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2.0 Executive Summary  

Despite improvements in safety measures, mine workers continue to experience risks from 
hazardous gases. Real-time and continuous-use portable gas sensors are needed for monitoring 
explosive and/or toxic gases in the dynamic mine environment for the safety and health of mine workers. 
Although there are many gas monitoring systems commercially available, none of them is capable of the 
real-time, continuous measurement of gas concentrations within an individual miner’s local environment 
needed to assess personal exposure and risk. We have pioneered a new gas sensor technology 
utilizing ionic liquids (ILs) that provides an optimal solution for ambient gas monitoring. Our IL 
electrochemical gas sensor (IL-EG) is particularly attractive in mine applications because ILs are non-
volatile and non-flammable, and therefore permissible for use in extreme operating conditions such as 
those routinely present in mine environments. An ideal sensor for mine safety applications would be 
compact, inexpensive, portable, and have low power requirements – but could provide continuous 
monitoring of multiple hazardous gas concentrations. Our new sensor technology has the potential to 
satisfy all of these requirements; but to do so, we first need to address several major technical challenges, 
i.e. sensor miniaturization, sensor sensitivity, selectivity and sensor stability (signal drift). It was possible 
that sensor sensitivity could be compromised due to sensor miniaturization; sensor selectivity and stability 
could be affected due to changes in the sensing environment (e.g. temperature, humidity variations) 
routinely encountered in mines. 

Supported by our AFC518 award, we carried out proof-of-concept research addressing those 
difficulties. Our preliminary work had two research objectives:  1. Sensor chip miniaturization; and 2. 
Miniaturized gas sensor characterization and validation for accurate and reliable measurements in regard 
to confounding factors such as temperature and humidity variations in mining environments. Two 
complementary types of miniaturized gas sensor devices were designed, fabricated and tested to 
demonstrate the technological readiness of the concept to continue toward prototype development.  One 
type was a miniaturized planar electrochemical sensor using ionic liquids as electrolytes and solvents. 
The other was a tuning fork piezoelectric gas sensor that detected methane with good selectivity and 
sensitivity. Both miniaturized sensor platforms can be integrated for multimodal and multi-gas detection. 
The sensors were tested for oxygen, hydrogen and methane (selected for their relevance to mine safety) 
detection at varying temperature and humidity levels.  

Our progress is highlighted in four complete manuscripts/publications listed below and details are 
shown in section 3. In the appendix, we also briefly summarize our on-going work. Our results have 
proven the feasibility of our innovative microsensor prototypes and also contributed to increased scientific 
knowledge of mechanisms of sensing reactions and sensor performance in conditions similar to those 
prevailing in mine environments that are not reported in the literature. These accomplishments establish 
the feasibility and technological readiness of our gas sensor technology for the next phase of research: 
development and optimization for field-testing, validation and commercialization.   

1. Effects of Water on Ionic liquid Electrochemical Microsensor for Oxygen Sensing  
Sensors & Actuators: B. Chemical, 2019, 285, 350-357. Key results: sensor long-term stability can be 
obtained in the presence of water at ionic liquid microsensor device.  

2. Quartz tuning fork (QTF) based methane sensor for coal mine safety application, Sensors & Actuators: B. 
Chemical, In revision. Key-results: QTF methane sensor achieved a detection limit of 0.025% methane 
with good selectivity to CO2. 

3. Platinum-nickel (Pt-Ni) bimetallic nanosphere and ionic liquid as sensing interface for electrochemical 
oxygen and hydrogen sensors, ACS Applied Nano Materials, In revision. Key results: Integrating ionic 
liquid (electrolyte) and nanomaterial (electrode) enables electrocatalysis for high performance inexpensive 
microsensor development for multiple gases detection. 

4. A redox conjugated polymer-based all-solid-state reference electrode, Polymers, 2018, 10, 1191. 

Key results: a new class of all-solid-state reference electrode that can be implemented in various 
electrochemical micro-devices. 
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3.0 Concept Formulation and Mission Statement    

 Mine workers continue to experience risks from hazardous gases, as evident from the numerous 
reports of injuries and health related issues linked to gas explosions and toxic gas emissions. While great 
progress has been made in promoting worker safety and health, the need for better gas sensing 
technology is readily apparent. Several types of atmospheric monitoring systems (AMS) for hazardous 
gases and mine ventilation systems (MVS) exist; however, since they typically collect and/or analyze air 
samples only periodically, they fail to capture temporal and spatial variations of gas concentrations that 
occur in real time. Numerous attempts have been made to develop portable gas monitors or sensors, but 
most of the currently available portable gas monitors are expensive and bulky with poor spatial and 
temporal resolution (only a few sampling points across the mine). They are insufficient to capture the 
dynamics of hazardous mine gas emission and are inadequate for modeling and prediction purposes. 
Moreover, commercially available portable gas sensors developed for air pollution monitoring target 
different gaseous pollutants such as volatile organic compounds and automobile emissions. Mines have 
very different gaseous environments and ambient conditions, involving different types of gases and 
concentration ranges. Portable gas sensors developed for air quality monitoring are not directly adaptable   
for mine safety and health applications. Thus, no current portable gas sensor technology meets the 
challenging requirements needed for development of personal, continuous-use, multi-gas monitors for 
different work environments in mines. 

Our mission is to develop miniaturized sensor technology to detect/sense and identify hazardous 
gases, chemicals, and conditions in mines through a multimodal orthogonal electrochemical and 
piezoelectric sensor approach. Our electrochemical approach exploits the unique electrochemistry and 
interface chemistry of ionic liquid (IL) sensing materials and well-established inexpensive, small size and 
low power electrochemical transducers to produce a miniaturized wearable electrochemical sensor that 
can simultaneously monitor multiple hazardous gases in mines with high reliability in real time. Our 
piezoelectric approach was dictated by the need to address methane detection safely and efficiently. 
Methane is an inert, colorless, odorless gas that is ubiquitous in coal mines, and normally requires either 
electrocatalysts or high temperatures for electrochemical detection. We therefore developed a 
piezoelectric methane sensor based on the resonating quartz tuning folk (QTF). The QTF approach is 
based on the fact that methane is lighter and less viscous than air, and thus the presence of methane 
will increase the QTF’s resonant frequency. This type of methane sensor has very low cost, high stability, 
and an excellent selectivity to heavier gases such as CO2. The quartz tuning fork sensor will be integrated 
with the IL electrochemical sensor for a multimodal and multi-gas detection sensor system in Phase II. 
The combination of electrochemical gas sensor and complementary piezoelectric QTF sensor will 
significantly improve methane detection accuracy and reliability.   

Our research in the AF 518 Phase I project centered on advancing and demonstrating the 
effectiveness of our gas sensor technology for use, adoption, and adaptation into practice with two 
objectives: 1. sensor miniaturization; 2. validation of sensor reliability in mine conditions (varying humidity 
and temperature) for accurate and reliable measurement of mine gases. We anticipate, based on our 
initial findings, that our sensor chip will form part of a hand-held or credit-card-sized detection unit with 
full microelectronics compatibility, extremely small size, low power consumption, and low production 
costs. Further research in Phase II on the sensor and its integration with advanced microelectronics will 
continue improving the sensor system’s performance. Our end goal is to create a multimodal sensor 
technology for highly reliable monitoring and evaluating multiple gaseous hazards in mines. Ultimately, 
we see our miniaturized gas sensors as a driver for autonomous/self-reporting distributed and networked 
applications to significantly impact mine safety and health.    
 

4.0 Proof-of-Concept Technology Components 

  The ultimate goal of  this project is  to develop a battery-powered Mine Gas Sensor System (MGSS) 
that can be strategically distributed throughout a mine in fixed locations, on vehicles, or worn by miners 
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to monitor relevant gas concentrations.  It is expected that the final device will have the following 
characteristics. 

1. Utility: accurate measurement of all important mine gases in a single instrument. 
2. Wearability: small, lightweight, battery powered for long durations. 
3. Practicality: low cost, easy to install, reliable. 
4. Compatibility: usable with existing instruments and/or networks, and adaptable to future ones. 

Overall sensor system   

The functional diagram of the MGSS is shown in Figure 1a. The MGSS will have three major 
components: microsensor arrays (i.e. IL electrochemical sensor and piezoelectric QTF sensor), 
microelectronics (i.e. potentiostat (LMP91000) and Oscillation circuit), and microcontroller and LCD 
display. The readout microelectronics of IL sensor is a potentiostat (LMP91000).  The QTF will be driven 
to resonance by an oscillation circuit (SN74LVCGX04).  The gas concentrations are extracted from the 
sensor output by a microcontroller and then displayed in percentage on the LCD screen. A buzzer or a 
visual alarm is also integrated for alarming 
if the concentration of any 
dangerous/harmful gas exceeds the 
threshold level.  The voltage reference 
chip, power management chip, 
potentiostat chip, oscillation circuit, and 
microcontroller are all miniaturized 
integrated circuits. The lateral dimension 
of the device will be similar to or less than 
a credit card.  We can add network 
components to the MGSS later.  Since the 
sensor operation and readout do not 
involve either high voltages or high 
temperatures, our gas sensor will be 
intrinsically safe to operate in mines. 
These will allow us to achieve the 
characteristics described above: utility, 
wearability, practicality, and compatibility.   

Microsensor array sensing principles and innovations  

The move toward portable sensors have already favored the 
development of portable and chip based microelectronics 
instruments that can be utilized for our sensor technology, whose 
volume, compact size, low cost, low power consumption and 
responsivity offer advantages over existing sensor technology.    
Thus, the more crucial need in any sensor system is the 
microsensor arrays. As shown in Figure 1b, the microsensor array 
consists of multiple sensor units (e.g S1-S4). Each sensor unit 
allows selective chemical interactions of the analyte with the 
sensor for its detection in a gas mixture. The array signals will be 
analyzed to provide each analyte concentration in percentage or 
ppm levels for readout.   Our proof-of-concept study included both 
miniaturized electrochemical and piezoelectric QTF sensors 
designed for detection of mine gases (e.g. methane, hydrogen and 
oxygen). As detailed in section 5 below, we found that both sensors 
have many advantages for the proposed MGSS for mine safety applications. The sensor array chip 
design allows ease of coating with sensing materials (e.g. Ionic liquids and nanocatalysts detailed in 

  
Figure. 1b. Schematic of microsensor 

array for proof of concept evaluation. 
Every sensor unit could be 
electrochemical sensors with different 
ILs or a different sensing modality such 
as QTF sensor.  

 
Figure 1a. Functional diagram of the portable gas sensor.  A 
humidity sensor is integrated to compensate the effect of 
water molecules.  The potentiostat chip has an embedded 

temperature sensor.  
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objective 1-2 in section 5) to enhance sensing performance at the miniaturized sensor platform as well 
as ease of integration with other modes of the sensing (e.g. piezoelectric). The microsensor array is also 
designed for ease of integration with current microelectronics for a fully integrated microsensor system.    

One of the major innovations of the proposed gas sensor technology is its ability to detect multiple gas 
species in real time using multimodal sensing approach, in an inexpensive, wearable sensor package 
that requires minimal power.  The sensor system will not require a unique sensor for each gas, and 
multiple gas sensing can be integrated into the same sensor package. The complimentary nature of 
electrochemical and piezoelectric sensors will significantly improve detection accuracy and reliability. 
Below we briefly discuss our multimodal sensing principle, which will facilitate the understanding of our 
detailed technical components in Section 5. 

Multimodal sensing approach: A multimodal sensor approach uses two or more different technologies 
or technological modes to gather information about the analytes of choice. The five human senses are 
one example of a multimodal sensing system: each sense provides different information about objects in 
our environment. Combining the input from all five senses allows us to classify and identify those objects 
quickly and effectively. 

In our sensor technology, we will employ several different multimodal approaches, all combined into one 
or more sensor arrays, to extract the maximum amount of information simultaneously from the same 
mixture of analytes. For example, a piezoelectric sensor (e.g. quartz tuning fork detailed in Objective 4 
in section 5), which operates on a principle similar to the human ear to translate movement or mass 
changes into an electrical signal, will be integrated with IL-EG sensor arrays (Objective 1-3 in section 5) 
that operate much like the human nose.  

IL-EG sensor principles:  Electrochemical sensors have similar basic components (electrodes and 
electrolytes) to that of a battery. The sensor typically has two electrodes (a working electrode or WE, and 
a counter electrode or CE which can act as a reference and is sometimes called a reference electrode 
or RE) that are immersed in an electrolyte solution. Electrodes and Electrolyte solutions can take many 
forms, and can be tailored for the specific application the sensor is designed for. One common problem 
with electrochemical sensors that use aqueous or water-based electrolyte solutions is that over time the 
water will evaporate, rendering the sensor inoperative. At that point the sensor must either be replaced, 
or additional water must be added to restore the sensor’s functions.  A major motivation for choosing 
ionic liquids (ILs) as sensor electrolytes is because they do not suffer from the weaknesses that affect 
aqueous electrolyte sensors. For example, the high temperature stability of IL materials reduces the 
chance of sensor failure due to temperature-induced chemical or mechanical changes. They further allow 
easily reproducible thin film formation for fabrication of miniaturized electrochemical gas sensors.  
 
ILs are effectively salts in a liquid state. They are powerful solvents, and electrically conducting fluids 
containing organic and/or inorganic cations and/or anions (positively or negatively charged atoms or 
molecules, respectively). Typically, they are liquid below 100°C, or even at room temperature (room 
temperature ionic liquids, RTILs). Since any salt that melts without decomposing or vaporizing can 
potentially form an ionic liquid, ILs offer a wide range of interesting properties, and the opportunity to fine-
tune those properties through careful selection of the ions involved. By using ILs as the electrolytes, 
which do not evaporate at ambient conditions, the dry-out problem in those traditional electrochemical 
sensors is almost entirely eliminated. 
 
Electrochemical sensors can interact with gases in either of two ways: through reactions between the 
gas being analyzed and the electrolyte solution in the sensor, or through reactions between the analyte 
gas and the sensor electrode. Sensor electrodes can take many different forms, from a bare conductor 
to one that has been modified with a coating, such as the nanocatalysts we discussed in Objective 2 in 
section 5. We can use the same material to build different sensors that respond in selective ways to 
different gases simply by varying the methods of fabrication and/or the additives in the coating to increase 
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the detection sensitivity for the desired analyte. The electrolyte can also be the active sensing material, 
by choosing an electrolyte that undergoes a specific reaction with the desired analyte, but not with any 
others.  

The IL-EG sensors can also employ both an impedance mode  (demonstrated in prior publications) and 
an amperometric mode (prior publications and current work shown in Objective 1-2 in section 5), allowing 
detection through different means of the same analyte (for cross-validation and increased accuracy) or 
for the simultaneous detection of different analytes, as needed. Impedance methods can detect analytes 
by measuring the change of capacitance or impedance due to gas adsorption at the electrode-electrolyte 
interface, whereas amperometric methods require the analyte to undergo a redox reaction. Since 
impedance methods do not require redox activity and are often reversible, they provide valuable 
alternatives for gas sensing.   

