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Abstract. In this paper, a series of biodegradable-electroactive polymers (BEP) and its composite with gold nanoparticles (BEP-
Au) were prepared and used in the detection of H,S gas. First, the starting materials which included the electroactive aniline
tetramer (ACAT) and biodegradable polylactic acid (PLA) were synthesized and characterized. The BEP was then prepared by
reacting tri-isocyanate (N-3300) with the synthesized ACAT and PLA at a specific feeding ratio. In this case, ACAT served as
a pendant group. The BEP-Au composite was subsequently prepared by immersing a specific amount of BEP in a certain con-
centration of HAuCly-3H,O solution for 6 h, followed by characterization. The gas sensing performances of as-prepared sensors
were tested. Results revealed that the BEP sensor has a good sensitivity of 0.0114 ppm™' towards increasing concentrations of
H,S gas (1-20 ppm), which was observed to have increased up to 0.907 ppm™! after the addition of gold nanoparticles, i.e.,
BEP-Au. Furthermore, the said sensors also showed rapid response and recovery rates, good repeatability, and high selectivity.
To fully evaluate the feasibility of BEP and BEP-Au for the detection of H,S gas, the adsorption was further investigated via
the ab initio density functional. theory (DFT). The DFT calculations complemented the experimental gas sensing results.
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1. Introduction alkaline environment [5]. For instance, Gautam et

Among the array of conducting polymers, polyani-
line (PANI) has received the most attention owing
to its unique properties resulting in numerous appli-
cations [1, 2]. For example, PANI has a reversible
redox activity with a relative electrode potential
greater than that of active metals, alloys, and chro-
mate couple, indicating that it can be applied as a
corrosion inhibitor [3] supercapacitor in batteries
and fuel cells [4]. Also, PANI has been investigated
for its potential gas sensor applications because it
can be easily doped/dedoped under an acidic or

*Corresponding author, e-mail: juiming@cycu.edu.tw
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al. [6] studied the effects of moisture in the environ-
ment and molecular weight of PANI on H,S sensing
characteristics. Reddy et al. [7] developed a porous
CaMnO; doped polyaniline nanocomposite thin
films by doping CaMnOs by weight percentage (5,
10, 15, 20, and 25%) in an aqueous solution of poly-
aniline using chemical polymerization technique.
The H,S gas was used to study the gas sensing be-
havior of investigated films. In 2021, Zuo et al. [§]
fabricated an amperometric H,S gas sensor using ul-
trathin Pt N'Ts.
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However, the main problem with PANI is its poor
solubility which limits its applications [9]. There-
fore, the synthesis and applications of aniline oligo-
mer-based polymers, such as polyimide, epoxy resin,
and polyurethane, have attracted intensive research
interest in the past decade [10]. Electroactive poly-
mers (EAPs) [11, 12] are derived from aniline oligo-
mers and utilized in various applications [13-20].
EAPs have also been used in sensing applications.
Tsai et al. [18] developed an aniline-pentamer/Au-
based electrochemical sensor for sensing ascorbic
acid. Similarly, Bibi et al. [19] devised electroactive
composites by using aniline-tetramer/nanoparticles
(Ag, Pt, and Au) for sensing uric acid. Zaho et al. [21]
constructed a floating-gate ion-sensitive field-effect
transistor by using an aniline-trimer for sensing am-
monia gas (70 ppm). Bibi et al. [10] formulated an
electroactive polyamic acid that contains an aniline
trimer in the main chain for sensing H,S gas. Over the
past two decades, interest in the application of bio-
degradable polymers in both academic and industrial
fields has intensified [22]. The use of biodegradable
polymers is being promoted to ensure sustainable de-
velopment because of environmental pollution and
waste management issues. Biodegradable polymers
may have positive environmental and economic ef-
fects as they reduce the need for synthetic polymers
at low costs [23]. Among biodegradable polymers,
aliphatic polyesters with a hydrolyzable backbone
are the most extensively studied class because of their
diversity and synthetic versatility [24]. Polylactide
(PLA), an aliphatic polyester, is regarded as the most
environmentally friendly polymeric substitute be-
cause of its biodegradability, biocompatibility, and
good thermomechanical properties. Initially, its ap-
plications were limited to biomedicine and packag-
ing, but now PLA is viewed as a valuable biosourced
polymer in electronics and automotive [25-31].

