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Abstract

We have prepared and characterized hydrosulfide-selective ChemFET devices based on a nitrile 

butadiene rubber membrane containing tetraoctylammonium nitrate as a chemical recognition 

element that is applied to commercially available field-effect transistors. The sensors have fast 

(120 s) reversible responses, selectivity over other biologically relevant thiol-containing species, 

detection limits of 8 mM, and a detection range from approximately 5 to 500 mM. Sensitivities are 

shown to be 53 mV per decade at pH 8. Use of this compact, benchtop sensor platform requires 

little training – only the ability to measure DC voltage, which can be accomplished with a 

conventional multimeter or a simple analog data acquisition device paired with a personal 

computer. To the best of our knowledge, this report describes the first example of direct 

potentiometric measurement of the hydrosulfide ion in water.

1. Introduction

Hydrogen sulfide (H2S) is an important analytical target for a diverse set of sensing 

applications including environmental sensing, biomedical sciences, and petroleum and 

natural gas industries. H2S is produced during the decomposition of organic matter and is 

naturally present in ponds, swamps, landfills and sewage systems. H2S is also found in 

natural gas and crude oil and is considered a contaminant in refined petroleum and gas 

products [1]. Due to the toxicity and environmental prevalence of H2S (from both natural 

and unnatural sources) further development of environmental H2S sensing methods is 

needed [2]. H2S has also been established as an important small molecule biological 

mediator and is associated with different physiological conditions including diabetes, 

hypertension, neurodegeneration, and heart failure [3–8].
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Critical challenges remain for current aqueous H2S measurement methods that limit their 

utility in different sensing environments. Reaction-based analytical methods, such as 

monobromobimane (mBB) sulfide trapping, feature excellent detection limits (below 200 

nM) yet typically require long reaction/measurement times and extensive sample preparation 

[9–11]. Alternatively, amperometric H2S measurement methods exist, and devices that 

support these are available, with primary suppliers being Unisense (Aarhus, Denmark) and 

World Precision Instruments (Sarasota FL, USA). These also offer excellent detection limits 

(5–100 nM), however, they have comparatively short lifetimes, and may in some cases show 

responses to other sulfur-containing species such as cysteine, glutathione, sulfur dioxide, 

dimethyl sulfoxide and alkyl thiols, and require highly sensitive electronics to resolve very 

small signal currents, which can be as low as 10−13 Amperes. For many environmental 

samples, gas chromatography (GC) methods are adequate, but such methods are less 

convenient and are much more resource intensive than sensor-based methods [12,13]. 

Overall, there are opportunities to develop new technologies and methods for measuring H2S 

in a variety of physiologically and environmentally relevant applications and sample 

matrices. The diversity of sensing environments and associated detection ranges necessitate 

new chemical tools for H2S detection and measurement. Potentiometric methods in 

particular have been poorly represented in environmental, petrochemical, and biological 

application spaces and provide an opportunity for continued development [12].

H2S has a pKa near 7 and is primarily present as its conjugate base, hydrosulfide (HS−), at 

physiological temperature and pH. The sulfide dianion (S2−) does not exist under 

physiologically relevant conditions [13]. As an ion, HS− is susceptible to direct detection by 

potentiometric methods, which are rarely considered for aqueous H2S/HS− measurement 

[14]. Herein, we present a new method for direct measurement of aqueous HS− using 

chemically sensitive field effect transistors (ChemFETs). Examples of ChemFETs, OFETs, 

and other FET-based sensors for hydrogen sulfide exist for the gas phase [15–18]; yet there 

are not, to our knowledge, examples of potentiometric methods, FET-based or otherwise, for 

direct measurement of the hydrosulfide anion in water.

ChemFETs are often described as metal-oxide-semiconductor field effect transistors 

(MOSFETs), which have had the gate electrode separated from the gate oxide and the now-

exposed gate oxide modified to be selective for specific chemical species [19]. Often this 

modification involves the application of a chemically selective membrane to the gate oxide. 

Some benefits of ChemFETs include their quick response times, minimal sample processing 

requirements and a library of well-established methods for modification of surfaces and of 

the gate oxide interface with chemical recognition agents [20–22].