 
Piezoelectric sensor principle:   Our IL-EG sensors can be integrated with a piezoelectric sensor (such 
as a QTF or a quartz crystal microbalance) for multimodal sensing. The QTF sensor detects methane by 
measuring the increase of the resonant frequency of QTF since methane is lighter and less viscous than 
air (detailed in Objective 4, section 5).  This operating principle gives QTF methane sensor excellent 
selectivity to heavier gases such as CO2.  QTFs have small size and are commercially available with a 
very low cost ($0.20/unit). In addition, the physical nature (no chemical coating used) of QTF methane 
sensor enables long-term continuous detection with high stability.   Multimodal sensing allows us to make 
simultaneous, real-time determinations of different properties of the same target analyte (such as 
sorption, partition, redox activity and density). Having these complementary data allows the sensor to 
cross-validate the measurement results, further increasing its selectivity and accuracy. 

Here we summarize the key performance parameters, and in section 6.0 we detailed key parameters for 
our technical readiness for Phase II study. 

Technical readiness    

 We have two major goals in our research, one is the development of practicable gas sensors that are 
safe enough to use in mine environments, small enough to be not just portable but wearable, and effective 
enough to detect multiple species of interest reliably, accurately, and quickly demand significant 
additional efforts toward attaining sensor miniaturization and integration, the other is the fundamental 
developments involved in the technology such as multimodal sensing approaches, data analysis 
algorithm development for the sensor array, analytical method development for on-line calibration etc. 
Our Phase I work detailed in section 5.0 below established the proof of concept to realize miniaturized 
gas sensors that can be a key component for a wearable or portable device composed of our robust, 
long-lasting sensor chip that can also be easily replaced. Our results, both published and on-going, have 
demonstrated our sensor technology possesses the following unique and desirable characteristics: 

Miniaturized sensor design and fabrication:  A continuing pursuit in gas sensor development is 
miniaturizing gas sensors while maintaining the high analytical performance required for continuous, real- 
time monitoring. Miniaturization of the sensor systems reduces cost and could enable wearable 
distributed sensor systems for mine gas monitoring.  We have designed three types of microsensor chip: 
metal planar electrochemical sensor chip (IL-EG) fabricated by physical vapor deposition, nanoparticle 
based planar electrochemical microsensor fabricated by microprinting, and quartz tuning folk sensor 
using the low cost off-the-shelf components. We  have  1) studied the electrode geometries for  IL-EG 
sensors; 2) identified the parameters for IL-EG sensor structure; 3) identified  IL-EG sensor array 
structure that simplifies sensing material immobilization and permits rapid and reliable sensor testing; 
and 4) proved the concept of methane sensing using off-the-shelf quartz tuning fork. Our design allows 
easy connection with instrument electronics for sensor testing.   

Precision/reproducibility: The microelectrochemical design and fabrication is a significant step towards 
practical and reproducible microsensors, addressing the key challenges associated with these systems. 
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We use established fabrication methods that can easily scale up, allowing inherently low cost and 
furnishing more reliability for our sensor system. The design also allows direct coating or printing of 
sensing materials (e.g. nanoparticle electrode materials and IL electrolytes) on the microsensor chip 
reproducibly with no lateral expansion of the sensing films (e.g., IL) and  provide reproducible wettability 
of the electrodes with ILs facilitating the reproducible operation of sensors even at higher temperatures 
and with very thin films. Therefore, the stability and response time for sensor platforms can be enhanced. 
Miniaturized sensor design will also facilitate integrated multimodal sensors (i.e. electrochemical, 
piezoelectric, quartz tuning folk) to work in parallel so as to have a comparable data and environmental 
compensation. 

 Sensitivity:  Both our IL-EG and tuning fork microsensors for oxygen, hydrogen and/or methane have 
the sensitivity and linear concentration ranges needed to meet or exceed requirements for mine gas 
detection. We anticipate that sensitivity can be further increased by optimizing the nanoparticle catalytic 
activity and surface area as well as the physiochemical properties of the ILs in Phase II study. 

 Selectivity:  Both of our sensors are inherently selective: the electrochemical sensor because of the 
analyte redox reaction, and the QTF because of density differences.  Trace water can cause interference 
but our study showed, it can be mitigated by selecting ILs that can form stable trace water/IL electrolyte 
composition such as via hydrogen bonding or using hydrophobic membranes. Trace water can also be 
utilized as a reactant to increase selectivity based on its unique redox features. Our microsensor for 
oxygen, hydrogen and methane showed good selectivity.  Phase II study with a multimodal 
electrochemical and piezoelectric sensor array should have an unprecedented selectivity due to the two-
dimensional fingerprints of analyte characteristics obtained through multimodal sensor array (i.e. 
electrochemical, piezoelectric and quartz tuning fork) measurements.   

 Accurate: Orthogonal sensing by both electrochemical and piezoelectric microsensors reduces false 
positives. The use of monolithic arrays of multimodal transduction mechanisms (i.e. electrochemical and 
piezoelectric) and dynamically discriminating functions of electro-gravimetric measurements further 
increase the accuracy.  

 Real time: Both our IL-EG and piezoelectric tuning fork microsensors produce measurements in real 
time, allowing results to be obtained very quickly. 

 Small, Low Power and Low Cost:   Both our IL-EG and tuning fork microsensors are low cost using 
batch fabrication and low cost manufacturing. They are compatible with inexpensive, low power and 
miniaturized microelectronics instrumentations that promotes portability.   

 Fast: One step detection and sensor miniaturization help to reduce the time to reach sensing 
equilibrium. Furthermore, real time sensing allows kinetic analysis that is significantly faster than 
equilibrium based sensing. 

5.0  Proof of Concept Evaluation 

Our proof-of-concept researches are detailed in four complete manuscripts/peer reviewed 
publications. Here we summarize the key results from these studies to support the readiness of our 
sensor technology to continue toward prototype development. Oxygen, hydrogen and methane were 
selected as our gaseous analytes to validate our microsensor performance due to their significant 
relevance to mine safety.  We organize our research results into four objectives with objective 1-3 for IL-
EG gas sensor and objective 4 for piezoelectric quartz tuning fork (QTF) sensor development. The 
discussion of each objective is divided into four sections: (1) Rationale, (2) Experimental section (i.e. full 
description of the test configurations and conditions), (3) Test Results, and (4) Conclusions.  In the 
appendix section, we also briefly summarize of on-going research efforts including sensor system design 
and fabrication and temperature effects study. These on-going works are included in the appendix section 
7.0. 
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Objective 1.  Miniaturized IL-EG sensor characterization and validation in the presence of water 
interference  

Effects of Water on Ionic liquid Electrochemical Microsensor for Oxygen Sensing,  
Sensors & Actuators: B. Chemical, 2019, 285, 350-357. 

1.1 Rationale   

The major interference species in the IL based electrochemical sensor is the trace water attributed to 
the ambient condition. Basically, ILs are polar in which some ILs are water-miscible, while other ILs are 
water-immiscible. Even in the case of immiscibility, ILs are generally hygroscopic and capable of solvating 
water from atmospheric moisture or other accessible sources of water. In the presence of water, not only 
will the electric double layer structure be modified, but also the reaction pathway may be changed. Thus, 
the development of IL-based electrochemical sensors especially microsensor and microdevice utilizing 
ILs requires the study of water effects in miniaturized electrochemical sensor devices.  

We design and fabricate a miniaturized planar interdigited electrochemical sensor chip shown in 
Figure 1.1 that is a representation of an electrochemical microsensor device prototype.  We studied the 
effect of water on IL planar electrochemical microsensor in the case of sensing oxygen. We selected 
oxygen as our model analyte and 1-Butyl-3-methylimidazolium tetrafluoroborate (BmimBF4) as a model 
IL electrolyte.  To mimic real world sensor environment, we prepared three types of ‘wet’ ILs by adding 
2% (volume ratio), 4% and 6% water into the original IL (the IL directly from the vendor), which were 
denoted as IL+2%, IL+4%, and IL+6% H2O. The water concentrations of these samples were 0.4×103 
ppm, 2.05×104 ppm, 3.71×104 ppm and 5.36 ×104 ppm, respectively. We investigated oxygen sensing 
performance of the microsensor devices by using these untreated and ‘wet’ ILs as electrolytes.  BmimBF4 
is hydrophilic, and it represents the IL that can readily adsorb water. The oxygen redox reaction pathway 
is dependent on the amount of water in the ILs. Thus this sensor system represents the most sensitive 
electrochemical sensor to water interference and allowed us to validate whether ILs based 
electrochemical sensors can be developed for real world gas sensing applications in the mines.   
 
1.2 Experimental sections  

1.2.1. Sensor chip design and fabrication 

Planar gold electrode was selected and fabricated as our IL-EG microsensor array prototype for the 
miniaturized mine safety gas sensor platform.  The 3-electrode configuration (one outer reference 
electrode, two interdigitated electrodes with reduced impedance) forms each of the sensor array unit. 

Figure 1.1 (c) illustrates the detail of the interdigitated electrodes.  The electrode fingers are 15 m wide 

and the gap in between is 25 m.  We have another two designs with different inter-finger gaps. An epoxy 
wall surrounded the electrodes was designed to control the thickness of the ILs.   

A significant advantage of microfabrication is its batch fabrication capability. The electrodes were 

fabricated on a single-side polished 4’’ diameter 500 m thickness silicon wafer.  After growing 0.5 m 
thickness thin film SiO2 as the insulator layer, 200 nm gold layer was e-beam evaporated with 10 nm 
titanium as the adhesion layer. Next, photolithography method was used to pattern the metal thin film.  
Namely, electrodes were etched from the metal thin film using a photoresist masking layer patterned 

photolithographically.  A 50 m thick epoxy wall was microfabricated to surround electrodes, using SQ50, 
a negative photoresist.  Finally, sensor dies were separated using deep reactive ion etching or wafer 
dicing. Figure 1.1a shows a finished 4” silicon wafer with 112 sensors simultaneously fabricated, 
significantly reducing the unit cost. The dimension of the sensor die can be further reduced based on the 
sensor performance parameters, allowing more devices to be fabricated on the same wafer.  As shown 
in Figure 1.1d, the miniaturized sensor chip has dimensions of 10×10×0.5 mm and was assembled into 
an electrochemical microsensor. The microsensor consists of working (WE1 and WE2), counter (CE), and 
reference (RE) electrodes. A current between the working and counter electrode is generated by analyte 

https://www.sciencedirect.com/science/journal/09254005/285/supp/C
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redox reactions at the working electrode while the opposite redox reaction may take place at the counter 
electrode.  

 

Figure 1.1. (a) A finished 4 silicon wafer containing 112 sensor dies. (b) Micrograph illustrating 4-
electrode configuration for the gas sensor. (c) Micrograph of the interdigitated fingers. (d) The photograph 
of the miniaturized planar sensor chip and (e, f) home-made gas sensor testing chamber with 
demountable blue cap. 
 

The microsensor device was tested as a gas sensor by incorporating it in a home-made gas sensing 
chamber. The working electrode (WE1), an auxiliary electrode or counter electrode (CE) and an on chip 
reference electrode (RE) were connected to the electrochemical potentiostat. Auxiliary working electrode 
(WE2) was not used in this work and will be used in Phase II multimodal sensor development.  1 µL of IL, 
BmimBF4, pipetted into the sensor chip, was used for all  experimental tests. All potentials were measured 
against an on chip gold quasi-reference electrode. All electrochemical measurements were conducted in 
which analyte gas and/or background gas were purged through the microsensor testing gas chamber 
(Figure 1.1 e, f). Three types of ‘wet’ ionic liquids were prepared by the following step: the calculated 
amount of BmimBF4 and water (Volume ratio) were pipetted into a vial. The mixed solution was mixed at 
a high speed for 10 minutes on vortex mixer, and then was subsequently ultrasonically dispersed for 
additional 30 minutes. The obtained ‘wet’ ionic liquid samples were denoted as original IL (directly from 
the vendor), IL+2%, IL+4%, and IL+6% H2O. 

 
1.2.2. Electrochemical characterization methods   

All electrochemical measurements were conducted with a VersaSTAT MC potentiostat (Princeton 
Applied Research, USA) at room temperature. For cyclic voltammetry (CV) and electrochemical 
impedance spectroscopy (EIS) tests, the N2 was purged into home-made gas sensor testing chamber (or 
O2 for at least 3 h) to saturate electrolyte and then CVs were performed with 50 cycles at 100 mV s−1 to 
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obtain a reproducible cyclic voltammogram. The CV experiments were performed between 0 to -2.0 V or 
0 to -2.5 V (vs Au) in N2 or O2-saturated electrolyte at 100 mv s-1. EIS experiments were carried out at a 
frequency range of 10-1 to 105 Hz with an AC voltage amplitude of 5 mV in N2 or O2-saturated IL. The 
chronoamperometry measurement (CA) was carried out by setting the working electrode potential at the 
reduction peak potential based on the CV results. Typically, the schematic illustration of the experimental 
setup used for CA measurement is depicted in scheme 1.1. The sensor chip was placed into home-made 
gas sensor testing chamber, where the electrochemical current of the sensor was measured as a function 
of time. The background gas (N2 gas) was purged into the chamber for 300s. After the background current 
decayed to a steady value, O2 gas at constant concentration was introduced into the gas chamber for 
300 s and the steady state current was measured as sensing signals. All experiments were performed at 
room temperature (25 ±3◦C at 60 ± 5% RH) under atmospheric pressure conditions. The total gas flow 
rate was controlled at 50 sccm (standard cubic centimeters per minute) employing ultrapure nitrogen with 
controlled oxygen concentration prepared by mixing the desired gases using MKS (MKS Instruments, 
Inc.) type 247 4-channel readout (bundled with Mass-Flo® Controller).  
 

 

Scheme 1.1. Schematic illustration of the experimental set-up used for gas sensing test. 

1.3. Test Results  

1.3.1  Electrochemical Impedance Spectroscopy (EIS) Characterization   

We carried out EIS study to characterize the impedance properties of the four types of ILs in N2 and 
O2 conditions. Figure 1.2 depicts the Nyquist plots of EIS measurements in IL with varying amount of 
water. It can be seen that the serial resistance value (Rs) which represents the combined contributions 
of ionic resistance of the electrolyte, intrinsic resistance of the substrate, and contact resistance at the 
active material/current collector interface, decreased gradually with increase of H2O content: 183.8Ω (IL) 
>175.5Ω (IL+2% H2O)> 169.9Ω (IL+4% H2O)>160.2Ω (IL+6% H2O), suggesting the enhanced electrical 
conductivity of electrolyte. The conductivity of an IL depends on the mobility of ions, which is affected by 
the ion size, ion association and particularly the viscosity.1-3  The change in conductivity with varying 
water concentration in the IL can be attributed almost directly to the change of viscosity of the IL with 
different composition. As shown in Figure S1.1 and Figure S1.2 (in section 7, appendix), the contact 
angle measurements show that IL with the highest amount of water has the lowest contact angle on a 
gold substrate. This confirms higher hydrophilicity of the IL with increasing amount of water. Interestingly, 
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as shown in Table S1.1(in section 7, appendix), in all ILs studied, the Rs is higher in N2 atmosphere 
than that of in O2 atmosphere. The adsorption of different molecule onto the surface of electrode changes 
their electrical conductivity because of their different dielectric constant. Furthermore, the higher solubility 
of O2 in the ILs could limit the mobility of the cation and anion when O2 fills in the interspatial space of 
the IL. These characteristics will be studied for multimodal electrochemical sensing in Phase II work. 
 

