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Abstract: This work describes the use of a paper substrate for electro-optical detection of toxic
hydrogen sulfide (H,S) gas. For electrical detection, a chemiresistive type of gas sensor was
developed. Ultrathin gold film electrodes (UTGFE) were produced by physical vapor deposition
of gold on nanostructured latex-coated paper substrate. The gas-sensing film was deposited on the
electrodes by inkjet printing. The sensing films were characterized by atomic force microscopy, X-ray
photoelectron spectroscopy and conductometry. The sensing films showed more than seven orders of
magnitude change in resistance when exposed to as low as 1 part per million (ppm) H,S gas at room
temperature. Besides resistive response, the change in color of the sensing films was studied on a
paper substrate, both as a function of print density of the sensing material and H,S concentration.
For quantification of the analyte the red, green and blue color deconvolution was performed on the
pictures of the paper strip indicator using an open source software. A clear response was obtained
from the blue channel. The inexpensive disposable color strips produced on the paper substrate can
be used for qualitative and quantitative detection (as low as 1.5 ppm) of H,S gas.
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1. Introduction

In recent years, the interest in paper electronics has significantly increased. Paper is a low
cost, flexible and environment-friendly material. Furthermore, the physico-chemical properties
of paper substrate can be easily tuned. Mass-produced paper electronics can extend the use of
flexible electronic applications in everyday life [1]. Several paper-based devices and electro-chemical
platforms have been reported in the literature [2,3]. Ultrathin films are introduced for different
applications including electronic, magnetic and electro-optical devices [4]. Ultrathin gold films are
typically employed in microfabricated devices. These gold films display high electrical conductivity
and optical reflectivity; moreover, they are chemically inert. The weak adhesion of ultrathin gold
films to commonly used substrate materials, for instance glass and silica, is a challenge. We have
earlier demonstrated mechanically stable ultrathin gold films fabricated on a paper substrate [5].
A nanostructured latex-coated paper was used as a substrate for the vacuum deposited ultrathin
gold films with varying thickness. Detailed topographical, chemical, electrical and electro-chemical
characterization of gold films has been reported earlier [5].

Hydrogen sulfide (H,S) is a highly flammable toxic gas and falls under the category of chemical
asphyxiant, along with carbon monoxide and cyanide gases [6]. H)S has a distinctive smell like
rotten eggs; however, due to the saturation of olfactory nerves, odor is not a reliable indicator of the
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presence of H,S. HyS above concentrations of 100 ppm poses serious health risks, including shock,
irritation of the eyes and skin, as well as respiratory paralysis. Concentrations above 500 ppm are
immediately fatal, as it affects the uptake of oxygen in the blood [7]. According to the National Institute
of Occupational Safety and Health, the H,S concentration immediately dangerous to life is 100 ppm
and the recommended exposure limit is 10 ppm for a maximum duration of 10 min [8]. An inexpensive,
highly sensitive H,S sensor which can operate with low power consumption and under demanding
conditions including high humidity and room/refrigeration temperatures can be employed for various
applications (e.g., monitoring food spoilage, monitoring air quality in mines, as a diagnostic tool for
biomedical applications, anti-terrorism and environmental control).

Commercial lead acetate-based paper strips are used for the colorimetric detection of H,S, the
paper strip changing its color from white to black when exposed to as low as 5 ppm of H,S. Although
the lead acetate-based paper strip is inexpensive, its use is limited by the low sensitivity and the
toxicity of metallic lead. More recently, bismuth- and copper-based optical indicators were developed
to detect very low concentrations of H,S in small sample volumes. These indicators are mainly used
for qualitative detection of H;,S in water, air or breath. Even though these indicators have good
sensitivity, their shelf life is limited and must be used shortly after prepared [6,9]. Copper acetate
films have been reported to react directly with as low as 1-10 ppm H,S to form copper sulfide [10].
The electrical response of drop-cast and inkjet-printed copper acetate films toward H,S has been
reported by Virji et al. and Sarfraz et al. [7,11].

Inkjet printing is frequently employed nowadays to produce thin film structures and devices.
Low material consumption and ease of changing and modifying the digital print patterns are the main
features which makes this technique very attractive for the processing of functional materials [12].
Inkjet printing offers superior control of film thickness in the nano and micron scale and can feasibly
produce high quality patterns on both hard and flexible substrates [13]. Furthermore, inkjet printing is
a roll-to-roll compatible printing technique [14,15].