The ChemFETs described in this work feature a polymer membrane formulated with a non-

covalently associated HS− ionophore. They provide detection of HS− in real-time with 

selectivity over sulfur-containing compounds including cysteine and glutathione, which are 

common interferants in H2S measurements. These devices enable measurement methods 

which require minimal sample preparation (simple pH adjustment) to ensure that HS− is 

present and that H2S is not lost due to degassing from the solution that is being measured.
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2. ChemFET overview

ChemFETs function according to similar principles as MOSFETs. In short, the threshold 

voltage of an enhancement mode ChemFET V tℎ
CFET  is related to the activity of chemical 

species present in solution between the gate electrode (which may be a reference or pseudo-

reference electrode) and the gate oxide. V tℎ
CFET  is defined as the minimum potential between 

the ChemFET gate electrode and source required to open the conducting channel between 

the source and drain. V tℎ
CFET  is the sum of threshold voltage of the underlying FET V tℎ

CFET

and the combined contributions from the rest the chemical cell, Vcell.

V tℎ
CFET = V tℎ

FET + V cell (1)

V tℎ
FET  is determined by the materials and geometry of the FET portion of the device and is 

independent of most environmental variables. Therefore, V tℎ
FET  is effectively constant, and a 

change in V tℎ
CFET  is the result only of a corresponding change in Vcell.

Physically, the cell includes the environment between the gate oxide, the chemically 

selective material, the sample environment, and the reference electrode (Fig. 1). This 

environment includes several chemical and material interfaces each with an associated 

junction potential. Fortunately, not all of these potentials need to be considered or even 

known. When ideally constructed, the junction potential of the chemically selective material 

is the only variable, and therefore a change in Vcell and the corresponding change in V tℎ
CFET

is due solely to the activity of the target ion. This requires, at minimum, a reference 

electrode that is insensitive to changes in target ion concentration and a chemically selective 

material that responds primarily to the desired analytical target.

In practice, perfect selectivity is elusive and the relationship between Vcell, the activities of 

the analytical target (A), and the activity of a potential interferent (B) can be described by 

the Nikolsky-Eisenmann equation [20,23].

V cell = V cons + 2.303 RT
zAF log aA + KA, B aB

zA/zB
(2)

Vcons represents the sum of all the constant interfacial potentials in the cell, aA and aB are 

the activities of A and B, and zA and zB are the corresponding ionic charges of A and B. R 
and F are the ideal gas constant and Faraday constant, respectively, and T is temperature. 

Finally, KA,B is the experimentally determined selectivity coefficient representing the ability 

of the ChemFET to distinguish between A and B. Since the only variables affecting Vcell are 

aA and aB, ΔV tℎ
CFET  depends entirely on ΔVcell (again, V tℎ

FET  is constant). What remains 

then is to transduce V tℎ
CFET  into the measurement signal.
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Note that in the absence of an interfering ion, aB, eq. 2 reduces to a form of the Nernst 

equation which, when T = 25 °C and when zA is +1 or −1, is

V cell = 0.059 V log10aA (3)

According to Eq. 3, 59 mV represents the maximum possible change in Vcell for each 

decade change in the activity of an ionic species having a charge of +1 or −1. This is referred 

to as the Nernstian limit.

3. Experimental

3.1. Reagents

Sodium hydrosulfide (NaSH) was purchased from Strem Chemicals and stored in a nitrogen 

filled glovebox. All other reagents and solvents were purchased from Sigma-Aldrich or 

Tokyo Chemical Industry (TCI) and used as received. Note: NaSH and ammonium sulfide 

are toxic and will liberate H2S when exposed to water. All handling of these chemicals 

should be performed in a glove box or fume hood in order to prevent personal exposure. A 

zinc acetate quench solution should be available at all times [24,25]. Additionally, a personal 

H2S meter should be used to monitor potential exposure to H2S whenever reagents and 

solutions are removed from the glove box.

3.2. Membrane and sensor preparation

Nitrile butadiene rubber (NBR) was obtained from Zeon Chemicals (Nipol DN401LL). 

FETs with unmodified gate oxides were purchased from Winsense™ (www.winsense.co.th, 

WIPS-C). These pre-functionalized FETs were cleaned immediately prior to modification by 

soaking in 30% H2O2 for 20 min followed by rinsing with DI water and then with ethanol. 

Chemically selective membranes of approximately 150 μm thickness were applied to the 

gate oxide by drop casting. Sulfide-sensitive membranes were made as follows: 0.1 wt% 

tetraoctylammonium (TOA) nitrate and 5 wt% NBR were dissolved in anisole. These 

solutions were drop cast onto the gate oxide surface and then dried at ambient temperature 

for 15 min followed by 80 °C for 12 h. After cooling to ambient temperature and then 

soaking in 1 M sodium nitrate solutions for approximately one hour, the sensors were ready 

for use.