 
Figure. 1.2. EIS measurement of (a) IL (black line), (b) IL+2% H2O (red line), (c) IL+4% H2O (green line) 
and (d) IL+6% H2O (blue line) in O2 saturated in BmimBF4.  

  
1.3.2. Cyclic Voltammetry Characterization 

Development of an electrochemical sensor requires detailed understanding and characterization of 
the oxidation and/or reduction processes undergone by the analyte in the electrochemical sensor cell. 
Cyclic voltammetry (CV) is a very powerful tool for evaluating those redox processes. In CV, the potential 
is rapid sweep between two different potentials and the resulted current is measured as a function of 
potential. The current-potential relationship, called cyclic voltammogram, allows us to observe the 
behavior of a redox species of interest over a wide potential range. The CV features (shapes, number of 
peaks and the peak potentials) can be used to identify the gas analyte as well as for selecting the specific 
applied potential for the detection of the gas analyte in amperometric sensor methods.  

Cyclic Voltammetry (CV) measurements were carried out in N2 or O2 saturated BmimBF4 with varying 
amount of water to study the effect of water on the oxygen redox processes. As shown in Figure 1.3, in 
N2 saturated original IL directly from the vendor, featureless cyclic voltammogram was observed. In 
contrast, when the electrolyte was saturated with O2, the well-defined oxygen redox features appeared, 
which indicated the miniaturized sensor device exhibits a highly sensitive response to O2 when compared 
in a N2 atmosphere. Water as one of proton source plays very critical role during the electrochemical 
reduction of oxygen in the ILs. As shown in Figure 1.3, in the original IL, two well-defined redox waves 
were observed in the CV voltammogram with cathodic potential at -1.25 V, -1.61 V and anodic potential 
at -0.95 V, -1.45 V, respectively. The reduction peak potential of oxygen to superoxide in the IL with 
different amount of water electrolytes in Figure 1.3 are listed Table S1.2 (in section 7, appendix). These 
two stepwise reduction processes are corresponded to the following two oxygen reduction processes in 
the ILs4: 
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While reaction (1) is corresponding to ERed1 and reaction (2) is corresponding to ERed2. In the presence of 

water, the O2
- can react with water as described in equation (3) and (4) below to produce the 

hydroperoxyl radical (HO2
) and OH-(equation 3 and 4) 5-7. 

 

As shown in Figure 1.4, in the potential windows between 0 and -2.5 V, we observed an additional 
cathodic peak between -2.0 and -2.5V. This is due to the water reduction process (2H2O + 2e    H2 + 

2OH ) consistent with those reported in the literature8. The proton generated due to water oxidation can 
be reduced in the cathodic potential to form hydrogen that is shown as an anodic peak in Figure 4 
between -0.5 and zero volts (1/2 H2 H+ +e). This redox process keeps the amount of water in the IL 
system constant. The inset of Figure 1.4 shows the current at an over potential of -2.5 V gradually 
increased with increasing of water concentration. The anodic peak current (between -0.5 and zero volts) 
also increases with the increasing water amount in the IL and both anodic and cathodic peak potentials 
shift slightly to the positive potential direction. These observations are consistent with those studies of 
water electrolysis in the wet IL reported in the literature8. BmimBF4 is shown to be a good hydrogenation 
solvent and the hydrogen generated will not escape from the electrolyte interface quickly9. Furthermore, 
the presence of water can also change the solubility and diffusion coefficient of O2 in the IL. Basically, 
dissolved O2 gas molecule has higher diffusion coefficient  and is more mobile in IL with higher amount 
of water than those with less amount of water, which is considered to be beneficial to charge and mass 
transfer 10.    Another significant finding is that the shape of the cathodic and anodic waves/or peaks of 
oxygen redox processes reflects the difference in the diffusion type of oxygen versus superoxide at the 
planar microsensor device. The diffusion of oxygen to the electrode is almost spherical (steady state) 
leading to step wise voltammetric waves whereas the diffusion of superoxide is more of planar showing 
a peak shaped voltammertic feature 11. The linear relationship of current vs. square root of scan rate, it 
is concluded that the electron transfer process at the Au electrode is diffusion controlled.  

 
Figure 1.3. Cyclic voltammograms (CVs) obtained at IL-based microsensor device under (a) original IL 
(directly from vendor) saturated with N2 gas, (b) IL (directly from vendor) saturated with O2 gas, (c) IL+ 
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2% H2O saturated with O2 gas, (d) IL+ 4% H2O saturated with O2 gas, (e) IL+ 6% H2O saturated with O2 
gas. Scan rate was 100 mV s-1. 

 
Figure 1.4. Cyclic voltammograms (CVs) obtained in O2 saturated IL at the microsensor device under 
electrochemical window range from 0 to -2.5 V. Scan rate was 100 mV s-1. 
 
1.3.3. Amperometric oxygen microsensor analytical performance 

The constant potential chronoamperometry, also called amperometry is the simplest electrochemical 
technique to evaluate the performance of gas sensor. It is operated under an externally applied potential 
vs. reference electrode, which drives the electrode reaction of oxygen at working electrode to produce a 
current. This current is proportional to the oxygen concentration. The applied potential provides the 
selectivity for the detection. Even though ferrocene and ferrocenium (Fc/Fc+) were shown to have relative 
stable redox potential in the ILs and was widely used to calibrate the quasi-reference electrode potential, 
Fc/Fc+ is not used for the potential calibration in our system since the presence of water will shift the 
oxygen reduction potentials. Our early work shows that oxygen reduction peak potential provides very 
good calibration for the redox potentials of ethyl nitrobenzene in BmimBF4 

12. Using oxygen reduction 
peak to calibrate the potential shift due to the coupling reaction with water and the shift of the reference 
electrode potentical due to the  presence of water in the IL is excellent for the field application where 
oxygen is omnipresent. Thus, the chronoamperometry measurements were performed in which the 
constant potential is held at the second oxygen reduction potential in the CV experiments (i.e. -1.61 V vs 
Au for IL, -1.50 V vs Au for IL+2% H2O, -1.32 V vs Au for IL+4% H2O and -1.24 V vs Au for IL+6% H2O.   

We thoroughly studied the sensitivity and reproducibility of the response of amperometric 
microsensor response using these ILs (original IL, IL+2% H2O, IL+4% H2O and IL+6% H2O) as an 
electrolyte under different O2 concentrations. From Figure 1.5a, the real-time chronoamperometric signal 
of microsensor increases linearly with the increase of O2 concentration. Notably, it exhibited good 
reproducibility and repeatability after 15 cycles of repeated exposure and removal of O2 gas. A 
corresponding calibration curve of the response as a function of O2 concentration was plotted. There is 
a good linear relationship between O2 concentration and response current in all sensors (Figure 1.5b). 
Take original IL as an example, in the range of 0%-100% O2, the linear fit of corresponding response 
current (y) and O2 concentration variation (x) is found to have a correlation coefficient of 0.9419 and a 
sensitivity of 0.0175 µA/%O2. This sensitivity is lower than those in the IL+2% H2O (0.0207 µA/%O2), 
IL+4% H2O (0.0236 µA/%O2) and IL+6% H2O (0.0252 µA/%O2). Increasing sensitivity in O2 sensing is 
observed with higher amount of water in the ILs. Also, it is found that at the same O2 concentration, for 
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instant, at a concentration of 20% O2, with increase of water content in the IL, the response current 
increases slightly: 0.8 µA (original IL) < 0.9 µA (IL+2% H2O) <1.1 µA (IL+4% H2O) <1.4 µA (IL+6% H2O).  

In addition, the repeatability test of sensor device was performed by exposing in different O2 gas 
concentration in IL, the period for testing time were set 10s each. The repeatability of microsensors using 
IL+2% H2O as electrolytes was tested because using IL+2% H2O as an electrolyte is closest to the sensor 
working in the real world environment and the consideration of sensing performance based on the 
response time and sensitivity. We repeated the experiment five times under each concentration and then 
used response current at 10s (the end point of sensing reaction) vs. oxygen gas concentration to plot 
and calculate relative standard deviation (RSD) at each concentration. As shown in Figure 1.5c, these 
curves present an increasing response current to different O2 concentration, which is consistent with the 
chronoamperometric measurements. To characterize the repeatability of the microsensor, the largest 
relative standard deviation (RSD) of five repetitive tests in each oxygen concentration is calculated, which 
is shown in the inset of Figure 1.5c. From the results, the largest RSD value is 2.81% for 20% O2, which 
indicates the sensor exhibits good repeatability in O2 sensing.  Furthermore, the repeatability of 
microsensors using original IL and IL+2% H2O as electrolytes was assessed under the same 
experimental condition. The repeated tests were done five times under 20% O2 concentration and the 
RSD of original and IL+2% H2O were calculated. These results showed that the microsensor with IL+2% 
H2O possessed a larger RSD value than that of original IL, which indicated the microsensor using original 
IL exhibited better repeatability. Additionally, we also tested the repeatability of different microsensors 
with IL+2% using the same testing protocol by repeating the experiment under same analyte 
concentration (Figure 1.5d) and then used response current at 10s vs. mcirosensor number to plot (see 
insert in Figure 1.5d). The RSD of five repetitive tests in 20% O2 is 3.56%. This result suggests different 
sensor devices exhibited good repeatability.  

 
Figure 1.5 (a) Amperometric responses of oxygen sensor; b) The calibration curves of current. vs. oxygen 
concentration in original ionic liquid (black line), IL+2% H2O (red line), IL+4% H2O (green line), and IL+6% 
H2O (blue line). (c) The current response of the sensor for different O2 concentration sensing. The inset 
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shows the relative standard deviation (RSD) of the single sensor device for oxygen sensing at different 
concentrations. Each concentration was tested for five times. (d) The current response of the sensor for 
20% O2 concentration sensing. The inset shows the response current at 10s of different sensors for 
oxygen sensing. Five sensors were tested. 
 
1.3.4 Amperometric oxygen microsensor long-term stability 

Water is ubiquitous in ambient mine environment. One of the major concerns for IL based 
electrochemical sensor is the water interference due to the varying humidity in mining conditions. The 
signal of electrochemical gas sensors with IL electrolytes may be affected directly by different humidity 
levels. Water can affect the physical and chemical properties of ILs such as viscosity, electrical 
conductivity as well as solvation and solubility that can further influence the sensor lifetime. The water is 
a proton source in the IL and the superoxide radical generated from oxygen reduction is very reactive 
with water. The effects of water depend on the amount of water present in the IL system, which also 
depends on the IL physicochemical properties. Even though ILs are non-volatile, IL can either absorb 
more water or the water present in the IL may evaporate. Both could change the composition of the 
electrolyte and consequently the signals of the IL microsensors. The BmimBF4 is also shown to form 
hydrogen bonding with water. Thus, at a planar microelectrode microsensor, it is expected that even 
under gas flow conditions, water will only very slowly be lost because it is bonded with BmimBF4. 
Ultimately at long time, the water and BmimBF4 could form a constant composition.  

 
Figure. 1.6. Long-term stability of sensor device of IL and IL+2% H2O as an electrolyte exposed to 20% 
(v/v) O2 in 90 days test. 

We conducted a long-term stability test without maintenance of the IL based microsensor for a period 
of three months (Figure 1.6). The original IL and IL+2% H2O were used as electrolytes to assess the 
stability by exposing in 20% O2 concentration. During this experiment, constant gas flow was maintained. 
The measurements were performed every 3 days for over 90 days and the sensing current was recorded. 
From day 1 to day 2, the change of signal in the IL is 3.8% indicating that the IL cannot be dried out 
easily. The observed results demonstrated that the sensing current of the sensors using original IL as an 
electrolyte only loss about 14.7% in 90 days, in comparison to a 35.8% loss to IL with higher amount 
water (IL+2% H2O). Most significantly, the IL composition will reach to a constant at extended time, the 
signals of original IL and IL added 2% water reach to the same current values at about 70 days. These 
results suggested that the sensor with original IL possess significantly better stability. After about 30 days, 
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the excess of water in these two ILs were lost and constant signals were obtained in both almost at the 
same level. As shown in the spectroscopic studies that adsorbed water in the ILs are in free state that is 
isolated from each other and tend to interact with the anions of the ILs forming either a 1:1 type complex, 
H-O-H•••anion, or a symmetric 1:2 type complex, anion•••H-O-H•••anion making the bonded water harder 
to be removed13-14. The contact angle experiments shown in Figure S1.1 in the appendix section 7 
illustrated the effects of water in the IL on the wettability of the IL/water electrolyte on gold electrode 
surface. The more water in the IL, the better wettability of IL on the gold electrode confirming gold 
electrode is hydrophilic and ionophilic. The better wettability of ILs likely slows down the drying process 
during experiments. Miniaturization of microsensor device with even smaller electrolyte reservoir is 
expected to furthermore improve the microsensor stability.   
 
1.4. Conclusions  

IL based electrochemical gas sensor could experience signal drift in the real world mine condition 
due to the change of the sensing environments (e.g. humidity variations). The electrochemical sensing 
of O2 in BmimBF4 with varying water concentration in the IL electrolytes is studied using a miniaturized, 
planar electrochemical microsensor device. The oxygen redox processes in BmimBF4 with different 
amount of water were characterized systematically by cyclic voltammetry, electrochemical impedance 
spectroscopy and chronoamperometry using the microsensor device. The IL based microsensor’s 
sensitivity, reproducibility, short-term and long-term stability for oxygen sensing were thoroughly 
characterized. Our results show that the amount of water in the IL affects the redox potential and current 
of the oxygen reduction signals. The redox chemistry of water in the potential window between 0 and -
2.5 V kept water concentration constant. By setting the applied electrode sensing potential based on the 
reduction peak potential of oxygen in the CV experiment for the chronoamperometric oxygen sensor, it 
allows the calibration of the water coupling reaction with the oxygen reduction product and the quasi-
electrode potential shifts due to the presence of water in the ILs. The good reproducibility and superior 
repeatability were observed for the microsensor device using IL with varying amount of water within the 
tested period.  The microsensor using original IL directly from the vendor exhibited higher stability in 
comparison to those IL with added water. The stability of the oxygen microsensor is better when the water 
amount is smallest. In addition, the microsensor device exhibited good long-term stability when the 
amount of water bond with the BmimBF4 reaches a constant.  

Study in Objective 1 provides the first investigation of a miniaturized planar electrochemical 
microsensor device employing an IL as an electrolyte with varying amount of water.  Although Changes 
in humidity can affect signals from our IL-EG gas sensor, we are highly confident that we can address 
this problem. Besides the method shown in Objective 1 using oxygen reduction peak to calibrate the 
potential shift due to the presence of water, there are many different methods we could use to do so. For 
example: (i) The effect of water on the sensor operation can be compensated by integrating a humidity 
sensor as shown in Figure 1a, section 4.0. The specific response of the sensor with changing humidity  
will be determined;  (ii) Thin IL films in our microsensor platform allow water concentration to be saturated 
quickly at various humidity levels; (iii) Our early publications showed that we can use aprotic hydrophobic 
ILs (e.g. BmpyNTf2) in which the amount of water in the ILs is very low even at high humidity to minimize 
the water effects; (iv) Selective gas permeable membranes can be used in sensor packaging to mitigate 
interference from vapors, water and other gases; (v) The presence of water may change the quasi-
reference electrode potential. As detailed in objective 3 in the later section, we developed a true solid-
state reference electrode that can be very valuable for addressing water effects for the stability of 
reference electrode in the final sensor prototype. These strategies will be studied in the Phase II work for 
quantitative analysis of mine gases at varying humidity levels. 
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Objective 2.    Miniaturized IL-EG sensor analytical performance enhancement with metal 
nanoparticle catalysts: design, fabrication, characterization for hydrogen and oxygen sensing  

Platinum-nickel bimetallic nanosphere and ionic liquid as sensing interface for electrochemical 
oxygen and hydrogen sensors, ACS Applied Nano Materials, In revision.  
 