A schematic illustration of the developed sensing films is shown in Figure 1. In this study, an
inexpensive disposable chemiresistor type H,S sensor on paper substrate was developed by inkjet
printing copper acetate-based sensing films on ultra-thin gold film electrodes (UTGFE) with a thickness
of 20 nm and gold electrodes (GE) with a thickness of 40 nm. The effect of the print density of the
sensing material as well as surface plasma treatment on H,S sensitivity was studied. The change
in color of the sensing material upon reaction with H,S due to the formation of copper sulfide was
utilized to develop a simple color indicator. The change in color of the indicator when exposed to
H,S was visible to the naked eye. Furthermore, concentrations as low as 1 ppm of H,S were detected
with the developed chemiresistor in less than five minutes, and concentrations as low as 1.5 ppm of
H,S were detected with the developed color indicator within 30 min of exposure. The response of the
sensing films is based on the formation of a chemically stable copper sulfide and is irreversible.
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Figure 1. Schematic illustration of the development of gas sensing film on nano-structured paper
substrate for electrical detection (a) and on specialty-paper substrate for colorimetric detection (b).
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2. Materials and Methods

2.1. Paper Substrate

A barrier paper with a multi-layer structure was used to develop color strips for the detection
of hydrogen sulfide. The fabrication process of the specialty paper has been explained earlier [16].
Briefly, a wood free pre-coated base paper was multilayer curtain coated. The multilayer coating was
constructed to improve the barrier properties. Barrier layers mainly consisted of latex and hyper-platy
barrier kaolin. The top coating consisted of binder latex and two types of kaolin pigment. The surface
tension and viscosity of the coating colors was optimized using surfactants and thickeners to obtain a
stable curtain. The paper substrate was calendared three times (70 bar, 70 °C) to achieve a smooth
top-coating surface.

2.2. Latex-Coated Paper Substrate

Details on the fabrication and application of nanostructured latex-coated papers have been given
elsewhere [17,18]. In brief, two latex components with different glass transition temperatures (Tg) were
used. The low-Tg (soft) component was an emulsion polymerized carboxylated styrene butadiene
acrylonitrile copolymer with Tg = 8-10 °C. The high-Tg (hard) component was modified polystyrene
with Tg > 90 °C and an average particle size of 140 nm. Low-Tg and high-Tg latex components were
mixed together in the weight ratio 1:1. The latex blend was applied on a pre-coated base paper by
rod-coating. The nanostructured surface texture was created by irradiating the latex-coated paper
with a short-wavelength infrared (IR) heater for 60 s (IRT systems, Hedson Technologies AB, Arlov,
Sweden).

2.3. Preparation of UTGF Electrodes

The physical vapor deposition method was used to fabricate gold films. A shadow mask was
used for electrode patterning. The evaporation was done under high vacuum (10~¢ mbar) during two
separate runs, with the evaporation rate set to 12 nm/min. A deposition monitor (XTM/2, Inficon, Bad
Ragaz, Switzerland) was used for gravimetric determination of the amount of evaporated gold on the
latex surface. Gold films with nominal thickness of 20 nm (UTGF) and 40 nm GE were fabricated.

2.4. Inkjet Printing

The inkjet printable copper acetate-based ink was prepared by dissolving the copper acetate
salt in a mixture of water, ethylene glycol (EG) and iso-propanol (IPA) with volume ratios 6.5:1.5:2.
EG and IPA were used to improve the printability of the ink. Copper acetate, EG and IPA were
purchased from Sigma Aldrich (Espoo, Finland). All chemicals were used as received. Inkjet printing
was performed using a Dimatix Materials Printer (DMP-2831, Riihimaki, Finland). The printing was
done in ambient conditions using a single nozzle with drop volume 10 pL, firing voltage 27 + 3 V and
a custom waveform to ensure optimal droplet formation. After printing, the films were left to dry at
room temperature for 12 h. The films were further dried in oven at 60 °C for 1 h.

2.5. H)S Sensing Experiments

A picture of the experimental setup is shown in Figure S1 (Supplementary Materials). A gas
cylinder with 200 ppm H,S gas mixture in nitrogen was used as the H,S source. An aluminum box
with the dimensions 20 x 20 x 12 cm was attached to the gas cylinder. The box was equipped with four
wolfram probes, an electrochemical H,S sensor (AlphaSense, with operation range of 0-200 ppm and
response time <35 s), a humidity and a temperature sensor (Sensirion SHT75, with a response time of
8 s). This closed chamber was used to study the electrical and colorimetric response of the developed
sensing films towards hydrogen sulfide gas under a controlled environment. The resistance of the
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sensing films was followed by a two-point method by connecting the probes to a digital multimeter
(Keithley 2100, Koln, Germany). For plasma treatment, a Harrick plasma cleaner PDC-326 was used.