Marasso et al. [32] fabricated a 3D-printed smart cap
embedded with a resistive temperature sensor made
of'a conductive PLA filament. Luo et al. [33] devel-
oped a wireless radio frequency microelectromechan-
ical system (RF MEMS) pressure sensor, zinc/iron
bilayers were used as the sensor conductor material,
and known biodegradable polymers poly-L-lactide
and polycaprolactone were used as dielectric and
structural materials. Mallick et al. [34] constructed
a humidity sensor and assessed the capacitive and

resistive response of PLA/TiO, nanocomposite films
under relative humidity levels ranging from 20 to
90%. Katseli et al. [35] used a carbon-loaded PLA
conductive filament for electrochemical sensing of
caffeine, mercury, and glucose. Silva et al. [36] uti-
lized a 3D-printed reduced graphene oxide/polylac-
tic acid electrode for biosensing of serotonin and cat-
echol. In 2020, Zhang et al. [37] designed a biosensor
by utilizing PLA-OPPy-Au NPs-Nafion composite
for glucose detection. Sathies et al. [38] devised an
FDM-printed conductive PLA—carbon black sensor
for sensing volatile organic compounds (VOCs).
Kumar et al. [39] created a PLA/CNT-based transduc-
er for detecting VOCs and assessing air quality.
Thus, biodegradable—electroactive polymers (BEPs)
are of great interest for various applications, partic-
ularly in biomedicine [40—45]. BEPs are also used
in sensing applications. Gautam et al. [46] reported
a ternary green nanocomposite based on PANI/mul-
tiwalled carbon nanotube (MWCNT)/carboxymethyl
cellulose (CMC) for electrochemical sensing of ascor-
bic acid. Macagnano et al. [47] developed an environ-
mentally friendly conductive chemosensor on the
basis of the biodegradable—conductive polymer blend
of polyaniline/poly-3-hydroxybutirrate for measur-
ing gases and VOCs in moist environments.

In the present work, we developed for the first time
an environment-friendly conductive sensor for mon-
itoring H,S gas using composites of BEP and gold
nanoparticles (Au-NPs). The Au-NPs is an effective
means to improve the sensing performance of poly-
mer-based gas sensors via catalytic effect [48-50]. To
the best of our knowledge, BEP—Au composites have
never been tested in sensing applications thus far. BEP
was synthesized via copolymerization of biodegrad-
able PLA and amino-capped aniline-tetramer (ACAT)
as the electroactive part. BEP had the hydrolyzable
backbone of PLA, which bore ACAT as the pendant
group. The gas-sensing performance of the BEP—Au
sensors was measured at room temperature in 60%
relative humidity (RH). The performance of the BEP
and BEP—Au sensors in adsorbing H,S gas was eval-
uated via the ab initio density-functional theory
(DFT). The stable adsorption structure of the H,S
molecule on the BEP and BEP-Au sensors was
demonstrated. Adsorption energies and charge transfer
were calculated to evaluate the adsorption abilities of
the BEP and Au-doped BEP sensors to H,S gas.

1023



A. Bibi et al. — Express Polymer Letters Vol.16, No.10 (2022) 1022—1037

2. Experimental section

2.1. Chemicals and instrumentation

Hydrazine (N,H4) and N-phenyl-p-phenylenedi-
amine (Alfa Aesar, Shore road, Heysham, England),
ammonium persulfate (APS, 97.0%, J. T. Baker, Avan-
tor Performance Materials, LLC, Randor, Philadel-
phia), 1,4-butanediol (BDO), dicholoromethane
(DCM), tetrahydrofuran (THF) and 3,6-dimethyl-
1,4-dioxane-2,5-dione (NMP) (Macron Fine Chem-
icals, Avantor Performance Materials, LLC, Randor,
Philadelphia), tin (II) 2-ethylhexanoate (MP Bio-
medicals, Inc. ITIkirch, France), Desmodur®N3300A
(Covestro, Taoyuan, Taiwan), ethanol (C,HsOH,
ECHO Chemical Co., LTD, Toufen city, Miaoli, Tai-
wan), dimethylformamide (DMF, 99.8%, Honeywell
Riedel-de Haen, Seetze, Germany), ammonium hy-
droxide (NH4OH, 25%, Honeywell Fluka, Wunsro-
fer strasse 40, Seetze, Germany), HauCly-3H,0
(Thermo Fischer Scientific, 30 Bond street, Ward
Hill, USA) were all used as received without further
treatment. All the gases, including H,S (50 ppm +
N), SOz (50 ppm + N»), NH3 (50 ppm + N»), NO,
(50 ppm + N3), CO (50 ppm + N»), CO,, N», and air
(Chian Hong Gas Co., LTD)) used in this study were
used as received. In carrying out gas sensing studies,
indium-tin-oxide (ITO) inter-digitated electrode was
used to prepare the sensors (12 pairs of electrodes,
0.3 mm spacing, and /xw of 2020 mm).

