of interferent gases, it is necessary to calculate
the sensors’ accuracies toward reporting Hg” vapor concen-
trations. This was achieved by using the data in Figure 4 to fit a
calibration curve which enabled the sensor frequency output to
be correlated to the exposed Hg® vapor concentrations. These
calibration curves were also used to estimate the reported Hg’
vapor concentrations following a sensing event when Hg® vapor
was in the presence of interferent gases (Figure S). The sensor

response (Af) data were found to fit well with the three-
63,64

parameter loading ratio correlation (LRC) equation®*“given as
Af_pC"
Af = i
1+ pc’

Here, Af,, , and 1 are the LRC model constants. It was found
that the coefficient of determination (R?) values for the control
and modified sensors when fitting the LRC equation were
>0.97 and >0.99, respectively. The sensor characteristics
calculated from the data presented in Figure 4 and Figure S
are summarized in Table 1. It can be observed that at 30 °C,
the modified sensors’ performance was better over their control
counterparts. The Au-MNM and Ag-MNM had much lower
LoD, higher accuracy (when the tolerance is set at +£25%), and
higher recovery than their control counterparts. In addition, the
Ag-MNM had a better precision (repeatability) over the Au-
MNM, which can also be graphically observed from the data
presented in Figure Sa. The repeatability of the sensors was
determined by first calculating the coefficient of variance (CoV)
as has been described in our earlier work.®" The accuracy and
repeatability of the modified sensors (Au-MNM in particular)
improved significantly when the operating temperature was
raised to 75 °C. Although Au-MNM and Ag-MNM were found
to have a similar repeatability (~83%) and accuracy (97%), the
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Au-MNM was found to have a relatively better recovery,
detection limit, and response time (t,,) when reporting the
tested Hg” vapor concentration of 3.26 mg/m? at 75 °C (Figure
Sb). The Au-control and Ag-control based QCMs were
observed to have low accuracy, high detection limits, and low
response magnitudes toward Hg° vapor, making them unusable
for real-world applications. It was found that although Ag-
MNM had higher response magnitude, the Au-MNM, among
all the sensors tested, had an overall better performance. This
result has been deduced because of the high sensor recovery
and confidence level (low average error (error bars)) of Au-
MNM relative to Ag-MNM at 75 °C.

In order to better understand the reason behind the
inaccuracy and low repeatability of the Ag-MNM based
QCM, SEM and XPS analyses of the surfaces were performed
following the 25-day continuous Hg” vapor sensing experi-
ments, as are shown in Figure 6. The XPS data for Au-MNM
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Figure 6. SEM images representing (al) close-packed Au-MNM and
(b1) close-packed Ag-MNM. XPS data of (a2) Au-MNM and (b2) Ag-
MNM after Hg® vapor sensing experiments.

(Figure 6a2) and Ag-MNM (Figure 6b2) confirm that mercury
has amalgamated with both of the developed metallic surfaces.
The XPS data with detailed peak fitting are provided in the
Supporting Information, Figure S2, the analysis of which
revealed that Ag-MNM contained more mercury content
(8.02% Hg and 91.98% Ag) relative to Au-MNM which had
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mercury content of 6.21% following Hg’ sensing experiments.
Furthermore, the XPS spectra of Ag-MNM presented in Figure
S2a show that partial oxidation of Ag had occurred on the
surface because of the high reactivity of the silver with oxygen.
The main peak for Ag 3d;,, appearing at the binding energy of
368.4 eV corresponds to the elemental Ag’ form. > Au 4,
core level appeared at the binding energy of 84.4 eV which
confirmed that the Au MNM surface contained only Au’.%>
After mercury sensing experiments, no significant shifting of Ag
3d and Au 4f core levels was observed. Furthermore, the Hg
4f,,, peaks in both silver and gold samples appeared around
1004 eV which is related to the existence of elemental
mercury.“ On the basis of these results, it can be deduced that
mercury had amalgamated with both the Au-MNM and Ag-
MNM sensing layers. The SEM images for Au-MNM and Ag-
MNM following the 25-day testing period are shown in Figure
6al and Figure 6bl, respectively. It can be seen that the Au-
MNM, as opposed to Ag-MNM, had kept its structural integrity
following the Hg’ vapor testing experiments. This confirms that
the low extent of recovery and high drift following Hg® sensing
events associated with the Ag-MNM were due to the retaining
of mercury on the Ag structures. Therefore, the relatively
higher mercury content in the Ag-MNM and subsequently
higher amalgam formation had resulted in the gradual change
on the sensor topology. These phenomena make Ag based
QCMs impractical for long-term Hg” vapor sensing applica-
tions. Overall, by considering the sensitivity, selectivity,
recovery, and stability performance of the sensors tested, Au-
MNM based Hg" vapor sensor can potentially be used for real-
world Hg’ vapor sensing applications.

4. CONCLUSIONS

To summarize, we have shown for the first time that although
photonic crystal (PC) based Au (Au-MNM) and Ag (Ag-
MNM) nanostructures are well-known for their optical
properties, they can additionally be employed for nonoptical
based chemical sensing applications. To demonstrate this, the
Au-MNM and Ag-MNM nanostructures were deposited on
quartz crystal microbalance (QCM) transducers and used to
selectively detect low concentrations of Hg’ vapor in the
presence of interferent gases. The Au-MNM and Ag-MNM
exhibited extremely high sensitivity (~16 and ~20 times,
respectively) and much lower detection limits (<3 ppb, and
<1S ppb,) toward Hg’ vapor relative to their control
counterparts (>30 ppb, and >17 ppb,) at 30 and 75 °C,
respectively. At 75 °C, The Au-MNM was found to outperform
the Ag-MNM because of its lower drift, high accuracy, and
recovery as well as better selectivity toward Hg’ vapor, thus
making it suitable to be used as an online Hg’ vapor sensor in
many mercury emitting industries.
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