2.6. X-ray Photoelectron Spectroscopy (XPS)

XPS spectra were obtained with a PHI Quantum 2000 scanning spectrometer using a
monochromatic Al Ka X-ray source (1486.6 eV), and excitation and charge neutralization by using
electron filament and an electron gun. The photoelectrons were collected at 45° in relation to the
sample surface with a hemispherical analyzer from approximately 5-10 nm depth into the sample.
The used pass energy was 187.85 eV for survey spectra. The atomic concentration (at%) of the different
elements was derived by calculating the area of the peaks and correcting for the sensitivity factors
(using the software MultiPak v6.1A from Physical Electronics, Minnesota, USA).

2.7. Atomic Force Microscopy

An NTEGRA PRIMA (NT-MDT, Moscow, Russia) atomic force microscope (AFM) was used for
topographical analysis. The images (1024 x 1024 pixels) were captured in intermittent-contact mode
in ambient conditions (T = 26 + 2 °C, RH% = 36 + 4) using gold coated silicon cantilevers with a
nominal tip radius of 10 nm (Model: NSG 10, NT-MDT). The scanning rate and damping ratio were
0.2-0.30 Hz and 0.6-0.7, respectively. Image analysis was done using SPIP™ image analysis software
(Image Metrology, Lyngby, Denmark). Z-values shown in the AFM images give the span of heights of
the flattened images, that is, the difference between the highest and lowest point of the image.

3. Results and Discussion

3.1. Chemiresistor Type H»S Sensor

Figure 2a,b shows AFM images of the latex-coated paper substrate before and after the IR treatment.
Uniformly distributed spherical polystyrene particles can be seen in the AFM image of the paper
substrate Figure 2a. Upon IR treatment of the paper substrate, a nanostructured surface was produced
due to the annealing and flattening of the polystyrene particles Figure 2b. The AFM images of the
UTGEFE and GE deposited on the nanostructured latex-coated paper substrate are shown in Figure 2¢,d,
respectively. In the 1 X 1 um AFM images, morphological differences between Figure 2¢,d can be
observed. In the case of UTGFE, the deposited gold film was obviously thin enough to adapt to the
underlying latex nanostructure. In the case of GE, the larger amount of the deposited gold resulted
in partial filling of the voids, hence somewhat fading out the latex nanostructure. Also, the grainy
fine-structure of the UTGFE and GE was slightly different and apparently thickness-dependent [5].

Figure 2. Atomic force microscope (AFM) images of the latex-coated paper substrate (a); IR-treated
latex-coated paper substrate (b); ultrathin gold film electrodes (UTGFE) with 20 nm nominal evaporated
gold thickness (c), and gold electrode (GE) with 40 nm evaporated gold thickness (d).

Figure 3 shows the XPS survey spectra of the UTGFE (20 nm) and GE (40 nm). Clear peaks of Au,
C and O can be seen in the spectra. Furthermore, small amounts of Na and I was also detected most
likely originating from the paper substrate and the latex coating. Additionally, it can be confirmed
from Table 1 that the atomic concentration of Au in the GE surface was around 55% higher compared to
the UTGFE surface. Furthermore, the standard deviation (stdev) of detected Au in the case of UTGFE
was higher compared to the GE (Table 1). This variation in the concentration of detected Au in the
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UTGEE can be explained by the fact that the deposited gold formed a very thin layer and followed the
nanostructured surface of the underlaying substrate Figure 2c. In comparison, the GE film partly filled
the valleys of the latex film and resulted in a smoother film with locally higher gold content Figure 2d.
The relatively small standard deviation in the case of GE confirmed the formation of a more uniform
film. The AFM and XPS results indicate that, in the case of the UTGFE, the grains form a continuous,
interconnected island network on the surface; however, in GE, a more uniform and relatively thicker
film is produced.

XPS analysis
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Figure 3. XPS survey spectra of the UTGFE (20 nm) and GE (40 nm).

Table 1. The atomic concentrations (at%) of detected elements are given in the table.