3.3. Ag/Ag2S reference electrode fabrication

Ag/Ag2S wires were prepared by soaking silver wire (99.9%, 0.5 mm dia) in 5% ammonium 

sulfide solution overnight. One end of each wire was then soldered to a 20 AWG tinned 

copper wire and the solder joint completely encased in Loctite Marine Epoxy (1919324). To 

form each electrode body, a 4 Å molecular sieve was pressed into the tapered end of a 1 mL 

polypropylene syringe body (Norm-Ject 4010.200v0). Agarose (2 wt%) was dissolved in 

warm 3 M KCl, and 0.8 mL of this solution was poured into the syringe bodies and allowed 

to cool. The Ag/Ag2S wire was then inserted into the electrode body, and the wire was 

secured to the housing. Reference electrodes were stored in 3 M KCl overnight before their 

first use. Reference potentials were found to be 129–146 mV vs SCE.
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3.4. Electrode surface characterization

Elemental composition and surface morphology were determined by scanning electron 

microscopy energy dispersive X-ray spectroscopy (SEM-EDS) using a ThermoFisher Helios 

Hydra Plasma FIB. Images were collected with an accelerating voltage of 10 kV. Additional 

elemental analysis was performed using Thermo Scientific ESCALAB 250 X-ray 

photoelectron spectrometry (XPS) system with an Al Kα monochromated source at 20 kV. 

Survey spectra were taken along with high-resolution scans of Ag 3d, S 2p, and Cl 2p. 

Spectra were peak fit using the Thermo Scientific Avantage 4.88 software to determine 

surface composition.

3.5. Potentiometric measurements

The ChemFETs were operated by a circuit that uses an instrumentation amplifier to drive the 

source to drain voltage (VDS) of the FET at 617.5 mV and the drain current (ID) at 99.6 µA. 

The circuit keeps the external reference electrode at ground while the voltage between 

source and ground (VGS) is changed in order to maintain VDS and ID as identified above. 

VGS is taken as the measurement signal. See supporting information for a description of the 

analog circuit.

The analog VGS signal was recorded using a National Instruments DAQ 6009 data 

acquisition unit connected to a Windows™ computer and operated by a custom LabView™ 

program. The signal was recorded at a rate of 1 kHz. Unless otherwise noted, each 

measurement was taken as the average of the signal over the 120th second of the 

measurement period and experiments were performed with four identical (replicate) sensors 

and in triplicate. All sensors were paired with Ag/Ag2S reference electrodes.

HS− stock solutions were prepared in an oxygen-free glovebox or using Schlenk techniques 

to prevent oxidation. The solutions were prepared by the addition of solid NaSH to a 

degassed 50 mM PIPES pH 8.0 buffer solution. The PIPES buffer was prepared by 

dissolving 1,4-piperazinediethanesulfonic acid in DI water and adjusting the pH with 

analytically pure 4 M KOH. This alkaline solution was chosen to limit the protonation of HS
−, which accelerates loss of H2S from the calibration solutions due to volatilization. 

Potentiometric measurements were carried out in a fume hood at ambient temperature in 50 

mL polypropylene centrifuge tubes, which were kept sealed for the duration of the 

experiment to minimize analyte loss due to volitilization. Activity coefficients were 

calculated using the Davies equation. Selectivity coefficients were determined by the Fixed 

Interference method according to IUPAC recommendations [29]. All uncertainties are 

reported as Standard Error of the Mean (SEM).

4. Results and discussion

4.1. Reference electrode fabrication and characterization

ChemFETs can be used alongside conventional Ag/AgCl reference electrodes, however, due 

to the corrosive properties of aqueous hydrosulfide, an alternative reference electrode (RE) is 

required for potentiometric measurements. Ag/AgCl REs were initially used to evaluate 

ChemFET performance, but we observed inconsistent RE function and drift during 
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measurements. We hypothesized that the chloride on the Ag wire surface was being replaced 

with a sulfide species. This undesired reactivity at the electrode would change the junction 

potential of the RE, which would manifest as signal drift.