Proton nuclear magnetic resonance ('H-NMR) spec-
tra were performed on a Bruker 300 spectrometer
(USA). Fourier-transform infrared spectroscopy
(FTIR) spectra were recorded at a resolution of
4.0 cm™ using an FTIR spectrometer (JASCO,
FT/IR-4200, Japan). Mass spectra were measured on
a Bruker Daltonics IT mass spectrometer model Es-
quire 2000 (Leipzig, Germany) equipped with an Ag-
ilent ESI source (model G1607-6001). Degradability
test was performed in DENG YNG water bath G-10
(Dogger, Taipei, Taiwan). Weight-average and num-
ber-average molecular weights of EBPU were tested
on a Waters GPC-150CV (Waters International Cor-
poration Taipei, Taiwan) equipped with a differential
refractometer detector and a Styragel HT column
using NMP as eluent and monodisperse polystyrene
as calibration standards. UV-visible absorption spec-
troscopy was carried out using a JASCO V-750
(Sunway Scientific corporation, Japan). Cyclic
voltammetry (CV) was conducted on an AutoLab
PGSTAT 204 (Q Metrohm Autolab, KM Utrecht,
The Netherlands) electrochemical workstation. The

morphology and nature of the composite was con-
firmed by using scanning electron microscopy
(SEM, JEOL JSM-7600F, Japan) and X-ray powder
diffraction XRD (Bruker, D8 advance, Panalytical,
X’Pert Pro).

2.2. Synthesis of amino-capped
aniline-tetramer (ACAT)

ACAT was synthesized as follows. First, 3.68 g
(20 mmol) of N-phenyl-p-phenylenediamine was
dissolved in 400 ml of nitric acid aqueous solution
(352 ml H,0, 48 ml HNO3, 600 ml DMF) under stir-
ring at 0°C (labeled as beaker A). Subsequently,
2.50 g (10 mmol) of ammonium persulfate was dis-
solved in a 20 ml nitric acid aqueous solution main-
tained at 0°C (labeled as beaker B). Afterward, the
solution of beaker B was introduced dropwise into
beaker A and then reacted for 3 h. The as-obtained
acid-doped precipitation was collected by suction.
Finally, the acid-doped precipitation was dispersed
into 400 ml of 1.0 N NH4OH aqueous solution under
stirring for 24 h, followed by suction and dynamic
drying at 40 °C for 24 h to obtain a fine blue powder
with a yield of ~35 wt% [51].

2.3. Synthesis of poly(lactic acid) (PLA)

The lactide or 3,6-dimethyl-1,4-dioxane-2,5-dione
was freeze-dried for 24 h prior to use. The dried lac-
tide (7.2 g 0.05 moles) was poured into a three-necked
bottle and subjected to reflux at 140 °C under nitro-
gen gas. Two drops of Sn(oct), were then added to
the flask after complete melting, and the reaction
was run for 6.5 h. Afterward, 0.343 g (3.8 mmol) of
BDO was added, and the chemical reaction was run
for another 1.5 h. Subsequently, the reaction mixture
was allowed to cool down to room temperature.
DCM (20 ml) was added, and then ethanol (400 ml)
was added dropwise to precipitate PLA. The PLA pre-
cipitates were filtered and washed with DCM
(10 ml) and ethanol (200 ml). At the final step, PLA
was dried in a vacuum oven at 55 °C for 2 h.

2.4. Preparation of the
biodegradable-electroactive polymer (BEP)
BEP was prepared following Figure 1. First, 0.948 g
(1.88 mmol) of Desmodur® N3300A was introduced
into a three-necked round-bottom flask containing
6 ml of THF/DMF co-solvent (v/v = 1:1) and stirred
for 30 min. Nitrogen gas was bubbled into the flask
throughout the reaction. Afterward, 0.348 g of ACAT
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(0.466 mole) dissolved in 6 ml of THF/DMF (v/v =
1:1) was added dropwise to the previous flask and
stirred further for 3 h. Subsequently, 3 g (0.466 mmol)
of the as-prepared PLA and 0.042 g (0.466 mmol) of
1,4-butanediol dissolved in 8 ml of THF/DMF co-
solvent (v/v = 1:1) was added and stirred for another
3 h. Finally, the blue BEP solid was obtained upon
drying under a dynamic vacuum at 55 °C for 2 h with
a good yield of ~50 wt%.

2.5. Preparation of BEP-Au composite
materials

BEP—Au composites were also prepared via Figure 1.

First, 0.1 g of BEP was dispersed into 10 ml of 1.0 N

NH4OH aqueous solution containing 1 ml of NoHy

and then stirred for 24 h. Afterward, the BEP sus-

\>_N A~ NCO

pension was filtered and then washed with an excess
amount of distilled water until the pH value of the
resultant washing water reached 7. The as-obtained
reduced BEP was then freeze-dried for 24 h. Subse-
quently, 0.1 g of the reduced form of BEP fine pow-
der was introduced into 19 ml of HAuCls 3H,O
aqueous solution (10 mmol) [52] for 6 h. Finally, the
solution was centrifuged and filtered to collect the
BEP-Au composite material. (The real weight ratio
between BEP and Au determined via TGA was
96.5% and 3.5%, respectively).