Sample 1 Sample 2 Sample 3 Average

40 nm at% at% at% at% Stdev
Audf 41 40.6 443 41.9 2.0
Cls 40.2 45 35.6 40.2 4.7
Ols 14.9 8.8 16.3 13.3 3.9
13d5 0.4 1 0.1 0.5 0.45
Nals 3.5 4.6 3.9 4 0.5
20 nm
Audf 22.6 34.6 24.6 27.2 6.4
Cls 43.8 55.9 60.4 53.3 8.5
Ols 27.3 9 13.1 16.4 9.6
13d5 14 0.6 1.1 1.0 0.4
Nals 4.8 0.1 0.9 1.9 2.5

Figure 4a shows the electrical response of the inkjet-printed sensing films on UTGFE towards
10 ppm HyS at RH 40% =+ 5 as a function of print density. Sensing films with print densities of 2601, 1156
and 900 drops/mm? were printed. The initial resistance of the insulating copper acetate sensing films
was more than 1 GQ). After exposure to H,S, the resistance of the sensing film decreased due to the
formation of semiconducting copper sulfide which is a stable compound at room temperature [7]. Clear
differences among different sensing films can be seen in Figure 4a in terms of onset time of detection
(ton, the time that it takes for the sensor to respond to the presence of the analyte), initial sensing
kinetics (measured as AR/At) and saturation resistance (Rsat). Figure 4a shows that to, decreased from
18 to 11 min when the print density increased from 900 to 2601 drops/mm?. Similarly, improvements
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in the Ryt from 2324 () to 390 Q) and initial sensing kinetics from 21.56 x 100 ()/min to 103 x 100 ()/min
were observed when the print density was increased from 900 to 2601 drops/mm? Figure 4a.
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Figure 4. (a) The change in resistance of UTGFE comprising of copper acetate-based sensing films
with different print densities towards 10 ppm H,S as a function of time at room temperature; (b)
A comparison of the electrical response of UTGFE sensor with GE sensor along with the humidity
background of the UTGEFE sensor.

These improvements in ton, Rsat and initial sensing kinetics with increasing print density of the
sensing film can be explained in terms of improved quality of the printed film (better coverage of
the electrodes). The stability of the sensing films against humidity was also tested. The UTGFE
sensor exhibited no electrical response when exposed up to RH of 80% for a period of 2 h. However,
when exposed to RH of 95%, the resistance of the UTGFE sensing film decreased almost one order of
magnitude over the course of 2 h, as shown in Figure 4b.

In Figure 4b, the response of the sensing film on UTGEFE is compared against GE towards 10 ppm
and 1 ppm H;S, respectively. There is a negligible difference between the two sensors in terms of initial
sensing kinetics (103 x 10® O)/min and 118 x 10° Q)/min) and R, (775 Q and 780 Q)); however, the
sensing film on the GE displayed relatively faster t,, of 2 min when exposed to 10 ppm H;S. Both
sensing films on UTGFE and GE did not show any electrical response when exposed to 1 ppm HjS for
a period of one hour. These sensing films were then subjected to surface plasma treatment for two
minutes before exposure to H,S. As shown in Figure 5, the surface plasma treatment had a substantial
effect on UTGFE sensor performance compared to the GE sensor. The UTGFE sensor showed more than
seven orders of magnitude change in resistance upon exposure to 1 ppm H;S with much improved
sensing performance parameters. On the other hand, after the plasma treatment the GE sensor also
showed a response towards 1 ppm H;S. However, the sensor response was very slow compared to
UTGEE sensor in terms of ton (14 min compared to 2 min) and initial sensing kinetics (37 X 10° Q)/min
compared to 399 x 10° O/min). Furthermore, only three orders of magnitude change in resistance was
obtained from the GE sensor Figure 5.

It has been reported in the literature that the surface plasma treatment of copper acetate films
can improve the sensing properties due to the formation of the oxidative products Cu,O and CuzO,,
which are suggested to explain the improved response from the GE sensor upon plasma treatment [19].
Furthermore, gold nanoparticles have been reported to have size-dependent catalytic activity. Catalytic
gold nanoparticles can facilitate adsorption and dissociation of gas molecules along with enabling
oxidation of gas molecules through reactive oxygen species [19]. The gold nanoparticles compared to
their bulk counter parts have superior catalytic properties due to their high surface to volume ratio
and chemical potential [20]. The significant improvement in the response of the UTGFE sensor upon
plasma treatment is explained in terms of the catalytic properties of the UTGFEs.
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Figure 5. The effect of plasma treatment on the sensing performance of UTGFE and GE sensors at
1 ppm HjS.
3.2. Paper Strip Indicator for HyS

Copper acetate-based ink was used to develop an inexpensive and robust color indicator on paper
substrate capable of both qualitative and quantitative detection of H;,S. Figure 6a shows AFM images
of the kaolin-coated paper substrate. The kaolin pigment particles are clearly resolved in the image.
An Sq roughness of 47 nm was calculated for this substrate.