To test this hypothesis, four samples of Ag wire were exposed to different treatments: two 

were submerged in household bleach (sample 1 and 3) or 5% ammonium sulfide (sample 2 

and 4) for 2 h. Electrodes 3 and 4 were soaked in a pH 8 NaSH solution for 8 h after being 

soaked in bleach and ammonium sulfide, respectively. The four electrode wires were then 

analyzed by scanning electron microscope coupled with electron dispersive X-ray 

spectroscopy (SEM-EDS) to compare the morphology and elemental composition before 

and after exposure to NaSH solutions. X-ray photoelectron spectroscopy (XPS) was used to 

confirm composition. SEM-EDS imaging (Fig. 2b) displays the morphology of each sample 

as well as elemental maps of the silver, chlorine, and sulfur. The elemental composition 

(Table S1) from sample 3 closely match those from samples 2 and 4, which would be 

expected to only have sulfur on the surface of the wire. Fig. 2a shows the XPS survey 

spectra and high resolution scans of samples 1, 2, 3 and 4. Survey spectra indicate that Ag, 

Cl and Na are the main elements present in sample 1 and Ag and S the main elements in 

samples 2, 3 and 4. All four samples show the presence of C and O from adventitious 

hydrocarbon present in the XPS instrument. The peaks at 368.1 eV and 374.1 eV can be 

assigned to the binding energy of Ag 3d3/2 and Ag 3d5/2 present from the Ag+ in AgCl 

(sample 1) and Ag2S (sample 2/3/4). High resolution scans of Cl 2p shows the presence of 

Cl in sample 1, minimal presence in sample 3 (0.4%), and none in samples 2 and 4. 

Comparison of sulfur spectra presents a significant difference between samples 2 and 3. The 

S 2p scan indicates the presence of Ag2S in samples 2 and 3 at 161 eV and 162.2 eV. 

However, sample 3 contains peaks at 168.2 eV and 169.2 eV, revealing the presence of 

Ag2(SO4) in addition to Ag2S. Taken together, this alternative sulfur speciation on the 

surface of the wire may explain loss in Ag/AgCl reference electrode functionality upon 

exposure to NaSH solution. Critically, samples 2 and 4 are identical, indicating that the 

Ag2S surface is stable to the NaSH-containing solutions. These data suggested that the Ag/

AgCl would not be useable for our potentiometric measurements for HS−, prompting us to 

develop an Ag2S coated electrode that was more stable to HS− solutions and could serve as a 

more robust reference electrode.

4.2. ChemFET preparation

The key feature of our HS− selective ChemFETs is the application of a hydrosulfide-

selective polymer membrane, to the silicon nitride gate oxides of commercially available 

pH-sensitive FETs. ChemFETs often have chemically selective membranes comprised of 

PVC, PDMS, and occasionally NBR among other formulations [22,26–29]. Generally, the 

polymers alone have limited native sensitivity to ionic targets and their sensitivity/selectivity 

is be imparted by incorporating chemical recognition elements (CRE) into the polymer 

membranes to create the interfacial chemically selective material of the device.

Tetraoctylammonium (TOA) was chosen as our CRE. Quaternary ammonium salts are 

perhaps most studied for anion sensing applications because they are stable cations and 

many are sufficiently lipophilic to remain in the polymer membranes without covalent 
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attachment. TOA and other quaternary ammonium salts have been incorporated into 

ChemFETs, ion selective electrodes, and other potentiometric sensing platforms, some of 

which have been shown to be functional for up to eight weeks in aqueous environments [30]. 

Also, quaternary alkyl ammonium salts of HS− have been shown to associate with HS− in 

particular via C–H hydrogen bonding interactions, suggesting that this ionophore might 

serve as a recognition agent for HS− [31].

NBR was chosen as the polymer component of the membrane primarily because NBR 

membranes enable the TOA CRE to be incorporated into the material without the 

requirement of any plasticizers or other fillers or additives. NBR is also inert under the 

sample conditions and adheres to the gate oxide well enough to allow an operational lifetime 

of over 46 h.

4.3. Sensitivity and calibration

To obtain a measurement signal from a ChemFET, an analog circuit must be used to 

interface with the FET and reference electrode [32]. Hydrosulfide-selective sensors were 

operated in a constant current configuration in which the input voltage (VDS) and drain 

current (ID) are maintained constant in a feedback mode such that the gate voltage (VGS), 

which is the potential between the reference electrode and source, is equal to the threshold 

voltage of the ChemFET V tℎ
CFET . VGS is then taken as the measurement signal. For this 

system VGS is in the range of 0.5–3 V which may be accurately measured using 

comparatively simple equipment such as a basic multimeter or simple data acquisition (see 

Supporting Information, Section 2). Potential response curves of devices functionalized with 

NBR and TOA are shown in Fig. 3. When TOA was not included in the NBR membrane, no 

hydrosulfide response was observed. Devices with membranes containing NBR and TOA 

have near-Nernstian sensitivities of 53 ± 2 mV per decade from 20 to 450 mM and a 

detection limit of 7.7 ± 0.6 mM. These results suggest that TOA is a necessary chemical 

recognition agent in these devices.