2.6. Conductivity

The electrical conductivity (o, [S/cm]) of BEP and
BEP-Au was measured using a four-point probe. The
thin films were produced on an ITO by drop-coating
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Figure 1. Flowchart for the preparation of BEP-Au composite material.
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and then dried in a vacuum for 2 h. After that, as pre-
pared films were doped by using H,S gas (20 ppm)
for about 10 min. These ITO were then placed on the
four-probe apparatus, and the corresponding electrical
current was obtained after providing voltage. Three
measurements were taken for each sample [53].

2.7. Cyclic voltammetry (CV)

The redox behavior of EBP and the composites were
examined via electrochemical cyclic voltammetry
(CV)in 1 M H,SO,4 with a scan rate and a scan range
of 100 mV/s and 0.0-1.0 V, respectively, on the Auto-
Lab PGSTAT 204 electrochemical workstation. The
working electrode was prepared by spin-coating the
EBP and BEP—Au solutions in THF:DMF (1:1) sol-
vent on an ITO and then dried in a vacuum oven for
1 h. A platinum wire and a saturated calomel electrode
were used as a counter and a reference electrode, re-
spectively. All CV measurements were repeated thrice.

2.8. Biodegradability of BEP and BEP-Au
composite

The hydrolytic degradation of the synthesized films
was monitored by placing dried films in a tube filled
with PBS (pH 7.4). The tube was then placed in a
water bath (DENG YNG G-10) at 37°C. The sam-
ples were removed at different intervals, washed
with deionized water, completely dried in a vacuum,
and weighed to determine any reduction. Weight loss
percentage was calculated as Equation (1):

W, — W
Weight loss [%] = 1W1 :

-100 (1)

where W and W, represent the weights of the films
before and after degradation, respectively. An average
value of three different samples was recorded [54].

2.9. Fabrication of ITO inter-digitated
electrode (IDE) coated with BEP and
BEP-Au composites

The ITO coated with the as-prepared samples was

constructed via the spin-coating technique. The

EBP and EBP—Au solutions (1 wt%) were prepared

by dissolving 0.1 g of the respective sample in 10 g

of THF/DMF (1:1) while stirring at room tempera-

ture. Afterward, thin films were prepared by spin-
coating a 500 pl solution on an ITO at 2000 rpm.

The BEP- and BPE-Au-coated ITO sensors were

then dried in a vacuum oven for 2 h prior to use in

gas sensing.

2.10 H;,S sensing studies of ITO coated with
BEP and BEP-Au composites

The gas-sensing performance of the sensors was
assessed using air as carrier gas (1000 sccm) at
25+0.5 °C and relative humidity (RH) of 60%. Stable
current values (/1) in the air were obtained before
the target gas was introduced. A certain amount of
H;,S gas was introduced into the gas chamber for an
interval of 120 s, and the response was recorded in
terms of a normalized current on a Keithlink probing
and measurement system (Keithlink Technology Co.
Ltd). A fixed voltage of 1 V was applied, and the re-
sulting change in the electrical conductivity of the
BEP and composites was reported as the correspon-
ding gas response [47, 55-59] (Equation (2)):

Response = IL() 2)

where /j and / represent the conductance of the ma-
terial in air and upon exposure to H,S gas, respec-
tively.

2.11. Computational method

All calculations were performed using the Gauss-
1an09 suite programs. Geometry optimizations were
calculated in the gas phase via ab initio DFT calcu-
lations with a B3LYP hybrid functional [60]. In all
calculations, the LANL2DZ basis set [61] was cho-
sen for the Au atom and the 6 — 31 + g (d, p) basis
set for C, H, N, O, and S atom-containing molecules.
Mulliken charge analysis was performed to deter-
mine the charge distribution of the systems. Adsorp-
tion energies (£,4s) were calculated using the follow-
ing equation to evaluate the interaction of H,S
molecules with the adsorbents (Equation (3)):

Eads = Esur/HZS - (EHZS + ESM) (3)

where Egu, En,s and Egum,s are the total energy of
the surface, adsorbate (H,S), and adsorbate on the
surface, respectively. A more negative value denotes
a stronger interaction between the adsorbate and the
surface. The recovery time of H,S was predicted
from Equation (4) [62]:

T =0, — exp(—EykT) (4)
where k is the Boltzmann’s constant (8.62-10 eV/K),

T is the temperature (298 K), and 9 refers to the at-
tempt frequency (3o = 102 s71).
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3. Results and discussion