2.1. Rationale 
Miniaturization of electrochemical sensor system often requires the use of smaller sensing electrodes. 

Smaller electrodes result in low sensitivity since the signals of the most sensors such as electrochemical 
sensors are proportional to the electrode area. Nobel metal nanoparticles with controlled structures can 
be used as electrode materials to maximize the sensitivity and selectivity of electrochemical interface 
reactions based on their high surface areas and high catalytic activity. Furthermore, nanomaterials are 
compatible with ILs allowing stable electrolyte and electrode interface formation further increasing the 
sensor stability.  Finally, ILs and nanomaterial are compatible with microprinting, and batch fabrication 
techniques for sensor miniaturization and for increasing sensor stability. Advances in nanoparticles (NP) 
syntheses make these materials readily available for sensor development at relatively low cost and high 
batch-to-batch reproducibility.  

We design and synthesize a bimetallic Pt-Ni alloy NPs electrocatalyst that is expected to not only 
significantly reduce the cost of electrode material but also enhance the electrode activity for 
electrochemical sensing reactions. Pt-Ni alloy NPs were synthesized by a simple, novel solvothermal 
method in which dimethylformamide (DMF) and alcohol functioned as both solvent and reductant. The 
morphology, crystal structure and chemical composites of as-prepared Pt-Ni NPs were characterized by 
SEM, TEM, XRD, ICP and XPS. The Pt-Ni alloy NPs supported on carbon black (Pt-Ni/C) were used as 
electrode materials that were fabricated in a planar miniaturized electrochemical sensor device (Scheme 
2.1). The wettability of the hydrophobic [Bmpy][NTf2] on the Pt-Ni/C were studied by contact angle 
experiments. Also, the Oxygen reduction reaction (ORR) and hydrogen oxidation reactions in 
[Bmpy][NTf2] at the miniaturized microsensor device were characterized by cyclic voltammetry (CV) and 
electrochemical impedance spectroscopy (EIS). The overall microsensor analytical properties for 
electrochemical sensing of gas analytes (oxygen and hydrogen) were systematically investigated by 
constant potential chronoamperometry.  

Results show that the Pt-Ni alloys NPs not only exhibit high sensitivity, reproducibility and selectivity 
for sensing O2 and H2, but also show good stability upon continuous use. This work demonstrates that 
the combination of bimetallic Pt-Ni alloys NPs as electrodes and ILs as electrolytes are promising 
solutions for developing highly sensitivity and selective miniaturized low-cost electrochemical gas 
sensors for real world sensing applications, which we will pursue in Phase II study for microsensor arrays 
for multiple mine gas detection. 
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Scheme 2.1. Planar microsensor device made with Pt-Ni nanocatalysts. (a) An adhesive-backed 
electrostatic discharge (ESD) control film (SciCron Technologies, ABF-300) was patterned by laser 
micromachine and attached to the Piranha cleaned glass slide as the electrode stencil, followed by 20nm 
Ti and 100nm Au layers deposition in an electron-beam physical vapor deposition machine (BJD 1800); 
then Pi-Ni NPs solution was applied through the stencile for multiple times onto the electrodes. After 
peeling the stencile from the glass substrate, Pi-Ni NPs coated electrodes were patterned; (b) A laser- 
machined acrylic case with a gas inlet and outlet was bonded onto the glass substrante for the 
elctrochemical reation; (c) Extension wires were connected with the 3 electrode contact pads.   
 
2.2. Experimental sections  

2.2.1. Pt-Ni alloy nanoparticle synthesis 

30 mg of Pt (acac)2 , 12mg of Ni(acac)2, and 50 mg of W(CO)6 were subsequently added into 24 mL 
DMF under stirring for 20 min, afterwards, the 6mL ethanol was added to the above solution, followed by 
transferring the mixed solution into Teflon-lined stainless autoclave (25 mL), sealed tightly and heated 
from room temperature to 170 oC within 10min (the ramp is ~20 oC min-1) in a furnace. This reaction 
temperature was maintained for 6 h, 12 h and 24h, respectively. The stainless autoclave was then 
removed from the furnace and allowed to cool to ambient temperature before opening. Before washing 
the nanoparticles, the 60 mg of Vulcan XC 72R carbon was added into the mixing solution. The obtained 
mixture was ultrasonically dispersed for 30min and then stirred for several hours. Finally, the resulting 
product was obtained by centrifugation and completely rinsed with water and ethanol several times, 
followed by drying at 50 oC for 24 h. To prepare the electrode material inks, 1 mg of the as-prepared Pt-
Ni/C catalyst powders was dispersed in 2 mL of 3:2 (v/v) water/ethanol mixture. After that, 40 μL Nafion 
solution was added into the above mixture and sonicated for 30 min to form the Pt-Ni/C catalyst ink.  

2.2.2. Pt-Ni nanoparticle structure characterization   

The morphology analysis of the obtained Pt-Ni NPs materials was carried out by a field-emission 
scanning electron microscopy (FE-SEM, Hitachi S-4800) and high-resolution transmission electron 
microscope (HRTEM, JEOL JEM-2100). X-ray diffraction (XRD) patterns were recorded at room 
temperature using a Bruker D8 diffractometer with Cu Kα radiation (λ = 0.1541 nm). The element ratio 
was analyzed by a Varian 725-ES inductively coupled plasma optical emission spectrometer (ICP-OES) 
calibrated with an in-house prepared platinum standard with a concentration of approximately 3 mg/mL. 
X-ray photoelectron spectroscopy (XPS) measurements were performed to examine the elemental 
composition and chemical state of the as-prepared sample on a PHI X-tool spectrometer with Al Kα 
radiation. The contact angle measurements were carried out at room temperature on Kyowa contact 
angle meter (DM-CE1, Kyowa). 

2.2.3. Planar electrochemical device fabrication procedures with Pt-Ni nanoparticles 

The Pt-Ni/C catalyst ink made in 2.2.1 was used to fabricate the microsensor device on glass slides 
using following procedures: 

1. To remove organic contaminants, glass slides (76.2 mm ×25.4 mm× 1.0 mm) were rinsed in 
piranha solution made of 3 parts of concentrated sulfuric acid and 1 part of 30% hydrogen peroxide.  

2. Adhesive-backed electrostatic discharge (ESD) control film (SciCron Technologies, ABF-300) was 
patterned by laser micromachining and firmly attached to the glass slides. This film served as the lift-off 
stencils to pattern the electrodes. The geometric areas of working electrode (WE), counter electrode (CE) 
and reference electrode (RE) are around 13.5 mm2, 15mm2, and 21 mm2, respectively. 

3. Electron-beam evaporation was subsequently carried out to deposit a 20 nm thick Ti adhesion 
layer and a 100 nm thick Au layer on the stencil-covered glass slides. This Au layer helps to reduce the 
electrical resistance of the NP electrodes.  
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4. The well-dispersed Pt-Ni catalysts ink was drop-coated by a syringe onto electrode areas opened 
on the stencils. The dropped ink spread on the Au surface and dried in air at room temperature.  Multiple 

coatings were applied. The average thickness of the resulting Pt-Ni NPs layer is approximately 8 m.  

5. Then the plastic stencils were simply peeled off from the glass slides, patterning the electrodes by 
lifting off Au/Ti and NP layers. Unlike photolithography based lift-off process, this plastic stencil method 
has a high yield and avoids the use of wet solution, solvent or ultrasonic agitation, which may adversely 
affect the electrochemical properties of NP layer. 

6. Laser-machined acrylic cases (19 mm × 17 mm × 6 mm) with gas inlets and outlets, which served 
as solution containers for the electrochemical reaction, were bonded on the glass slides using acrylic 
cement solvent.  

7. Finally conductive epoxy was applied to electrically connect lead wires to the electrode pads. 
 
2.2.4. Electrochemical measurements   

Electrochemical measurements were performed using a Versa STAT MC potentiostat (Princeton 
Applied Research, USA) with a three-electrode sensor device at room temperature. For cyclic 
voltammetry (CV) tests, the N2 was purged into gas sensor testing chamber (or O2 and H2 for 0.5 h) to 
saturate the electrolyte, and then CVs were performed with 50 cycles at 100 mV s−1 to obtain a 
reproducible cyclic voltammogram. The CV experiments were performed between 0 to -2.0 V (for O2) or 
+1.5 V (for H2) in H2 or O2-saturated electrolyte at 100 mv s-1. The chronoamperometry measurement 
(CA) was carried out by setting the working electrode potential at the reduction peak potential based on 
the CV results. In a typical chronoamperometry measurement shown in Scheme 2.2, the background 
gas (N2 gas) was introduced into the sensor device for 300s. After the background current decayed to a 
steady value, gaseous analytes (O2 or H2) at constant concentration was purged into the gas chamber 
for 300 s and the steady state current was collected as sensing signals. All experiments were performed 
at room temperature (25 ±3◦C at 60 ± 5% RH) under atmospheric pressure conditions. The total gas flow 
rate was controlled at 50 sccm (standard cubic centimeters per minute) employing ultrapure nitrogen with 
controlled oxygen concentration prepared by mixing the desired gases using MKS (MKS Instruments, 
Inc.) type 247 4-channel readout (bundled with Mass-Flo® Controller). 
 

 

Scheme 2.2.  Schematic illustration of the experimental setup used for gas sensing test. 
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2.3. Test Results  

2.3.1 Pt-Ni nanocatalyst synthesis and characterization 

Surface engineering of nanomaterials plays a key role in regulating the properties and applications 
of electrochemical sensors.15 For example, the beneficial effects due to the modified inorganics/
electrolyte interfaces (e.g. adsorption of ions on inorganic surfaces, change of solvation shells of ions in 
the region close to inorganic surfaces, etc.) were shown to enhance ionic conductivity in the liquid.16-17 
The organic cation and/or anion of IL can adsorb on electrode surfaces via electrostatic interactions and 
orbital-overlapping interactions.18-19 The ions among an IL can also interact with each other via 
electrostatic, hydrogen bonding and van der Waals interactions. These interactions could have several 
advantages in: i) improving the dispersity of nanoparticles to avoid agglomeration, ii) reducing the 
electrical resistance among active nanoparticles, and iii) boosting the transportation of IL electrolytes and 
analyte to the NPs surface. Therefore, the electrode materials are critical to tune the electrode/electrolyte 
interface properties towards a synergistic effect for the electrode reactions. In order to form stable IL-Pt-
Ni interface, the Pt-Ni alloys catalyst should be free from the strong adsorbates during the synthesis to 
allow non-covalent adsorption of the ions of the IL. However, most synthetic methods for Pt nanoparticles 
utilize strongly adsorbing molecules (i.e. capping agents) to direct the crystal growth pathway(s) with the 
desired geometry. The capping agents often remain strongly adsorbed on the nanoparticle surfaces20 
even after the completion of the synthesis and must be removed. Complete removal of the capping 
agent(s) without altering the nanoparticle structure is difficult.   

  
 
Figure 2.1. (a) SEM image of the Pt-Ni-12h, (b) high magnification SEM images of Pt-Ni-12h, (c) low 
magnification and (d) high magnification TEM image of Pt-Ni-12h. 
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We adapted a simple solvothermal method of synthesizing spherical Pt-Ni alloy nanoparticles without 
the use of capping agents reported in the literature.21-22 Briefly, the spherical Pt-Ni alloy NPs were 
synthesized using Pt(acac)2 and Ni(acac)2 as metal precursors in a mixture of DMF and alcohol through 
simple solvothermal approach without using any bulky capping reagents. The Pt(acac)2 and Ni(acac)2 
were mixed with W(CO)6 in a mixture of DMF and alcohol. The mixture was heated to 170 oC and then 
maintained at this temperature for 12 h. The resulting NPs was defined as Pt-Ni-12h. When the reaction 
time is 6 h or 24 h, the corresponding NPs was defined as Pt-Ni-6h or Pt-Ni-24h. The morphologies of 
obtained Pt-Ni-12 h alloy were characterized by SEM. From the SEM images in Figure 2.1a, one can 
see that Pt-Ni-12h has spherical shape that is evenly isolated. Our study also shows that those made 
with 6 or 24 hours reaction time have more varied shapes and sizes. The spherical Pt-Ni particles made 
at 12h has a diameter of 95± 5 nm. The detailed observation at high magnification (see Figure 2.1b) 
shows the surfaces of these nanospheres are rough. The structural features of the nanospheres were 
further confirmed by TEM, as shown in Figure 2.1c. The Pt-Ni-12h particles have a relatively uniform 
particle size distribution and each of the nanoparticles is three dimensionally interconnected with other 
nanoparticles. The size of the Pt-Ni alloy nanoparticles is in the range of 90-100 nm, which is consistent 
to SEM observation. The crystalline structures of Pt-Ni-12 alloy nanosphere were analyzed in detail using 
the high-resolution TEM (Figure 2.1d), in which the 0.196 nm d-spacing is assigned to the Pt (200) and 
0.224 nm spacing is ascribed to the Pt (111). The high crystallinity is beneficial for the adsorption of the 
ions of the IL to form stable interface that is important to enhance gas sensing performances.  

X-ray diffraction (XRD) measurements were used to identify the internal crystalline structures of Pt–
Ni NPs. Figure 2.2 shows the XRD pattern of prepared carbon-supported Pt-Ni NPs (Pt-Ni-12h) catalysts. 
The broad peak at approximately 25° (2θ) is a characteristic of the (002) diffraction of carbon support. 
The observable diffraction peaks located at around 40.1 o, 45.1 o and 68o that could be assigned to (111), 
(200), and (220) diffractions of a face-centered-cubic (fcc) structure.23-24 In particular, the peaks attributed 
to (111) and (200) reflections are consistent with the nanoscale structural features observed by TEM. 
 

To explore the element properties and surface composition of the Pt-Ni/C nanomaterials, the Pt-Ni-
12h nanoparticles were further analyzed by XPS. As shown in Figure 2.3a, the high-resolution Pt 4f 
spectra were deconvoluted into two doublets, with 81.2% of the Pt in the metallic state (Pt 4f) and 18.8% 
being oxidized (Pt2+4f). The four peaks at 71.24 eV, 74.02 eV, 74.66 eV and 77.35 eV of Pt are 
corresponded to the binding energy of Pt 4f7/2, Pt2+4f 7/2, Pt4f5/2 and Pt2+4f7/2, respectively. In Figure 2.3b, 
the high-resolution spectra of Ni 2p indicated that 64.9% of the surface Ni were in oxidized state and 
35.1% were in the metallic state.  Our study shows that Pt-Ni-12h exhibited the content of Ni in the metallic 
state (Ni 2p) is higher than that of Pt-Ni-6h with 8.5% and Pt-Ni-24h with 7.2%, which could be due to the 

 
Figure 2.2.  X-ray diffraction (XRD) patterns of Pt-Ni-12h 
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synthesizing time effect. As expected, the incorporation of Ni forming Pt-Ni alloy can tune the surface 
electronic structure of Pt metal that facilitate the oxygen reduction reaction (ORR) activity.25-27 
Furthermore, the tailored Pt-Ni alloy nanostructure can be impregnated with a hydrophobic IL, where the 
IL increases the O2 solubility at the interface of Pt-Ni alloy and IL resulting in high ORR sensing activity.28-

29 The overall molar ratio for Pt and Ni of Pt-Ni-6h, Pt-Ni-12h and Pt-Ni-24h obtained from ICP-OES were 
1:16, 1:3 and 1:3, respectively.  
 

