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TOPICAL REVIEW
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Abstract
Conducting polymers (CPs) are highly susceptible to ammonia (NH3) at room temperature. This
has spurred growing interest in CP-based NH3 gas sensors across diverse fields, ranging from bio-
medicine to environmental monitoring. Detecting NH3 levels in breath, from parts per million to
parts per billion, aids in diagnosing health conditions like liver and kidney dysfunction. Despite
the importance of CP-based NH3 sensors, a comprehensive assessment of their performance, lim-
itations, and prospects has yet to be conducted. To address this gap, this work provides a detailed
review of chemiresistive NH3 sensors based on CPs (including P3HT, PEDOT, PPy, and PANI),
examining sensor response, selectivity, stability, repeatability, and sensitivity to environmental
factors like humidity and temperature. The role of porous structures and gas diffusion mechan-
isms in enhancing CP sensor performance is emphasized, alongside CP-based composite materi-
als. The mechanical flexibility of these sensors is analyzed and compared, highlighting their poten-
tial for integration into flexible and wearable devices. Key challenges for CP-based NH3 sensors
include poor selectivity due to interference from similar gases, sensitivity loss caused by humidity-
induced CP swelling, and instability from temperature fluctuations. Additionally, the lack of stand-
ardized testing protocols complicates performance comparisons of CP-based NH3 sensors. Future
research should focus on improving CP porosity, understanding gas-CP interactions, developing
stable composites, and exploring new CPs for improved NH3 sensing.

1. Introduction

In the late 1970s, the collaborative efforts of Hideki Shirakawa, Alan G MacDiarmid, and Alan J Heeger
resulted in the successful and groundbreaking synthesis of the world’s first conducting polymer (CP),
namely polyacetylene (PA) [1, 2]. In figure 1(a), the molecular structure of PA is depicted visualizing
the presence of alternating single and double bonds [3, 4]. This remarkable discovery revolutionized the
field of material science and paved the way to a completely new field of research, which was ultimately
recognized by the Nobel Prize in the year 2000 [1, 2]. As the first CP, PA has gained interest in fluores-
cence sensors [5, 6] and humidity sensors [7, 8]. The major drawbacks associated to PA, its insolubil-
ity in common organic solvents and instability when exposed to air, led to the acceleration of research
activities to identify alternative CPs [9, 10]. As a result, numerous CPs were found: e.g. poly(3,4-ethylene
dioxythiophene)(PEDOT), polypyrrole (PPy), poly(phenylene) (PPP), polyaniline (PANI), polythiophene
(PTh), and their derivatives (e.g. poly(3-alkylthiophenes) (P3ATs), poly(3-hexylthiophene) (P3HT)) [11].
The molecular structures of some of the most common CPs are shown in figure 1(b) [11, 12].
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Figure 1. (a) Alternating single and double bonds in conducting polymer molecular backbone of polyacetylene (PA). (b)
Molecular structure of several common conducting polymers (PEDOT, PANI, PPy and P3HT).

Compared to traditional gas sensing materials like metal oxides, which require high operating tem-
peratures, organic CPs offer the significant advantage of superior sensing response to gases at room
temperature [13]. CPs have excellent electrical, mechanical and optical properties and can be utilized
as active materials for the resistive detection of gases [14, 15]. The ease of processing and fabricating
of CPs make these materials outstanding candidates for use in gas sensors [16]. Several review papers
explored the use of CPs in gas sensors [13, 15, 17]; however, to the best of our knowledge, none spe-
cifically focused on ammonia (NH3) gas sensors.

NH3 is emitted into the atmosphere via manure from livestock and wildlife, biomass burning, or fer-
tilizers contributing to the global nitrogen cycle [18–20]. Furthermore, NH3 is created by the human
body by metabolizing amino acids and other nitrogen containing compounds, and may be an indicator
of several diseases [21, 22]. As demonstrated in our previous work, we presented a comprehensive dis-
cussion on the diverse applications of NH3 gas sensing [23]. High NH3 levels in a person’s breath, for
example, can be due to liver or kidney diseases, or gastric Helicobacter pylori bacteria infections [24].