3.1. Characterisation

FTIR analysis demonstrated that the BEP and BEP—
Au sensors were successfully synthesized. The FTIR
spectra of ACAT, N-3300, PLA, BEP, and BEP-Au
composites are shown in Figure 2. In the curves of
BEP, an absorption peak was observed at 1660 cm™,
which can be ascribed to the successful formation of
the amide group between the hydroxyl groups of
PLA and the isocyanate group of N-3300. The ab-
sence of the characteristic absorption at 2276 cm™
indicated that the -NCO group was completely con-
sumed. The absorption peak at 3387 cm™! suggested
the formation of a urea group. On the other hand, the
absorption of benzenoid and quinoid rings stretching
at 1503 and 1459 cm™! appeared in the BEP curve,
proving the existence of the ACAT segment as the
pendant group [63]. The molecular weight of the as-
prepared BEP was determined via GPC analysis
(My, = 4652 g/mol, M, = 3086 g/mol, and PDI =
1.5). The curves of the BEP and BEP—Au compos-
ites contained the characteristic peaks of all seg-
ments, indicating that they were successfully pre-
pared.

For the BEP—Au films, the absorbance of almost all
bands slightly decreased, and its broadness increased
relative to BEP. The BEP—Au composites showed al-
most the same absorption peaks as BEP, indicating
that no new bond was formed or no strong chemical
interaction occurred within the composites [64, 65].
Energy-dispersive X-ray spectroscopy (EDX) analy-
sis of the BEP—Au composites revealed the presence
of Au-NPs. A representative scanning electron mi-
croscope image of BEP-Au composite is shown in

BEP-Au

BEP
2 W\
[y e L
= ['N-3300 Sy O e
o
=
S
£
(72}
=
[
'—

ACAT

T T T T T T

4000 3500 3000 2500 2000 1500 1000 500

Wavenumber [cm~]

Figure 2. FTIR spectra of ACAT, N-3300, PLA, BEP, and
BEP-Au composite.

Figure 3a. The EDX spectra of the BEP—Au com-
posites are given in Figure 3b. An optical absorp-
tion band peak appeared at approximately 2.2 keV,
which is the typical absorption of metallic gold
nanoparticles. Elemental mapping analysis of Au-
NPs showed an extreme distribution of metallic gold
in the scanned electron micrograph image of the Au-
NP pellet solution (Figure 3c¢).

The XRD patterns of the BEP and BEP—Au compos-
ites are provided in Figure 3d. The XRD pattern of
BEP showed a broad peak, which is a characteristic
diffraction behavior of an amorphous polymer. The
XRD patterns of the BEP—Au composites unveiled
four diffraction peaks at 20 of 38.62, 44.72, 65.02, and
77.84°, which could be attributed to the (111), (200),
(220), and (311) planes, respectively, of face-centered
cubic-shaped crystalline Au-NPs [66]. Furthermore,
the TEM morphological characteristics of the Au-NPs
showed that the NPs obtained had a clear morphology
(Figure 3e). The Au-NPs synthesized herein were
spherical, with sizes ranging from 24-30 nm.

The electrical conductivity values of BEP and the
BEP—Au composites, as determined using a four-
point probe at ambient R7, were found to be equal to
6.211 and 9.319-1077 S/cm, respectively, (Table 1).
After doping the samples with H,S gas (20 ppm), the
conductivity of BEP increased up to 1.530-107% S/cm,
which was 2.46-fold higher than that of the undoped
sample. Similarly, the conductivity of the doped
BEP—Au sensor substantially increased by 21.6-fold
t0 2.02-107 S/cm. Thus, the conductivity of the doped
BEP-Au sensor was 13.2-fold higher than that of the
BEP sensor in the doped state.

The cyclic voltammograms of the blank ITO and the
ITO coated with BEP and BEP—Au thin films are de-
picted in Figure 4a. The CV of BEP and the BEP-Au
thin films showed a pair of redox peaks at 505 and
559 mV, respectively, which could be attributed to the
transition from the emeraldine oxidation state to the
pernigraniline oxidation state. Moreover, the current
density of the BEP—Au thin films (9.48 pA/cm?) was
fourfold higher than that of BEP (2.34 uA/cm?). Data
on the weight loss of BEP and the BEP—Au thin films
in PBS are shown in Figure 4b. The degradation

Table 1. Conductivity data of BEP and BEP-Au samples de-
termined via the four-point probe.