Figure 6. AFM images of (a) the paper substrate, and an inkjet-printed copper acetate film on this
substrate with a print density of (b) 2028 drops/mm2 ; (¢) 4056 drops/mm?2; and (d) 6084 drops/mmz.

Figure 6b—d show the AFM images of the printed copper acetate films on the paper substrate
with a print density of 2028, 4056 and 6084 drops/mm?. The Sq values decreased from 47 nm (paper
substrate) to 18.5 nm (film with print density of 6084 drops/mm?) as the ink filled the valleys between
the kaolin particles. Furthermore, it can be seen from Figure 6d that a print density of 6084 drops/mm?
of copper acetate was enough to fill in the space between the kaolin pigment particles, though it did
not make the surface fully smooth.

Different copper compounds have different characteristic colors. The change in color of copper
acetate from bluish green to greyish brown copper sulfide upon reacting with H,S was utilized for
the colorimetric detection of HyS. The optical response of the sensing film was studied on a paper
substrate, both as a function of print density of the sensing material and H,S concentration. A set of
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eight films with varied print densities were produced. The print density of the copper acetate precursor
for each film is listed in Table 2. Copper acetate films were exposed to different concentrations of H,S
at RH 40% =+ 5 for 30 min. Figure 7a shows a picture of the sensing films taken with a smartphone
before and after exposure to H;,S. To reduce the image analysis errors, all the exposed films and the
reference copper acetate film were photographed at the same time under the same light conditions with
a white background using a smartphone camera (Samsung Galaxy S6, Samsung Electronics, Suwon,
South Korea). Clear changes in the color were visible after H,S exposure, even to the naked eye. For
further image analysis, the picture was processed with an open source software. Figure 7b—d show
the RGB color deconvolution of the original picture. Among the red, green and blue channels, the
clearest response was obtained from the blue channel. It can be seen from Figure 7d that after the H,S
exposure of the color strip to 1.5 ppm for 30 min, only the bottom three squares with print densities
2028, 4056 and 6084 drops/mm? appeared white, while at 5 and 10 ppm all the squares appeared white.
The color response of the paper strip can be further improved by optimizing the print density of the
active material as well as the exposure time. However, here we have shown a proof of concept that a
simple copper acetate-based paper strip can be utilized for quantitative detection of H,S. Furthermore,
average RGB values of the sensing films (sample 1, 4 and 8) for different concentrations of H,S are
given in Table S1.
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Figure 7. (a) A picture of the developed colorimetric paper strip for the detection of H,S before and

after exposure to different concentrations of H,S; The RGB color deconvolution of the picture using

open source image analysis software to (b) the red channel; (c) the green channel and (d) the blue
channel. For visualization contrast, saturated pixels are enhanced by 10%.
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Table 2. A colorimetric paper strip for H,S detection with different print densities in dops/mm? of
copper acetate films on a paper substrate.

Sample Name Print Density in Drops/mm?
1 2028

4056

6084

8112

10140

12168

14196

16224

OO G W

4. Conclusions

This study demonstrates that a low-cost disposable electrical gas-sensing platform on paper
substrate using combination of nanostructured paper coatings and ultrathin sensing element can be
utilized for the electrical detection of toxic gases. Inkjet-printed sensing films based on copper acetate
were developed. The electrical response of the sensing films against H,S in terms of onset time of
detection, initial sensing kinetics and saturation resistance, was studied at room temperature. Both the
electrical and colorimetric response of the sensing films towards H,S was studied in terms of variations
in print density of the sensing film and H,S concentration. It is concluded that the print density has a
significant effect on the performance of the sensing film. In addition, an ultra-sensitive gas sensor was
demonstrated by optimizing the print density of the sensing film and thickness of the electrode in
combination with surface plasma treatment. It is further concluded that a copper acetate-based sensing
film can be used for electrical detection of as low as 1.5 ppm HjS. The RGB analysis confirmed that
copper acetate-based sensing films can be potentially employed for colorimetric detection of H;S.

Supplementary Materials: The following are available online at http://www.mdpi.com/2227-9040/7/2/23/s1,
Figure S1. Pictures showing the experimental setup. Table S1. Average RGB values of the sensing films on paper

substrate towards different concentrations of H,S with print density of 2028 drops/mm?, 8112 drops/mm? and
16,224 drops/mmz.
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