 
Figure 2.3.  High-resolution XPS spectrum of (a) Pt 4f and (b) Ni 2p  

 
2.3.2. Electrochemical characterizations of microsensor with Pt-Ni NP sensing materials  

To validate the electrochemical properties of the Pt-Ni NPs and IL interface for electrochemical sensor 
application, we designed a miniaturized nanoparticle-based sensor device, consisting of a reference 
electrode (RE), a working electrode (WE) and a counter electrode (CE), all fabricated with Pt-Ni 
nanoparticles on a glass slide substrate as shown in Scheme 2.1. A controlled device using commercial 
Pt black nanoparticles (defined as Pt/C) was also fabriacted and used for comparison. IL (BmpyNTf2) 
was selected as the electrolyte and directly added to the device. The hydrophobic BmpyNTf2 was 
selected since contact angle experiment (discussed below) shows good wetting of it on Pt-Ni NPs. 
BmpyNTf2 is also highly conductive with a wide stable electrochemical potential window.  

We first studied the electrochemical reduction of oxygen by cyclic voltammetry (CV) using this 
microsensor device. The CV experiments were performed in both N2 and oxygen saturated microsensor 
device by sweeping potential in the negative direction between 0 V and -2.0 V at a scan rate of 0.1 V s-1 
in. As shown in Figure 2.4a, the well-defined cathodic and anodic peaks appeared, which indicated the 
sensor device exhibits a highly sensitive response to oxygen. Figure 2.4b displays cyclic voltammograms 
of O2 reduction in the microsensor device fabricated with either commercial Pt/C or Pt-Ni-12h. As 
expected, the improved catalytic activity of ORR reaction at Pt-Ni-12h vs. Pt/C electrode is observed. 
There is a significant positive potential shift of the O2 reduction peak from -1.02 V for Pt/C to -0.90 V for 
Pt-Ni-12h, respectively. The obvious lowering of the reduction potential observed for ORR at Pt-Ni-12h 
is coupled to with an increased ORR current signal. This result demonstrated the superior electroactivity 
of Pt-Ni-12h for catalyzing oxygen reduction in O2-saturated IL. This may be attributed to several factors: 
first, the remarkable ORR activity is likely the result of adding Ni atoms into Pt lattice structure. Density 
functional theory (DFT) calculations have showed that Ni atoms in Pt lattice can modify the electronic 
structure of Pt due to the charge transfer from Ni to Pt, leading to a lower density of states at the Fermi 
level.25, 30 Hence, the Pt-Ni alloys have smaller oxygen binding energies than pure Pt31 which could be 
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beneficial to improve the ORR activity.32 Second, the wettability is also a key factor to contribute the 
performance improvement of ORR. To measure the wetting state of the ILs on the Pt-Ni/C, the contact 
angle measurements were performed. For comparison, commercial Pt black (Pt/C) catalysts were 
measured as reference materials under the same conditions. As shown in Table S2.1, the contact angle 
of BmpyNTf2 at Pt-Ni/C is 38.3 ° but on Pt/C surface is 68.2°. This suggests that BmpyNTf2 wets Pt-Ni/C 
bimetallic nanoparticle surface much better than that on Pt/C, i.e. the adhesion of BmpyNTf2 at Pt-Ni/C 
is better than that of Pt/C. The good wetting ability could significantly enlarge the accessible electrode 
surface area, enabling more effective ion transport and adsorption, which is advantageous to improve 
current signal and conductivity. The wettability of Pt-Ni/C in contact with commonly used hydrophilic ILs 
(BmimBF4) was also investigated by the contact angle measurement as a comparison. The BmpyNTf2 
at Pt-Ni/C exhibits better wettability than BmimBF4 (see Table S2.1). Third, the IL-encapsulated Pt-Ni 
alloy structure has higher O2 solubility than that of Pt/C, which is helpful to improve the ORR.28 The 
conductivity of Pt-Ni/C and Pt/C was also compared by EIS measurement in Figure S2.5. The results 
showed Pt-Ni/C also exhibited better conductivity. 

 
Figure 2.4 (a) Cyclic voltammograms of Pt-Ni-12h in N2 and O2 -saturated ionic liquid; (b) Cyclic 
voltammograms of Pt/C and Pt-Ni-12 h in oxygen-saturated ionic liquid. Scan rate:100 mV s-1 

 
2.3.3. Microdevice with Pt-Ni NPs and IL interface for oxygen and hydrogen sensors 

The amperometric gas sensors using ILs as electrolytes were demonstrated for oxygen 33-34 and 
hydrogen sensing using home-made Clark cells in our early reports.35 The spherical Pt-Ni alloy NPs 
combining with IL is expected to provide enhance sensitivity and stability for gas sensing in a microsensor 
device. The CV characterizations of ORR in the planar electrochemical microsensor device presented in 
Figure 2.4 showed superior sensing activity for O2 at the IL/Pt-Ni interface.  Below summarized our study 
of constant potential chronoamperometry experiments to evaluate the analytical performance of the 
planar microsensor device fabricated with Pt-Ni alloys for oxygen and hydrogen gas sensing. 

Pt-Ni-IL microsensor device for oxygen sensing. The constant potential chronoamperometry is a 
widely used electrochemical technique to evaluate the analytical performance of electrochemical gas 
sensors. The chronoamperometry measurements were performed in which the constant potential was 
held at the oxygen reduction potential based on the CV experiments. A potential of -1.02 V was selected 
for microsensor with Pt/C and -0.90 V was used for microsensor with Pt-Ni-12h. The sensitivity and 
reproducibility of the response of sensor device was thoroughly studied under different O2 gas 
concentrations (v/v) from 500 ppm to 5000 ppm. As shown in Figure 2.5a, the real time sensing response 
toward different concentration of oxygen shows rapid responses that are reproducible and stable in the 
15 cycles of repeated exposure and desorption of O2 gas. Figure 2.5b shows the corresponding linear 
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calibration curves of the Pt/C and Pt-Ni-12h based sensor device for oxygen sensing, generated from 
Figure 2.5a, and compared with those fabricated with Pt/C. Better sensitivity (slope) is observed 
microsensor device fabricated with Pt-Ni-12 h in which a higher slope of (3.04 ± 0.18) ×10-5 mA cm-2 ppm-

1  was obtained compared to that of (2.57 ± 0.22) ×10-5 mA cm-2 ppm-1 obtained from Pt/C based 
microsensor. The limit of detection (LOD, 3sy/x/b)36-37 of Pt/C and Pt-Ni-12 h based microsensor were 
218.46 ppm and 131.91 ppm, respectively, which was calculated from the calibration curves from sy/x/b 
(where sy/x is standard deviation of y- residual and b is the sensitivity).  
 

 
Figure 2.5.  (a) Amperometric responses of Pt/C and Pt-Ni-12 h based microsensor toward 500 ppm to 
5000 ppm O2; (b) The calibration curves of current density vs. oxygen concentration; (c) Response and 
recovery characteristics of the Pt/C and Pt-Ni-12 h based sensor to 500 ppm O2; (d) Selectivity of the Pt-
Ni-12 h based sensor successive exposure to 5000 ppm of various gases at room temperature. 

The speed of sensing response toward O2 is shown in Figure 2.5c. The times of sensors to achieve 
90% of the steady-state current density signal upon exposure to O2 and N2 were defined as the 90% 
response time (τ90-resp) and the 90% recovery time (τ90-recov), respectively. Note that the T90-response value 
of Pt/C and Pt-Ni-12 h based sensor at 500 ppm are 84 s and 45 s, while the T90-recovery time at 500 
ppm were 93 s and 52 s, respectively. The T90-response and T90-recovery values of Pt-Ni-12 h based sensor 
was much shorter than that of Pt/C. This suggests that the primary contributions to the marked difference 
of the sensing activity most likely arose from the catalyst activity of Pt-Ni alloy NPs for ORR as well as 
superior interface properties between sensing material and IL.  The response time can be further 
shortened with kinetics analysis methods shown in our recent work. 38 The kinetic analysis method can 
significant shorten the response time and will be further tested in our Phase II study.   

Selectivity is another important factor in measuring sensor performance. Good selectivity of a target 
gas in the presence of various gases molecules, especially with similar chemical and physical properties, 
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is very important for sensors in practical applications. The selectivity of the Pt-Ni-12h based sensor has 
been characterized toward 5000 ppm of various interference gases including CH4, CO, CO2 and SO2 at 
operating potential of -0.90 V. As shown in Figure 2.5d, it is obvious that the Pt-Ni-12 h based sensor 
has a high response signal to 500 ppm O2, which are much higher than those to the other gases, 
indicating its exceptional selectivity towards O2. It is therefore safe to conclude that the Pt-Ni-12 h based 
sensor is a promising candidate for highly selective and sensitive detection of O2. 
 
Comparison of electrochemical sensing properties of different Pt-Ni NPs synthesized  

The unique structure features of Pt-Ni nanoparticles have important implications for their use as 
electrode materials to enhance the analytical performance in electrochemical gas microsensors. In order 
to investigate the relationship between structure and properties, the structure and sensing properties of 
Pt-Ni alloys NPs with different synthesized reaction time were also compared. SEM and TEM studies 
(Figure 2.6) show the morphologies of Pt-Ni NPs sample prepared at different synthesized time (6 h and 
24 h). From Figure 2.6a, the as-obtained NP products at 6h reaction time are not uniform spherical 
nanoparticles, which are seriously rough and aggregated. We also characterized Pt-Ni-6h using TEM, as 
shown in Figure  2.6b. There is an obvious stack occurring, and the individual Pt-Ni nanosphere could 
not be clearly observed, in accordance with the SEM observations. However, when the reaction time is 
12h, the well-defined uniform and monodisperse distribution with an average diameter of 100 nm 
nanosphere were obtained (Figure 2.2). From Figure 2.6c, with increase of reaction time up to 24 h, the 
surface of nanosphere seems to become rough and coalesced with the adjacent nanoparticles. The TEM 
observations in Figure 2.6d, also reveals that the nanoparticles were partly covered, which has a good 
agreement with the SEM image in Figure 2.6c.   

 
 
Figure 2.6 Representative SEM and TEM images of (a, b) Pt-Ni-6h and (c, d) Pt-Ni-24 h 
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We have carried out electrochemical characterization of the Pt-Ni alloy NPs made at 6h, 12h and 24h 
in microsensor devices, the Pt-Ni-12h exhibited higher reduction current of ORR and more positive 
reduction potential than that of Pt-Ni-6h and Pt-Ni-24. Additionally, the EIS results displays that the Pt-
Ni-12 h has better conductivity with lower serial resistance (Rs) and charge transfer resistance compared 
to two other two Pt-Ni NPs samples. These differences in electrochemical properties could be related to 
the following factors: first, the morphology feature plays a critical role that the coalesce or aggregation of 
adjacent particles could lead to a decrease of electrically accessible surface area of the electrode. The 
cation and anion of IL couldn’t adequately approach the surface of electrode and form the stable and 
large interface to allow efficient electronic and ionic coupling for gas sensing. Second, according to XPS 
analysis, the concentration of metallic state of nickel, which could greatly tune electronic structure of Pt-
Ni alloys to facilitate  the electrochemical activity for ORR,39-40 is higher in Pt-Ni-12h than in Pt-Ni-6 and 
Pt-Ni-24h. 

To further validate above rationalization from SEM and TEM results, the chronoamperometry 
measurements were also carried out to characterized real time response curves of microsensors with 
different Pt-Ni NPs at different O2 concentrations as displayed in Figure 2.7a. The results indicate that 
all the microsensors exhibited excellent response and recovery characteristics with respect to an O2 
concentration range from 500 to 5000 ppm. A corresponding calibration curve of the response as a 
function of O2 concentration is plotted. From Figure 2.7b, it could be observed that the response 
increases with increasing O2 concentration from 500 to 5000 ppm for all three sensors. Among them, the 
response of sensor with Pt-Ni-12h to various oxygen concentrations was apparently higher than that of 
sensors with Pt-Ni-6 h or Pt-Ni-24h. Moreover, the response of sensor with Pt-Ni-12h did not reach 
saturation even at O2 concentration of 5000 ppm. This suggests that the Pt-Ni-12 h based gas sensor 
has a large dynamic range. Currently, we are making smaller Pt-Ni nanoparticles with new catalytic sites 
that should have even higher surface areas and higher surface activities to enhance microsensor 
analytical performance for mine gas detection (i.e. methane, hydrogen and oxygen). 

 
Figure 2.7 (a) Amperometric responses of Pt-Ni-6h, Pt-Ni-12h and Pt-Ni-24h based sensor toward 500 
ppm to 5000 ppm O2; (b) The calibration curves of current density vs. oxygen concentration. 
 
Pt-Ni-IL microsensor device H2 sensor. The beneficial properties of Pt-Ni NPs and IL interface for 
electrochemical gas sensing of oxygen is expected to be generic. To prove this, the detailed hydrogen 
sensing property of the Pt-Ni alloy NPs was investigated.  Hydrogen is important for mine safety 
applications and hydrogen oxidation reaction is possibly the most studied reaction due to its importance 
in fundamental and applied science.41-42     
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The CV and EIS results of hydrogen oxidation with these Pt-Ni alloy NPs were thoroughly 
characterized (data not shown). The Pt-Ni NPs shows good electrochemical activity to hydrogen 
oxidation. The constant potential is held at the hydrogen oxidation potential generated from CV 
experiment. Figure 2.8a shows hydrogen sensing results of microsensors made with Pt-Ni-6h, Pt-Ni-12h 
or Pt-Ni-24h. It can be clearly seen that three Pt-Ni microsensors showed a well-defined response when 
they are exposed to hydrogen gas from 500 to 6250 ppm. Additionally, it also can be observed that with 
increase of hydrogen concentration, the response current of three sensors gradually increased, and 
compared with Pt-Ni-6h and Pt-Ni-12h, the sensor with Pt-Ni-12h gave greater response current density 
under the same hydrogen concentration. As discussed previously, we believe this is due to forming the 
better reaction interface between the nanoparticles and the IL for mass and electronic transportation of 
gas analytes because of their differences in morphology and size of platinum-nickel alloy nanoparticles.  
 

 
Figure 2.8. (a) Amperometric responses of Pt-Ni-6 h, Pt-Ni-12 h and Pt-Ni-24 h based sensor toward 
500 ppm to 6250 ppm H2; (b) The calibration curves of current density vs. hydrogen concentrations. 