Un-doped Doped

Sample [S/em] [S/em]
BEP 6.211-1077 1.530-10°°
BEP-Au 9.319-1077 2.027-107
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Figure 3. (a) SEM electron image of BEP-Au composite (b) EDX spectrum of BEP-Au composite (c¢) distribution of Au
nanoparticles (d) XRD patterns of BEP and BEP-Au composite, and (¢) TEM image of BEP-Au composite.

kinetics of BEP was considerably faster than that of  significantly decreased the mass loss (p < 0.05). Over
the BEP—Au composites. The first 7 day degrada- a period of 28 days, the biodegradation of BEP was
tion period did not substantially affect weight loss.  69%, whereas that of the BEP—Au composites was
However, the degradation period from days 7 to 28  only 27%.
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Figure 4. (a) Cyclic voltammograms of BEP and BEP-Au composites in 1 M H,;SO4, (b) degradation profile of BEP and

BEP-Au films in PBS (pH = 7.4) at 37°C.

3.2. Gas sensing properties

3.2.1. Response and sensitivity

The sensing performance of the as-synthesized thin
films, spin-coated to an ITO electrode, was evaluat-
ed by detecting the corresponding changes in their
electrical conductivity upon exposure to H,S gas (1-
20 ppm) at 60% RH. Figure 5a shows the variation
of the normalized current (//1y) as a function of time
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T T T T T
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for BEP and the BEP—Au thin films at room temper-
ature. The response behaviors of the sensor with and
without Au-NPs were markedly different. The ob-
served response values of the BEP sensor were
0.275, 0.35, 0.4, and 0.5 at the corresponding gas
concentrations of 1, 5, 10, and 20 ppm, respectively
(Figure 5a). Under the same conditions, the BEP—
Au sensor had response values of 1.53, 4.62, 10.598,
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Figure 5. Comparison of the BEP and BEP-Au sensors’ performance: (a) dynamic sensing responses upon exposure to H,S
gas with concentration varying from 1 to 20 ppm (1000 sccm, V'=+1V, 60% RH) at RT, (b) calibration curves:
Response variations as a function of H,S concentration (' = +1 V), (c) sensitivity values.
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and 18.5 to H,S gas concentration ranging from 1—
20 ppm. On average, the response of the BEP-Au
sensor was 20-fold times higher than that of the BEP
Sensor.

The BEP-Au sensor had a higher gas response com-
pared to the BEP sensor. This enhanced gas response
could be due to the high catalytic activity of Au NPs,
as evidenced by the dramatic 20-fold increase in the
conductivity of the BEP—Au sensor upon exposure
to H,S gas. The linear calibration curve in Figure 5b
shows the response of these BEP and BEP—Au sen-
sors as a function of H,S concentration. The linear
fitting equations were y=0.0114x + 0.2788 and
y=10.9074x + 0.6467 for the BEP and BEP—Au sen-
sors, respectively. The correlation coefficients of the
fitted data (R?) were 0.9801 and 0.993, respectively.
Moreover, the sensor’s sensitivity (S, [ppm™']) was
calculated as the slope of the normalized sensor re-
sponse I/1y (Figure 5¢). The sensitivity of the BEP
and BEP—Au sensors was 0.114 and 0.9074 ppm™!,
respectively.

Noble metals are often used as sensitizing agents in
gas sensors as they provide additional adsorption sites
and promote chemical reactions on the surface. They
tend to increase the gas response in two ways.
First, Au-NPs facilitated material-gas interaction as
they have a high affinity for analytes containing sulfur
atoms, such as H,S. In fact, H,S gas reacted with Au
to form AuS and H”, thereby enhancing the doping
of BEP polymer that, in turn, increased the sensor’s
response. Second, the presence of Au-NPs in BEP

In air In air

C & C @ @
; OCOIQ

o=L

a) b)

Figure 6. Mechanism of H,S gas sensing by (a) BEP and
(b) BEP composite with gold nanoparticles (Au-
NPs) where o represents the conductivity, which
tend to increase as the polymer film comes in con-
tact with H,S. (Adapted from [67]).

induced the formation of nano-Schottky junctions
(Figure 6), which might have amplified the sensor’s
response towards H,S gas, resulting in enhanced re-
sponse [67].

3.2.2. Response/recovery time

The dynamic response/recovery time of the BEP and
BEP-Au sensors as a function of H,S gas concen-
tration is shown in Figure 7. On the one hand, the
quick response time (dashed line) of the BEP sensor
decreased from 30 to 15 s (+0.05) as H,S gas concen-
tration increased from 1 to 20 ppm. By contrast, the
response time of the BEP—Au sensor decreased from
20 to 1 s as H,S gas concentration increased from 1
to 20 ppm. The quick response time of the BEP—Au
sensor may be attributed to the presence of Au NPs
that endowed the sensor with high sensitivity with
more adsorption sites. On the other hand, the recov-
ery time (solid line) of the composite ranged from
80 to 150 s (Figure 7a).