4.4. Response time and reversibility

Sensor responses were recorded continuously for 300 s. As shown in Fig. 4, the devices 

reach their equilibrium responses (having a drift of less than 1 mV per min) within 120 s 

except for very high concentrations (450 mM) in which the drift was as high as 5 mV per 

min. As a compromise between efficiency and accuracy and to limit the exposure of the 

FETs and reference electrodes to high concentrations of sulfide, measurement responses 

were generally taken as the potential of VGS at 120 s. The reproducibility of three calibration 

experiments is shown for a single sensor by measuring varying [HS−] in pH 8 PIPES buffer 

(Fig. 5). The first and last experiments were performed in order of descending hydrosulfide 

concentration whereas the second experiment was run in the reverse direction, showing that 

the single sensor maintains repeatable HS− response characteristics.

4.5. Selectivity studies

The practicality of chemical sensors depends largely on their selectivity for their target over 

other chemical species. The Fixed Interference method was used to determine selectivity 
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coefficients for hydrosulfide (KSH, X) over thiol-containing small molecules such as 

glutathione (GSH) and cysteine as well as chloride [33]. As expected, when significant 

interference is observed, there is a corresponding increase in the effective detection limit 

(EDL). In Table 1, EDL represents an effective detection limit of these devices for HS− in 

the presence of 200 mM of each interferent.

These sensors show a favorable selectivity coefficient of 0.12 for hydrosulfide over chloride. 

Interestingly, the few supramolecular hosts that are able to bind HS− often show similar 

binding constants for HS− and Cl−, presumably because both ions are of similar size, 

whereas our sensors show almost an order of magnitude preference for HS− over Cl− 

[34,35]. The higher selectivity for HS− over Cl− may be due, in part, to the weak CH⋅⋅⋅S 

hydrogen bonding interactions observed in quaternary ammonium salts with S atoms [31]. 

The interfering ability of cysteine is similar that of Cl−.

5. Conclusions

We report a new FET-based sensing platform effective in measuring hydrosulfide in the 

presence of other sulfur-containing species. To our knowledge, this is the first reported 

potentiometric method for direct hydrosulfide detection in water. The sensor is comprised of 

a commercially available pH-sensitive ISFET, which was coated with a polymer membrane 

containing tetraoctylammonium nitrate. In optimized conditions, sensitivity and detection 

limit were found to be 53 mV per decade and 8 mM, respectively. The sensor shows a 

reversible response, and devices retain useful sensitivity for at least 46 operational hours. We 

acknowledge that this detection limit of these proof-of-concept devices is not yet sufficient 

for application in many applications, such as biomedical applications, but view this approach 

a modifiable platform for future refinement. These first-generation ChemFET devices 

provide a promising lead in this direction with their strong HS− selectivity, reversible and 

repeatable sensing, fast response times, and selectivity over common thiol-containing 

interferents.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. 
Schematic illustration of a ChemFET featuring the polymer membrane at the interface 

between the sample solution and the gate oxide. The operational mode of the ChemFET is 

such that V tℎ
CFET = V GS, which is taken as the measurement signal.
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Fig. 2. 
a) SEM-EDS images of Ag wire samples 1–4. 1) Control. Ag/AgCl. 2) ammonium sulfide. 

3) Ag/AgCl and then NaSH. 4) Ammonium sulfide and then NaSH. b) XPS spectra of 

elements of interest (Cl, S, Ag) in samples 1 (blue), 2 (aqua), 3 (green) and 4 (yellow).
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Fig. 3. 
(top) Calibration runs of four identical sensors functionalized with TOA/NBR membrane 

showing a linear response to hydrosulfide activity (aHS−) in 50 mM PIPES buffer from 

approximately 10 to 450 mM HS−. (bottom) The responses of four identical are shown.
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Fig. 4. 
(top) Signal drift calculated for four different HS− concentrations from 60 to 120 s (Minute 

2), 180–240 s (Minute 4) and 240–300 s (Minute 5). (bottom) Measurement signals recorded 

from the time the sensor was powered on.
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Fig. 5. 
Reproducibility of three consecutive calibration experiments for hydrosulfide at pH 8 in the 

50 mM PIPES buffer.
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Table 1

Summary of selectivity studies performed with TOA/NBR ChemFETs showing selectivity coefficients, 

effective detection limits (EDL), and corresponding standard error (SEM). All interferents were present at a 

background level of 200 mM.

Interferent (X) Selectivity Coefficient (KSH, X) EDL (mM)

Chloride 0.12 ± 0.02 22 ± 2

L-Cysteine 0.13 ± 0.04 20 ± 8

GSH 0.070 ± 0.01 11 ± 2
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