 

Notably, it’s worth mentioning that the microsensors with these three types of Pt-Ni NPs exhibited 
good reproducibility and repeatability after 18 cycles of repeated exposure and desorption of H2 gas. 
Figure 2.8b shows the calibration curves of three microsensor devices with Pt-Ni NPs, generated from 
the data of Figure 2.8a. The sensitivities (slopes of calibration lines) of Pt-Ni-6h and Pt-Ni-12h, the Pt-
Ni-12h were b= (0.215±0.014) ×10-4 mA cm-2 ppm-1, b= (0.331±0.014) ×10-4 mA cm-2 ppm-1 and b= 
(0.24±0.009) ×10-4 mA cm-2 ppm-1, respectively. The corresponding LOD value are 296.73, 128.40 and 
142.20 ppm, respectively. In order to assess the selectivity, the selectivity of the Pt-Ni-12h based sensor 
has been tested toward 5000 ppm of interference gases including CH4, CO, CO2 and SO2 at operating 
potential of +0.398 V. Figure S2.1 (in appendix Section 7.0) shows highest selectivity of the sensor to 
hydrogen analyte over other interfering gases (CO2, CO, SO2, CH4). 
 
2.4. Conclusions 

We have synthesized Pt-Ni NPs by a simple, surfactant-free solvothermal method. The obtained Pt-
Ni NPs at varying synthesis reaction times were thoroughly characterized by TEM, SEM and XPS. 
Contact angle experiments showed desired wettability of the IL electrolyte on the Pt-Ni nanomaterial 
suggesting Pt-Ni alloy NPs have balanced hydrophobic/hydrophilic properties. Planar electrochemical 
microsensor devices with these Pt-Ni NPs and IL BmpyNTf2 were fabricated and their electrochemical 
properties for oxygen and hydrogen redox reactions were examined by CV and EIS. Pt-Ni NPs showed 
low solution and charge transfer resistance and exhibited better catalytic activity than commercial Pt 
black as electrode materials for oxygen and hydrogen redox reactions in the IL. Constant potential 
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chronoamperometry was used to characterize microsensors with Pt-Ni NP and IL sensing performance. 
Compared to commercial Pt/C, Pt-Ni NPs microsensor device exhibited high sensitivity, reproducibility, 
superior repeatability and low detection limit toward O2 and H2.  Not only electrode interface areas were 
maximized by the Pt-Ni nanomaterial, electrode selectivity was also improved owing to the unique IL- 
bimetallic Pt-Ni nanoelectrode interface. This study serves as a proof-of –concept that synergistically 
combining the benefits of ILs and bimetallic nanocatalyst can create unique interface for promoting 
electron/ion transports to allow highly reproducible, sensitive and selective electrochemical gas sensing 
at IL-electrode interface. This work demonstrates that bimetallic nanomaterial as electrodes and ILs as 
electrolytes are compatible with low cost microfabrication processes, and they provide synergy in 
electrochemical microsensors with enhanced sensitivity, specificity, and stability.  The integration of 
organic IL and the inorganic nanocatalyst such as Pt-Ni NPs into a single planar structure will be further 
investigated for methane sensor development in Phase II for a miniaturized electrochemical sensor array 
device for monitoring multiple mine gases for mine safety and health applications. 
 
Objective 3. Sensor stability enhancement: an all solid state reference electrode for microsensor 
application 

A redox conjugated polymer-based all-solid-state reference electrode, Polymers, 2018, 10, 1191. 

3.1 Rationale 

Electrochemical gas sensor utilizing ILs as electrolytes, quasi-reference electrodes (QRE), typically 
just a metal wire or band (e.g. Ag or Pt) are often used. Assuming there is no change in the bulk solution, 
the potential of the quasi-reference electrode will maintain as a constant during the experiments. 
However, the actual potential of the quasi-reference electrode vs. a true reference electrode must be 
calibrated under the same conditions.  To further increase our microsensor stability, we developed an all-
solid-state conductive polymer based true reference electrode (RE), also referred to as liquid-junction 
free REs that combined the benefit of both redox and conjugated polymer as a solid-state RE. Conductive 
polymers have inherent mechanical flexibility, printability, biocompatibility, and low cost.  The liquid-
junction free REs are favored to realize the miniaturization of electrochemical systems, enabling their 
integration onto various substrates of different sizes and shapes and in some instances may be utilized 

in high-pressure and high-temperature conditions.  Monomer of the -conjugated polymer can be easily 
oxidized to form thin films on various substrate through monomer electrochemical polymerization, 
allowing ease and controlled fabrication of conductive polymer thin films on the microsensor electrode 
substrates.          

As shown in Figure 3.1c, an aniline monomer I, functionalized with para-dimethoxybenzene as latent 

“Pro-Redox” center was designed.  The two -aromatic fragments were combined with a triple bond to 

facilitate the efficient -electron communication.  The aniline and quinone moiety in poly (aniline quinone) 
render it to have both hydrophilic and hydrophobic compatibility with both aqueous and non-aqueous 
solvents so that its solvation and configuration can quickly reach to a global equilibrium in both media to 
provide stable electrode potential. The potential applications of this novel poly (aniline quinone) as an all-
solid-state RE were tested in both aqueous and non-aqueous electrolytes.   

 

3.2. Experimental section   

3.2.1 Synthesis of monomer I 
      The monomer I was synthesized using Sonogashira coupling between 3-ethynylaniline and 2-bromo-
1, 4-dimethoxybenzene, two commercially-available starting materials. The procedure is as follows: after 
Pd(PPh3)4 (148 mg, 5% eq.), CuI (49 mg, 10% eq.), 3-ethynyl aniline (300 mg, 2.6 mmol), 2-bromo-1,4-
dimethoxybenzene (612 mg, 2.8 mmol) were added to 12 mL THF/NEt3 (volume ratio: 3/1) under a 
nitrogen atmosphere, the mixture was heated to 60°C and stirred overnight. After the solvents were 
removed via vacuum, the residue was extracted by ethyl acetate, dried over anhydrous sodium sulfate, 
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concentrated and purified by silica gel chromatography (hexane/ethyl acetate = 6/1) to obtain 3-((2,5-
dimethoxyphenyl)ethynyl)anilne. 1H NMR (400 MHz, CDCl3) δ 7.12-7.08 (t, J = 16.0 Hz, 1H), 7.01-7.00 
(d, J = 2.4 Hz, 1H), 6.96-6.94 (d, J = 7.6 Hz, 1H), 6.88-6.84 (m, 1H),  6.83-6.79 (m, 2H), 6.65-6.62 (d, J 
= 10.4 Hz, 1H), 3.85 (s, 3H), 3.76 (s, 3H), 3.66 (s, 2H); 13C NMR (100 MHz, CDCl3) δ 154.7, 153.5, 146.4, 
129.4, 124.3, 122.4, 118.3, 118.2, 115.9, 115.5, 113.4, 112.5, 94.6, 93.9, 56.8, 56.0. 

 
Figure 3.1. (a) Cyclic voltammetry of electro-polymerization of 50 mM monomer I in anhydrous 
acetonitrile with 0.1 M TBAP, potential window: -0.2 to 1.9 V, scan rate: 100 mV s-1. The inset shows 
cycle 2 to cycle 5. (b) Comparison of the electrochemical responses of P1 in citric acid buffer (pH=2.0) 
with or without the Lewis acid (BBr3) treatment, at a sweep rate of 25 mV s-1. (c) The overall reaction 
scheme of electro-synthesis and de-methylation.  
 
3.2.2 Electrochemical procedure 

Glassy carbon working electrodes (diameter = 2 mm) were purchased from CH Instruments, Inc. and 

pretreated by polishing with 0.3 and 0.05 µm -Al2O3 powder successively, followed by extensive rinsing 
with distilled water and ethanol and dried under nitrogen gas. The glass carbon electrode was further 
conditioned by scanning between -0.5 and 1.2 V in 0.1 M H2SO4 using cyclic voltammetry until stable 
current responses were obtained. During the electro-polymerization process, the glassy carbon electrode 
was used as the working electrode, the platinum wire (diameter = 0.5 mm) and the silver/silver chloride 
electrodes were used as the counter and reference electrodes respectively. The electrolytic solution 
consisted of 50 mM monomer in anhydrous acetonitrile with 0.1 M TBAP electrolyte. The electrochemical 
measurements were performed with the Gamry potentiostat, which ran the Windows XP (Gamry 
Instruments Inc). The electrodes were soaked in 1.0 M BBr3 in dichloromethane overnight for complete 
removal of the methyl groups.   
 
3.2.3 Electrochemical polymerization 

The synthesis of polyaniline through electrochemical techniques has been established, utilizing 
several different approaches, ranging from potentiodynamic, potentiostatic to galvanostatic methods. 
Among them, the potentiodynamic technique allows the in-situ observance of the polymerization 
process25, 26 and was used here. Monomer I does not readily dissolve in the aqueous solution, owing to 
its strong hydrophobic nature, even in the presence of strong acids (HCl, H2SO4, HClO4), which are 
typically added for polyaniline polymerization. Several organic solvents (acetonitrile, dichloroethane and 
dichloromethane) were screened in our attempt to electro-polymerize I. Figure 3.1a shows the cyclic 
voltammograms of this process in anhydrous acetonitrile. There was no obvious difference in the 
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polymerization step among these three solvents. A purple-colored film of polymer was formed on the 
electrode surface following the electrochemical polymerization procedure. 

Two distinct oxidation peaks were identified (Figure 3.1a): one was associated with oxidation of the 
aniline monomer at approximately 1.1 V, producing the cation radical for polyaniline chain growth. The 
other oxidation peak of approximately 1.6 V was due to the de-methylation of the parent para-
dimethoxybenzene in the pendant group. The partial oxidation removal of the two methyl groups at ~1.6V 
produced the redox-active quinone/phenol from the initial redox inactive para-dimethoxybenzene form. 
Consequently, the term latent “Pro-Redox” center is used for reference it in monomer I. This partial 
oxidation is beneficial as some unwanted side reactions could be avoided in synthesis, if the reactive 
quinone or phenol structures are directly utilized. Anhydrous acetonitrile was utilized to suppress the 
possible electro-dimerization of dimethoxybenzene, as observed by Buck et al.40  

BBr3, a strong Lewis acid, is used in chemical synthesis to remove methyl groups from methyl aryl 
ethers. A complex is formed between the electron-deficient boron and electron-rich oxygen, followed by 
bromomethane elimination to constitute the reaction mechanism.41 Thus, post-polymerization 
modification was performed to treat the pre-formed polymeric thin film with BBr3 to remove remaining 
methyl groups directly on the electrode surface. This two-step approach constituted an efficient sequence 
for P1 formation, whose overall reaction scheme is displayed in Figure 3.1c. After BBr3 treatment, the 
electrochemical response of poly (aniline quinone) P1 was evaluated in the citric acid solution (Figure 
3.1b). It was clear that BBr3 was beneficial to enhance P1’s electrochemical performance, increasing the 
peak current by ~140%. The P1 was first oxidized by scanning anodically. The reversible peaks of P1 
suggested that the polymerization process led to P1 with both phenol and quinone moiety in polyaniline 
at a constant concentration ratio so that it will provide a constant potential.  

 
3.3. Test Results  

3.3.1. Electrochemical properties of poly (aniline quinone) P1  
         A redox peak pair observed for P1, Figure 3.1b, is the result of the redox conversion of 
hydroquinone to benzoquinone with a formal potential EQ

0’ of 0.49 V. The surface coverage was 
calculated to be 1.9 × 10-8 mol/cm2 according to Q/nFA (F is the Faraday constant and A is the electrode 
area). Typically, polyaniline displayed two pairs of redox peaks, corresponding to 
leucoemeraldine/emeraldine and emeraldine/pernigraniline transitions respectively. Surprisingly, poly 
(aniline quinone) P1 did not show these two transitions. In other words, these characteristic polyaniline 
peaks have been “suppressed” or “shielded” by the quinone pendant. Only the quinone/phenol 
conversion peaks were identified with an anodic and cathodic peak separation of 108 mV, which 
suggested the redox process was a two-electron transfer process. A possible explanation was the 
matched energy levels between polyaniline and quinone, which showed electrochemically the quinone 
electron transfer on a conductive substrate.42, 43 It is also likely that the protons in polyaniline itself can 
participate in the quinone redox conversion, being consistent with the observed electro-catalytic effects 
of poly (2-methylaniline) and poly (3-methylaniline.39 Thus, P1’s reversible electron transfer redox 
behavior of pendant quinone/phenol group is of great advantage to provide a stable reference electrode 
potential at electrode/solution interface since the solvent and ion transport and the polymer 
reconfiguration processes are very fast. The redox reaction of P1 can be written as follows: 

Poly (aniline quinone) + 2e- + H+  poly (aniline hydroquinone)-               (1) 

E = E0 – 0.0592/2 log [HQ-]polymer/[Q]polymer – 0.0592/2 pH             (2) 

 

The electrochemical performance of P1 was further characterized at different scan rates (Figure 
3.2a). It was observed that the anodic peak potential shifted slightly in the positive direction with 
increasing scan rates while the cathodic peak potential shifted toward the negative direction. From the 
relationship between peak currents and scan rates, a surface-confined redox process was concluded. 
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The electrochemical stability of P1 was evaluated through multiple-cycle cyclic voltammetric testing 
(Figure 3.2b). It gave very stable responses under the testing conditions. The peak current retention was 
excellent, being about 95% for the continuous thirty cycles (Figure 3.2c), which supports its long term 
stability as a reference electrode in microsensor device. 

 

 
Figure 3.2. (a) Cyclic voltammetry of P1 in citric acid buffer (pH=2.0) at 25, 50, 75 and 100 mV s-1. (b) 
The electrochemical cycling of P1 in citric acid buffer (pH=2.0) at 25 mV s-1. (c) The normalized peak 
currents vs. the number of cycles. 

3.3.2. Poly (aniline quinone) as a stable reference electrode 
       Unlike the aqueous systems, reference electrodes in non-aqueous solutions (organic solvents, ionic 
liquids and molten salts) have not been well established.14 The feasibility of this novel quinone-substituted 
polyaniline as a RE was investigated in several non-aqueous media. Cyclic voltammetry, which features 
a non-zero current condition, was recorded in the presence of 1mM ferrocenemethanol (FcMeOH), using 
a gold electrode as the working electrode and P1-coated glassy carbon (GC/poly (aniline quinone)) as 
RE in different media. The FcMeOH redox couple exhibited typical reversible peaks and a small drift in 
potential was observed after 100 cycles of testing (Figure 3.3a), which showed the reliable stability of 
poly (aniline quinone) P1 as a RE.  Figure 3.3b compared the performance of P1 with two other common 
reference electrodes of Pt and Ag/AgCl systems. The potential of P1 RE is 0.312 V vs SCE or 0.553 V 
vs NHE (Figure 3.3e). The half-wave potential, which was the average of FcMeOH anodic/cathodic redox 
potentials, was monitored vs GC/P1 RE for ten consecutive days (Figure 3.3d) and compared with those 
of Pt and Ag/AgCl as REs. A maximum drift of ~4.7 mV was observed, which showed P1’s excellent 
stability as a RE. It was kept in air without any special protection between these measurements.  
 