At 20 ppm of H,S gas, the BEP—Au sensor had the
longest recovery time of 150 s (£0.05) compared
with the BEP sensor, which had a recovery time of
90 s only. The relatively long recovery time of the
BEP-Au sensor might be due to the high affinity of
the composite sensor to H,S gas, leading to a lower
desorption rate compared with the adsorption rate.

3.2.3. Stability

The stability of the as-prepared sensors was tested via
repeated experiments on their gas-sensing perform-
ance to 20 ppm H,S at room temperature. Figure 7b
shows their stability values versus storage time. Their
response [%] decreased over time because the sensi-
tivity ratio of the BEP sensor was considerably faster
than that of the BEP—Au sensor. The total degrada-
tion time of the BEP sensor was 192 h, whereas that
of the BEP—Au sensor was 480 h or 20 days.

3.2.4. Selectivity

Selectivity is an important performance indicator of
the reliability of a gas sensor. The BEP and BEP—Au
sensors were exposed to various gases, including H,S,
SO,, NH3, NO,, CO, and CO, at 20 ppm at room tem-
perature. Figure 7c shows the response values of all
sensors to different gases. The BEP—Au sensor had
the highest response value to H,S compared with the
other test gases. Moreover, its response to H,S, as op-
posed to other gases, was evidently better than that
of the BEP sensor. Thus, the BEP—Au sensor showed
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Figure 7. (a) Response time (- - - -) and recovery time (-

) of BEP and BEP-Au sensors at different H2S gas concentrations

from 1 to 20 ppm at RT. (b) Stability of BEP and BEP-Au sensors exposed to 20 ppm H,S gas at RT tested over
480 h. (c) Detection selectivity of BEP and BEP—Au gas sensor upon exposure to various gases (20 ppm) at RT.

excellent selectivity to H,S against other gases at
room temperature.

3.2.5. Repeatability

Repeatability is another parameter that indicates a
sensor’s performance. Five consecutive responses
were measured at room temperature by exposing the
BEP and BEP—Au sensors to H,S gas at 20 ppm. The
sensors showed excellent repeatability with almost
identical curves (Figure 8). The BEP (Figure 8a) and
BEP-Au (Figure 8b) sensors displayed a stable re-
sponse with values of 0.46+0.0008 and 18.5+0.0046,
respectively.

3.3. Gas sensing mechanism

Like polyaniline [68, 69], most of the charge carriers
present in BEP are holes; thus, it is also a p-type semi-
conductor. When it was exposed to reducing gases,
such as H,S, its electrical conductivity changed be-
cause of adsorption and desorption on the surface of
the BEP and BEP—Au films. Thus, H,S possibly

interacted with BEP through this pathway (Equa-
tions (5) and (6)) [10, 68]:

L0, g+ HS

H,S 5)

BEP+H"

— BEPH" (6)

In addition to the doping effect previously men-
tioned, the other functional groups in BEP may also
have contributed and played a role in gas sensing ac-
tivity. The hydroxyl group can strongly interact with
polar H,S and other oxygen-containing functional
groups due to the formation of intermolecular forces
of attraction such as H-bonding, dipole-dipole, and
electrostatic interactions [10] as shown in Figure 9.
The ab initio DFT calculations included adsorption
energy (FEaqs), charge transfer (¢7), and recovery time
(1) for different adsorption sites (Table 2).

Figure 10 shows the adsorption energies of pure
ACAT (Figures 10a and 10b) and PLA Figure 10c).
The H,S adsorption energies of pristine ACAT
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Figure 8. Repeatability test of BEP (a) and BEP—Au (b) sensor upon exposure to 20 ppm of H,S gas flowed through the
measuring chamber (1000 sccm, V'=+1V, 60% RH) at RT.

Figure 9. Electrostatic interactions pathway between oxy-
gen-containing functional groups group and H;S.

Table 2. Adsorption energies, Mulliken charges and recovery time of H,S on various configurations.

(-0.161 and —0.166 eV) and PLA (-0.122 eV) are

also shown in Figure 10.

The inclusion of Au into the ACAT system increased
the adsorption energy to —0.828 and —0.826 eV

(Figures 10d and 10e). Site d and site e had higher
adsorption energy, which corresponded to their highest
adsorption energy value and the shortest adsorbent—

System E .4 Mulliken charge for H,S Bond Angle of H,S Recovery time
Y [kJ/mol] [e] [°1 [s]
ACAT+H,S -0.161 —0.006 93.039 5.27-10™
(site a)
ACATHH,S -0.166 -0.019 93.052 6.40-10'
(site b)
+

PLA+H,S 0122 0.020 93.026 1.16-10™
(site ¢)

+Au+t
ACAT Au+H,S 0828 0.573 93.329 9.97-10%°
(site d)