3.3.3 Various factors to influence poly (aniline quinone) as a RE 

As shown in Figure 3.3c, this novel polymer was compatible with various common organic solvents 
and [Bmim][NTf2] ionic liquid. The ferrocenemethanol (FcMeOH)’s reversible pair was used to test the 
RE stability. The anodic peak potentials and anodic/cathodic average of FcMeOH were similar in DCM, 
DCE and DMF since these solvents were polar organic solvents. The anodic peak potentials of FcMeOH 
in PBS, CH3CN/PBS (1:1) and CH3CN were different from these polar organic solvents as they were 
either aqueous or miscible with water. This finding suggested that poly (aniline quinone) showed an ideal 
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Nernst behavior that was solvent independent under certain conditions. This is excellent property for 
reference electrode in electrochemical devices. This was in great contrast to the traditional redox or 
conjugated polymer in which non-ideal behavior, the solvent dependence of all the equilibrium constants 
prevented meaningful comparison of electrochemical potential data obtained with a polymer film in 
different solvents.  
 

 

 

Figure 3.3. (a) The multi-cycle stability testing of P1 as RE in dichloromethane solution with 0.1M TBAP 

electrolyte. (b) Comparison of P1 with Pt and Ag/AgCl reference electrodes. (c) The compatibility of P1 
as RE in different non-aqueous solutions. (d) The stability of GC/P1, Pt and Ag/AgCl as REs in 
dichloromethane solution with 0.1M TBAP electrolyte. (e) Scheme displaying the potential of GC/P1 
versus the other common RE systems. 
 
3.4. Conclusion 
      The combination of redox-active quinone and polyaniline was accomplished to give a novel redox 
conjugated polyaniline. The post-polymerization modification with boron tribromide furnished poly (aniline 
quinone) P1 with desired properties for its use as a solid state RE. Electrochemical responses from 
polyaniline were “shielded” by the quinone/phenol pendants. P1 was tested as a versatile all-solid-state 
plastic RE in non-aqueous and aqueous media, including various organic solvents, an ionic liquid and 
PBS buffer at both non-zero current and zero-current conditions. The RE was stored in the air and there 
were no special protection conditions needed. During ten days of continuous testing, only a small drift of 
~4.7 mV in potential was observed. Thus, the unique properties of poly (aniline quinone) P1 and its 
innovative polymerization methods described here show a new class of all-solid-state reference electrode 
that will be implemented in electrochemical microsensor devices in Phase II study.   
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Objective 4.   Miniaturized quartz tuning fork sensor for methane detection 

Quartz tuning fork based methane sensor for coal mine safety application, Sensors & Actuators: B. 
Chemical, In revision. 

4.1 Rationale 

Methane sensors based on various sensing mechanisms, such as metal oxide, catalytic combustion, 
non-dispersive infrared (NDIR) absorption spectroscopy, have been developed.  The metal oxide method 
is based on the conductance change of metal oxide (i.e. tin oxide) caused by the reaction with methane 
at elevated temperature.  The catalytic combustion or pellistor methane sensor operates by combusting 
methane using a heated catalytic element (typically palladium).  These methods are not permissible in 
mine environments due to high temperature used in the monitoring processes. Methane can also be 
detected by measuring the absorption spectrum of methane in either near infrared (IR) or mid IR bands. 
Mid IR method is more sensitive than near IR, but requires bulky and expensive cooling equipment for 
the IR sensors. We have demonstrated IL-EG methane sensors as shown in our early publications43. Our   
methane sensor takes the advantage of the unique coupled redox chemistry of methane and oxygen in 
IL [C4mpy][NTf2] at room temperature in which oxygen is first being reduced at -1.2V to superoxide and 
methane is being oxidized to CO and water at +0.9 V.  The superoxide generated will react with CO to 
convert it to CO2 that can further react with superoxide to generate an inert C2O6

2- anion as the product. 
Due the requirement of Pt catalysts, our IL-EG methane sensor is not as sensitive with a detection limit 
of 0.03%.  Our on-going work is to develop new nanomaterial catalysts to further enhance our IL-EG 
methane sensor sensitivity and selectivity. To explore multimodal sensing for improved reliability and 
minimum false alarm, we developed a complementary methane sensor based on quartz tuning forks 
(QTFs).  The operation principle is based on the fact that methane is lighter and less viscous than air and 
thus has less damping effect on the QTF resonator.  Therefore, the presence of the methane can be 
detected by the increase of the resonant frequency of QTF.  The advantages of QTF methane sensor 
include low cost ($0.20/unit), small size, long-term continuous detection with high stability due to its 
physical nature (no chemical coating used), and its excellent selectivity to heavier gases such CO2.   

Operating principle  

QTFs, typically used as time-frequency standard, are commercially available with a low cost 
(<$0.20/unit).  QTF consists of two quartz crystal prongs that are connected at one end.44  By taking 
advantage of the piezoelectricity of quartz, the two prongs can be actuated into out-of-phase vibration by 
applying an AC voltage to electrodes fabricated on the two prongs.  The fundamental resonant frequency 
of QTF is typically 32,768 Hz in vacuum.  In air, the resonant frequency drops by approximately 10 Hz.  
This decrease is due to the additional mass added to the vibrating prongs and the viscosity of the gas 
molecules. Specifically, the frequency shift can be estimated by the following equation 45-46: 

∆𝑓

𝑓0
= −

𝜌𝑔𝑡

2𝜌𝑞𝑤
(𝑐1 + 𝑐2

𝛿

𝑡
)      (1) 

where g is the gas density, q is the effective quartz prong density including the metal electrodes, t and 

w are the thickness and width of the prong, c1 and c2 are geometry dependent constants.    is the 
thickness of whirl surface layer given by 

𝛿 = √
𝜂

𝜋𝜌𝑔𝑓0
      (2) 

where  is the dynamic viscosity of the gas. Substituting  in Eq. (1) with Eq. (2), the frequency shift is 

∆𝑓

𝑓0
= −

𝑡

2𝜌𝑞𝑤
(𝑐1𝜌𝑔 +

𝑐2

𝑡
√
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𝜋𝑓0
)     (3) 

It can be clearly observed that the frequency shift is a function of gas density. At room temperature, the 
density of air is 1.225 kg/m3, whereas the density of methane is only 0.656 kg/m³.   Therefore, the 
presence of methane will decrease the effective gas density and thus increase the resonant frequency.  
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It is also worth noting that the dynamic viscosities of air and methane (20 C) are 1.82×10-5 Pa·s and 
1.10×10-5 Pa·s, respectively.  Therefore, the presence of methane will reduce the effective viscosity and 
increase the resonant frequency as well.  The two terms in Eq. (3) describe the impacts of density and 
viscosity of ambient gas on the resonant frequency of QTF.  Both mechanisms increase the resonant 
frequency when methane is present.  Acoustic damping is neglected for QTF.46   
  
4.2. Experimental Sections 

4.2.1 Device construction 

The as-received QTF (ABRACON, AB38T) is vacuum-encapsulated by a cylindrical metal case.  To 
function as a methane sensor, the case was removed by a pair of tweezers.  The two quartz prongs (5.8 
mm × 1.5 mm × 0.33 mm) with electrodes can be clearly observed in Figure 4.1 (a).  Then the QTF was 
packaged inside a flow cell made of acrylic as shown in Figure 4.1 (b).  The plate in front of the QTF 
aims to avoid the direct impact of the flow on the sensor operation.     

     
(a)                                                      (b) 

Figure 4.1.  (a) Micrograph of a QTF (5.8 mm × 1.5 mm × 0.33 mm) with the metal case removed; (b) A 
QTF sensor packaged inside an acrylic flow cell. 
 
4.2.2. QTF sensor testing set-up 

The frequency response of the QTF in the air was characterized by sweeping the frequency of the 
input sinusoidal voltage generated by a function generator (Agilent 33120A) and measuring the output 
using a lock-in amplifier (Stanford Research SR830).  Then the QTF methane sensor was characterized 
by injecting gases with different CH4 concentrations to the acrylic cell. The CH4 volume concentration 
CCH4 was increased from 0% to 25% and then decreased to 0% with a step of 5%, while the flow rate was 
maintained at 100 sccm.  This QTF sensor has excellent selectivity to heavier gases due to its operation 
principle.  To verify this characteristic, the sensor’s response to CO2 was characterized as well. All the 

aforementioned tests were carried out at 23±1℃. The gas flow was controlled using MKS (MKS 
Instruments, Inc.) type 247 4-channel readout (bundled with Mass-Flo® Controller). Two mass-flow 
controllers were used to adjust the volume ratio to reach the target gas concentration. One of the mass 
flow controllers was used to control the background gas (Air) flow and the other was used to control the 
analyte gas (CH4 or CO2) flow. CO2 (Praxair, >99.9%) and CH4 (Praxair, 99.99%) cylinder were used as 
the source of CH4 and CO2, respectively. The gases were purged into the sensor directly. The total gas 
flow rate in all tests was set as 100 sccm.  The resonant frequency f0 was continually recorded by a 
frequency counter (HP 53131A) with a sampling rate of 0.5 Hz. The data were saved in a computer via 
a GPIB interface.  The testing setup is schematically shown in Figure 4.2.  
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Figure 4.2.  Schematic of the testing setup.  
 

The temperature and pressure responses of the QTF sensor were characterized in a temperature 
oven (Delta Design 2300) and a vacuum chamber, respectively.  The impact of humidity was studied in 
a sealed chamber whose humidity was varied by an ultrasonic humidifier.   An Omega data logger (OM-
CP-PRHTEMP101A) was used to record temperature, pressure, and humidity.    
 
4.3 Test Results 

The frequency response of the QTF in the air is shown in Figure 4.3.  The resonant frequency is 
32756.3 Hz, about 11.7 Hz lower than the number in vacuum.  The quality factor Q can be estimated by 

measuring the bandwidth over which the amplitude is 1/√2 of the resonant amplitude, i.e., full width at 
half maximum (FWHM).   In our measurement, the FWHM is equal to f+-f-= 32757.5Hz - 32755.1Hz = 2.4 

Hz.  Therefore, Q is approximately equal to 32756/2.413600.  

 
 
 

Figure 4.3. Frequency response of the QTF in air (23.0℃) near its resonant frequency.  
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QTF methane sensor sensitivity. The resonant frequency f0 of the QTF when the flow cell was purged 
with CH4/air mixtures with different CH4 concentrations is plotted in Figure 4.4.  CH4 volume concentration 
CCH4 increased and decreased for two cycles with a step size of 5%.  The flow rate was maintained at 
100 sccm.   As expected, f0 shifted upward when CCH4 increased.   By processing the time series data, f0 

as a function of CCH4 is plotted in Figure. 4.4 (b).      At 0%, the sensitivity to CH4 concentration is 0.0063 
Hz/1%. The fluctuations observed in Figure 4.4 (a) were mostly likely caused by the flow turbulence or 
imperfect flow control.   Figure 4.5 compares fo fluctuations at 0% CH4 for both 0 and 100 sccm flow 
rates, respectively. It can be observed that the flow has a significant impact on the sensor.  This issue 
needs to be considered when designing the sensor package or the way of bringing in gas sample for real 

mine safety application.  With 0% flow, the standard deviation of resonant frequency is only 1.610-4 Hz.   
Based on the sensitivity (0.0063 Hz/1%), this QTF methane sensor is able to detect 0.025% CH4 in a 
stationary case.  On the other hand, it is worth noting that for long-term monitoring, the accuracy of the 
sensor is determined by the drift due to temperature, pressure and humidity variation.  

  

 
(a) 

 
(b) 

Figure 4.4. (a) Resonant frequency shift of the QTF as the CH4 concentration varied. (b) Resonant 
frequency as a function of CH4 concentration. The average standard deviation of the six data points is 

0.0013 Hz. The test was carried out at 22.9℃.  
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Figure 4.5. Comparison of f0 fluctuations at 0 and 100 sccm flow rates (0% CH4). 

 
QTF methane sensor selectivity.  This QTF sensor has excellent selectivity to heavier gases due to its 
operation principle.  To verify this characteristic, we tested the sensor with CO2.  Figure 4.6 plots f0 of 
the QTF when CO2 concentration in air was varied between 0% and 25%.  As expected, f0 decreased 
when CO2 concentration increased, opposite to CH4.  
 

 

Figure 4.6. Resonant frequency shift of QTF as the CO2 concentration (in air) varied. The test was 

carried out at 23.3℃. 
 

The temperature response of QTF in ambient is illustrated in Figure 4.7. There are two major 
mechanisms that contribute to the temperature drift of QTF in air.  First is the temperature response of 
QTF itself, i.e., due to the piezoelectric and mechanical properties of quartz.  From the data sheet of 
ABRACON AB38T, the temperature response (in vacuum) is 
  
 𝑓0(𝑇) = 𝑓0(25℃) × [1 − 4 × 10−8(𝑇 − 25℃)2] 

 

(4) 

In atmosphere, the temperature change leads to density and viscosity change of ambient gas, causing 
resonant frequency shift as well.  We assume this mechanism leads to a linear shift of f0.  Therefore, f0 
as a function of temperature can be fitted by the following equation: 

 𝑓0(𝑇) = −0.00154(𝑇 − 25)2 + 0.04426𝑇 + 32761.35 

 

(5) 
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Figure 4.7. Temperature response of QTF sensor. The average standard deviation of data points is 
0.0011 Hz.  
 
The pressure response measurement is shown in Figure 4.8. A linear relationship is observed between 

f0 and pressure; at 23.4℃, such relationship can be described as, 
 𝑓0(𝑝) = −0.005649𝑝 + 32757.76 

 

(6) 

 
Figure 4.8. Pressure response of the QTF sensor at 23.4℃. The average standard deviation of data 
points is 0.0015 Hz.  
 
The humidity response of QTF sensor is shown in Figure 4.9. After cancelling out the effects of 
temperature and pressure and assuming a linear model, f0 as a function of relative humidity (RH) can be 
described with the following equation: 

 𝑓0(𝑅𝐻) = 0.00329𝑅𝐻 + 32759.45 

 

(7) 
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Figure 4.9. Resonant frequency of the QTF sensor as a function of relative humidity. The average 
standard deviation of data points is 0.000457Hz. 
 

The lower and upper explosive limits of methane in air are 5% and 15-16%, respectively 47. To have 
enough safety margin, the warning concentration of methane is often set to 0.5-1%.  The detection limit 
or resolution of the QTF based methane sensor is 0.025%, good enough for methane monitoring in coal 
mines.  On the other hand, it is worth noting that for long-term monitoring, the accuracy of the QTF sensor 
is determined by the drift due to factors such as temperature, pressure, and humidity variations.  
Therefore, it is necessary to integrate temperature, pressure and humidity sensors with the QTF.  
Moreover, the combination with other complementary methane sensors, e.g., electrochemical and quartz 
crystal microbalance sensors 48-52, can further improve the detection accuracy and minimize false alarm.  
 

4.4 Conclusion 

A methane sensor based on off-the-shelf QTFs was successfully developed.  It has been 
demonstrated that the presence of CH4 increases the resonant frequency of QTF, whereas CO2 causes 
a decrease of the resonant frequency.  The detection limit of the current QTF methane sensor is 0.025% 
when the sampling rate is 0.5 Hz.  The impacts of temperature, pressure, and humidity have been 
characterized as well.    The combination of QTF sensor and other complementary methane detection 
methods can further improve the accuracy and reliability of methane monitoring in coal mines.  This will 
be pursued in Phase II study. Our goal is to realize a low-cost, low-power and portable methane sensor 
with high reliability for coal mine safety application. 

 
6.0 Technology Readiness Assessment       

 We have summarized the strength of our sensor design and approach in Section 4.0, technical 
readiness part. Our research results detailed in objectives 1-4 demonstrate that the three sensor 
prototypes are uniquely poised to attain the concurrent goals of continuous real-time multi-gas sensing 
within a portable platform.  Below summarize the technical milestones we accomplished in this AFC518 
award that support the technology readiness of our gas sensor technology for mine safety and health 
application:    

 

 A tuning fork piezoelectric methane sensor, which is robust, low cost, and low power, shows high 
sensitivity and selectivity for methane detection.  

 Two types of planar miniaturized IL-EG sensors, one with gold metal and another with bimetallic 
Pt-Ni nanoparticle electrode catalysts were successfully designed and fabricated using methods 
that can be scaled up at low cost.   
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 Our testing results show both types of IL-EG sensors allow reproducible IL sensing film formation 
with various thicknesses as desired, increasing the accuracy of the sensor measurement. 

 IL-EG sensors using nanoparticle electrode materials with controlled surface structures were 
shown to form better IL/electrode interfaces that were demonstrated to reduce the over potential, 
maximize the sensitivity and selectivity of electrochemical interface reactions. 

 The miniaturized IL-EG Pt-Ni nanoparticle based sensors were tested for sensing oxygen and 
hydrogen gases with the sensitivity, selectivity, and stability meeting the requirement for their use 
in the mine conditions (see Table 1) 

 Water effects on the IL-EG sensor was systematically studied using oxygen as the model analyte.  
Methods for calibrating water effects were established that can allow reproducible IL-EG sensor 
signals to be obtained. ( i.e. by using oxygen reduction peak to calibrate the potential shift due to 
the coupling reaction with water and the shift of the reference electrode potentical due to the  
presence of water in the IL in field application where oxygen is omnipresent). 

 An all solid conductive polymer based reference electrode was developed. It shows good 
potential stability in IL and traditional aqueous and non-aqueous solvents. It is excellent to be 
incorporated into electrochemical microsensors to further enhance the reference electrode 
stability. 

 Temperature, humidity and pressure effects on quartz tuning fork methane sensor was 
characterized. The study of temperature effects on IL-EG sensors is on going.  
 

 Table 1 summarizes the key analytical parameters for the three miniaturized microsensors we 
developed in AFC 518 project.   

 

Table 1.   Analytical specification of three types of microsensors tested in Phase I  AFC 518  project  
Lowest detection concentration tested methane: 0.025% (tuning fork) 

hydrogen:129 ppm  (Pt-Ni-12h  nanoparticle IL-EG) 
oxygen: 132 ppm (Pt-Ni-12h  nanoparticle IL-EG 

Linear range (tested) Methane:0.025% to 5% ( tuning fork), tested for 0-25% 
Hydrogen: 500 to 6250 ppm ( Pt-Ni nanoparticle device)  
Oxygen: (i) 500ppm to 5000 ppm ( Pt-Ni nanoparticle device)  
(ii)  0 to 20% ( Au planar device) 

Sensitivity Methane: 0.0063 Hz/1%,  (tuning fork) 
Hydrogen:  (0.331±0.014) ×10-4 mA cm-2 ppm-1 (Pt-Ni-12h nanoparticle device) 
Oxygen: (1)  (3.04 ± 0.18) ×10-5 mA cm-2 ppm-1  (Pt-Ni-12h nanoparticle device)  
Oxygen in the presence of water:   (1) 0.0175 µA/%O2 (original IL with less 
than 400 ppm water); (2) 0.0207 µA/%O2 (2% H2O) (3) 0.0236 µA/%O2 (4% 
H2O); (4) 0.0252 µA/%O2 (6% H2O). Increasing sensitivity in O2 sensing is 
observed with higher amount of water in the ILs. Also, it is found that at the 
same O2 concentration, for instant, at a concentration of 20% O2, with increase 
of water content in the IL, the response current increases slightly: 0.8 µA 
(original IL) < 0.9 µA (IL+2% H2O) <1.1 µA (IL+4% H2O) <1.4 µA (IL+6% H2O) 

Response time Based on equilibrium (45 seconds) 
Based on kinetics (can be 1s or less, method was being demonstrated in early 
work38) 

Repeatability (i) Methane sensor: continuous sensing methane for 1.5 hours (Fig. 4.6) 
shows reproducible results. Output signal is frequency, which is insensitive to 
the voltage/power level.   
(ii) Pt-Ni-12h nanoparticle device tested for continuous sensing Hydrogen and 
oxygen over 180 hours. Reproducible results were obtained (Fig.2.7 and 2.8)  
(iii) Au planar device tested for oxygen sensing: relative standard deviation of 
five repetitive tests in 20% O2 is 3.56%. 90 days test for oxygen gold planar 
sensor in the presence water (Fig. 1.6) 

Calibration frequency Tested,  once every two month 

Remote calibration Not tested yet 
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Ability to measure CH4, H2, O2 Yes 

Ability to measure other hydrocarbon  Feasible but not tested in this project. 

Ability to isolate on site methane gas 
from off-site sources 

Yes 

Power requirements Rechargeable battery or coin cell batteries such as Murata CR2477W 
(voltage: 3V; capacity: 1000 mAh, cost: $1.20).   

Power consumption mW 

Cost of sensor chip and sensing 
materials 

~$30 (Notes: The cost of commercially available quartz tuning forks typically 
ranges from $0.10 to $0.80, depending on the size. Our miniaturized IL-EG 
sensor will use very small amount of IL materials (microliter) and nanoparticle 
ink (microliter) that will be at a few dollars per sensor even in modest quantity.  
The sensor system also includes a microcontroller, a potentiostat chip, a LCD 
display, a battery and other components. The total cost is estimated to be 
around $30) 

Inherently safe Yes 

Ability to locate the emission Possible but not tested yet 

Enclosed/protected from weather Yes 

Temperature range  20 to 50 C 

Humidity  in door ( 60%) to  tested for 100% 

Unaffected by poisons( selectivity) (1) CO2   is not poison for methane tuning fork sensor;   
(2) CH4, CO, CO2 and SO2 tested at 5000 ppm are not poisonous to 
hydrogen IL-EG sensor (Pt-Ni nanoparticle planar device). 
(3) CH4, CO, CO2 and SO2 tested at 5000 ppm are not poisonous to 
oxygen IL-EG sensor (Pt-Ni nanoparticle planar device) ;  
(4) For gold planar IL-EG device, water tested at 6% affects IL-EG 
oxygen sensor but sensitivity and accuracy was shown that can be calibrated 
in the presence of water. When water is less than 400ppm, interference is 
negligible. 

Telemerty Possible but Not tested yet  

Expected lifetime tested for 6 months 

 
Our Phase I work is shown to establish the proof of concept of our miniaturized and continuous gas 

sensors that can be a key component for autonomous/self-reporting gas sensor system for a broad range 
of mine safety and health applications.  In the Phase II of this AFC518 project if selected for continuous 
funding, we will develop and validate a miniaturized, low-cost, low-power, highly reliable, multi-analyte 
gas sensor system  to provide continuous real-time measurements of mine gases with the cost, power 
consumption, size and ease of use for its adoption and adaptation into mine practice. Our Phase II 
research plan includes the following objectives: 1) development of a multi-analyte sensor array that 
measures a large set of target gases (e.g. methane, hydrogen, carbon monoxide, sulfur dioxide, nitrogen 
dioxide, oxygen) in a single device by strategically integrating multiple sensing modes (e.g. 
chronoamperometry, electrochemical impedance, piezoelectric quartz crystal microbalance and quartz 
tuning fork sensing), 2) exclusive use of low-cost batch fabrication manufacturing technologies for a 
sensor array and integration with miniaturized chip based instrumentation electronics, 3) development of 
active dust mitigation method in the miniaturized sensor prototype; 4), develop and test gas sampling 
strategies ( passive vs. active gas sampling strategies) and study the effects of air movement effects on 
gas sampling on sensor performance; 5) systematic improvements in sensor reliability and autonomous 
operation in mine environment  that will greatly reduce maintenance and training costs and 6) a “plug-in 
module” approach that minimizes the hardware required for the sensor array systems but still permits 
great flexibility of use, 7) field test in simulated mines or real mines to validate and benchmark the sensor 
prototype  performance for its adoption and adaption for mine safety practice.   
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7.0 Appendices:    In the following sections, we include our work that cannot be easily formatted in the 
above final report. It includes three sections: 1) on-going work in testing the temperature effects on IL-
EG sensor; 2) on-going work in permissible design of sensor in mines; 3) the supporting figures and 
materials cited for objective 1-3 in section 6. 

1. Testing temperature effects on IL-EG sensor     

In mines, air conditioning systems are often installed at working faces, in road headings or in entire 
mines to guarantee tolerable climatic conditions. Above an effective temperature of 30°C, working in 
underground is only allowed under exceptional circumstances and it is completely forbidden at 
temperatures above 32°C.  However, high temperature environment can be encountered in deep 
underground mines due principally to the geothermal gradient, increasing air pressure from auto-
compression of the air column, and groundwater.  
 

Our early work has demonstrated that ILs are excellent sensing materials for high temperature gas 
sensing (e.g. 120°C) due to their remarkable thermal stability. We designed a chemically selective IL 
sensor array for the detection and classification of gaseous analytes with pattern recognition at high 
temperature (120°C) using piezoelectric quartz crystal microbalance (QCM) readout53-54.  In this project, 
we have tested the temperature effects for oxygen sensing at 25 °C, 35 °C and 45 °C using our gold 
planar IL-EG sensor prototype (shown in Figure 1.1 in section 5).  As shown in Figure 7.1, with increasing 
temperature, the current signals decreased. This is due to the lower solubility, thus lower oxygen 
concentration in the ILs at higher temperature. The electrochemical impedance study shows that with 

increase of temperature, the IL electrolyte resistance decreases (90.94  (25°C), 79.34 (35°C) and 

58.14 (45°C)).  In Objective 2 of this report, we demonstrated that synergistically combining the benefits 
of non-volatile and conductive ILs with bimetallic 
nanocatalyst (i.e. Pt-Ni nanosphere) can create unique 
interface for promoting electron/ion transports to allow highly 
reproducible, sensitive and selective electrochemical gas 
sensing in a miniaturized sensor platform.  We are currently 
in the process of characterizing gas sensing properties of the 
Pt-Ni nanoparticle based microdevice at varying 
temperatures as nanoparticle based microsensor devices are 
likely our choices of the final microsensor array prototype. 
Not only electrode interface areas were maximized by the 
use of nanomaterial, electrode selectivity can also be 
improved owing to the unique IL- nanoelectrode interface.  As 
shown in Contact angle experiments in Objective 2 study 
above, desired wettability of the IL electrolyte on the Pt-Ni 
NPs suggesting Pt-Ni alloy NPs have balanced 
hydrophobic/hydrophilic properties. The outstanding gas 
sensing properties of nanomaterial/IL interface may be 
attributed to unique surface chemisorption and highly 
efficient catalytic reaction of gas species of oxygen and 
hydrogen on the surface of Pt-Ni alloy NPs in the IL. It is expected that temperature and humidity will be 
factors affect our sensor sensing signals. In our final device that will be developed in Phase II, 
temperature, humidity and reference sensors will be incorporated in our multimodal sensor array device.  
These sensors will allow us to calibrate the environmental effects of temperature and humidity and 
perform quantitative analysis of gas concentrations with high reliability. 
 

 

 

 
Figure 7.1 Cyclic voltammograms of Au 
sensor device at (a) 25oC, (b) 35oC and 
(c) 45oC in O2 saturated [Bmpy] [NTf2]  
Scan rate :100 mV s-1 
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2. Virtual dust blinds    

Dust mitigation is an important issue for sensors installed in coal mines, especially long wall mining.  
Conventional filters can be quickly clogged by dusts.  We plan to design an active dust mitigation method 
by generating a virtual dust blind in front of the sensor using ultrasonic waves. Specifically, as shown in 
Figure 7.2 below, rings of electrodes are fabricated on both sides of a piezoelectric layer (i.e., PZT).  
Ultrasonic waves will emit from the substrate when sinusoidal voltages are applied to the electrodes, 
generating a virtual dust blind above by resonance.  Dusts are stopped due to the acoustic radiation 
force, whereas gas molecules such as methane still can pass through. The ultrasound will operate with 
a frequency above 100 kHz, so that it won't interfere with quartz tuning fork, whose resonant frequency 
is 32kHz.  

 

 
Figure 7.2.  Schematic of a virtual dust blind based on ultrasonic radiation force.  

 
This approach can be combined with the traditional passive filter method.   As shown in Figure 7.3, a 
filter is placed on the top of the active piezoelectric PZT layer.  Dust particles, which leak through the 
ultrasonic blind, will be blocked by the filter.  Then the dust particles on the filter can be shaken off by 
the ultrasonic wave to prevent clogging, analogous to a megasonic cleaner.   

 
Figure 7.3.  Combination of conventional filter and ultrasonic virtual blind for dust mitigation.  

  
The cost of this new approach is more power consumption.  However, dust mitigation is mainly desirable 
for long wall applications, for which, the sensor can be stationary and connected to an external power 
source.     
 

The virtual dust blind based on acoustic radiation force is still at the concept development stage.  We 
were not able to explore this idea further due to the limited resources and time in the phase I project.   
However, based on our theoretical analysis and literature search, we believe this is a promising approach 
since acoustic radiation force is well-studied and has already been demonstrated.  We are currently 
simulating the virtual dust blind using COMSOL multiphysics software and next will experimentally 
investigate this idea by patterning ring electrodes on PZT (Lead zirconate titanate). 
 

PZT PZT
Gas inlet

Virtual dust blind formed by the 
resonance points of ultrasonic waves. 

Top side view Cross sectional view

PZT PZT
Gas inlet

filter
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3. Supporting Figures and Tables for Objective 1-3 
 

 
Figure S1.1. The contact angle measurement of (a) original IL, (b) IL+2% H2O, (c) IL+4% H2O and (d) 
IL+6% H2O on the gold coated substrate 

 

Figure S1.2. The contact angle measurement of (a) original IL, (b) IL+2% H2O, (c) IL+4% H2O and (d) 
IL+6% H2O on the gold substrate. 
 
 

Table S1.1.  The comparison of Rs value in N2 and O2 saturated ionic liquids 

Sample Rs (N2) /Ω Rs (O2) /Ω 

IL 150.7  183.8  

IL+2% 140.6  175.5  

IL + 4% 135.2  169.9  

IL +6% 129.3  160.2  
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Table S1.2. The reduction peak potential of oxygen to superoxide in the IL with different amount of 
water electrolytes in Figure 1.3 

samples Reduction potential (Ered1) V 

(Vs. Au) 

Reduction potential (Ered2) V 

(Vs. Au) 

IL -1.25 V -1.61 V 

IL+2% 

H2O 

-1.12 V -1.50 V 

IL+4% 

H2O 

-0.86 V -1.32 V 

IL+6% 

H2O 

-0.76 V -1.24 V 

 

 Table S2.1 Summary results obtained from contact angle measurements 

samples Contact angle (degree) 

Bmpy[NTf2]@Pt-Ni/C 38.3 

Bmpy[NTf2]@Pt/C 68.2 

BmimBF4@Pt-Ni/C 53.5 

 

 
Figure S2.1. Selectivity of the Pt-Ni-12h based sensor successive exposure to 500 ppm H2 vs. to 
5000ppm various gases (CO2, CO, SO2 or CH4) at room temperature. The current density obtained from 
chronoamperometry measurement. 
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