+Au+
ACAT Au+H,S _0.826 0.566 93.300 9.23-10%
(site e)

B.Angle: 93.039
9 2162 A
<

a) E,, =-0.161eV

b)

B.Angle: 93.329

d) E,, =—0.828 eV

£
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Figure 10. Molecular models showing the adsorption sites of H2S on electroactive ACAT (a, b), biodegradable PLA (c), and
ACAT doped with Au NPs (d, e). The atoms are presented using the following color assignment: yellow

grey ® — C, red ® — O, blue ® — N, white O — H and golden
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adsorbate distance. Thus, they performed better for
H,S sensing. The DFT calculations revealed that the
interaction between ACAT+Au and H,S involved
strong bonds with a predicted Au—N and Au—S bond
distance of 2.03/2.33 and 2.04/2.39 A, respectively.
Site d and site e had corresponding adsorption ener-
gies (Eags) of —0.828 and —0.826 eV, respectively,
which were stronger than those of pure ACAT.

This result demonstrated that the structure incorpo-
rated with Au had a better gas sensing performance
than pure ACAT. Mulliken population analysis re-
vealed that more electrons were transferred from H,S
to ACAT+Au (+0.573 |e| for site d and +0.566 |e| for
site e), indicating that H,S played the role of an elec-
tron donor (Table 2). Furthermore, the recovery time
of the ACAT (Figures 10a and 10b), PLA (Figure 10c),
and ACAT+Au (Figures 10d and 10e) systems was
5.27,6.40, 1.16, 9.97 and 9.23-10% s, respectively.
According to Equation (3), the enhancement in E,4
led to an increase in recovery time and stronger in-
teractions between H,S molecules and ACAT sys-
tems. Furthermore, according to the results of the
analysis of recovery time, the high negative Ejq4s
value led to a long desorption time of H,S gas mol-
ecules from ACAT. Therefore, the ACAT+Au sys-
tem had a higher sensitivity towards H,S gas mole-
cules than the pristine ACAT system. According to the
computational results, the adsorption energy and re-
covery time of the ACAT+Au (Figures 10d and 10¢)
were considerably larger than those of ACAT
(Figures 10a and 10b), indicating that the incorpo-
ration of Au substantially promoted the gas-sensing
performance of ACAT, in agreement with the exper-
imental results.

4. Conclusions

In this study, we successfully developed and charac-
terized H,S gas sensors based on BEP and its nano-
composite with Au-NPs (BEP—Au). BEP, which has
a biodegradable backbone made of PLA and ACAT
as an electroactive part, was found to have a pendant
group. The monomers and polymers were character-
ized via ion-trap mass spectrometry, GPC, FTIR,
NMR, and UV-Vis absorption spectrum analyses that
led to interesting results. The presence of Au-NPs was
further confirmed via EDX, XRD, and TEM. The size
and morphological distribution of the NPs were de-
termined via TEM. Doping of BEP with Au NPs im-
proved its properties, including its biodegradability,

conductivity, and thermal, electrical, and gas-sensing
properties. The conductivity of the as-prepared sam-
ples was determined by doping thin films with H,S
gas at 20 ppm and a ratio of 13.2:1. Over a period of
28 days, the BEP sensor had a considerably higher
degradation rate of 73% than the BEP—Au sensor
(37%). The current density of the BEP—Au sensor
was 9.48 pA/cm?, which was four-fold higher than
that of the BEP sensor (2.34 uA/cm?). The gas-sens-
ing performance of the sensors was determined by
measuring various parameters, including their re-
sponse rate, sensitivity, selectivity, stability, and re-
peatability. The BEP—Au sensor showed a good sen-
sitivity towards H,S gas concentration ranging from
1 to 20 ppm at room temperature. The BEP—Au sen-
sor had a response rate that was 20-fold higher than
that of the BEP sensors. This result was also con-
firmed by DFT calculations. The adsorption mecha-
nism of the sensors was investigated in terms of ad-
sorption energy and charge transfer. The adsorption
structures of the H,S molecules on the Au-doped
BEP sensor with larger adsorption energies were sta-
ble and had a higher charge transfer than the corre-
sponding BEP adsorption structure. The BEP—Au
sensor showed long-term stability with a lifetime of
480 h or 20 days, whereas the BEP sensor had a life
span of 192 h or 8 days only. This difference in life
span could be attributed to the biodegradable nature
of BEP. Moreover, the BEP and BEP—Au sensors ex-
hibited an average fast response of 15-45 s, good re-
producibility, and a short recovery time of 50-150 s,
indicating their promising application as gas-sensing
materials. Thus, the BEP and BEP—Au gas sensors
could be a good candidate for sensing H,S gas at
room temperature.
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