This work aims to bridge the gap by offering a comprehensive evaluation of CP-based NH3 gas
sensors, with a particular focus on chemiresistive sensing mechanisms. Our review provides an analysis
of the factors influencing sensor performance, including sensitivity, selectivity, and stability. It also exam-
ines how material modifications contribute to improving sensor performance. By comparing various CPs
and their functionalization techniques, this study offers guidance to researchers in selecting and design-
ing CPs for NH3 gas sensing applications. The review also touches on emerging trends and challenges,
aiming to contribute to the ongoing development in this field. The structure of this review is outlined
as follows: firstly, gas sensor technologies and CPs (section 2) are discussed, with (section 2.1) covering
sensor technologies and materials, and (section 2.2) exploring the electrical properties of CPs in detail.
Secondly, the characteristics of CP-based chemiresistive gas sensors are analyzed by comparing a selec-
tion of chemiresistive CP ammonia gas sensors, chosen to represent the current state of the art based
on available and relevant studies (table 1) (section 3) and covering aspects such as the pristine polymer
response (section 3.1), selectivity (section 3.2), stability (section 3.3), repeatability (section 3.4), humid-
ity (section 3.5) and temperature (section 3.6) as well as their mechanical stability (section 3.7). Finally,
discussion, future prospects, and a conclusion, are provided in sections 4–6 respectively.

2. Gas sensor technologies and CPs

2.1. Sensor technologies andmaterials
The rapid detection and quantification of gases such as ammonia (NH3), methane (CH4), sulfur oxides
(SOx), carbon oxides (COx), and nitrogen oxides (NOx) is critical for preventing environmental pol-
lution, ensuring public safety, and mitigating health risks [25]. Gas concentrations, often measured in
parts per million (ppm) or parts per billion (ppb), are essential for monitoring air quality and for med-
ical applications, such as analyzing patient breath to diagnose underlying diseases [26, 27].

A variety of gas sensing technologies is available, including optical, electrochemical, and chemires-
istive sensors [28]. Optical sensors detect gas species based on their absorption or emission at specific
wavelengths across spectral regions such as ultraviolet, visible, near-infrared, and mid-infrared [29]. A
main advantage of optical gas sensors is their high specificity, achieved by using distinct wavelengths of
light to detect the characteristic optical properties of target gases. This ensures minimal cross-response to
other gases [29]. However, the primary drawback is the need for specialized, high-cost equipment, which
makes optical sensors bulky and unsuitable for portable or low-cost applications [30, 31].
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Figure 2. (a) Interdigitated electrodes structures (IDEs). (b) Resistance change of interdigitated electrodes with a conducting
polymer active sensing layer when exposed to ammonia gas (NH3).

Electrochemical sensors, typically consisting of a counter electrode, a working electrode, and a ref-
erence electrode, use electrochemical reactions within a sealed cell to generate a measurable current
upon gas exposure [32]. In contrast to optical sensors, electrochemical gas sensors can be miniaturized,
making them ideal for wearable devices [33]. They also offer linear, proportional response and can be
tailored to detect specific gases [34]. However, their major disadvantage lies in their limited shelf life,
typically ranging from six months to a year [34]. Additionally, electrochemical sensors are relatively com-
plex to fabricate, requiring high-precision manufacturing and costly materials, such as specialized mem-
branes and expensive electrodes [35, 36].

Chemiresistive sensors detect changes in the resistance of a material when exposed to different gases,
offering a simpler and often more cost-effective solution [37]. Chemiresistive gas sensors are easily mini-
aturized, with a simple sensing mechanism that is compatible with low-cost readout circuitry, making
them a more cost-effective option compared to electrochemical sensors [35, 38]. Chemiresistive sensors
are therefore a promising technology for NH3 gas sensing in applications such as environmental mon-
itoring, industrial safety, and biomedical diagnostics (e.g. air quality assessment, gas leak detection, and
breath analysis).

Each technology presents unique advantages and limitations, with the optimal choice dependent on
the specific requirements of the application [39, 40]. Furthermore, the choice of active sensing mater-
ials (e.g. graphene [41], carbon nanostructures (e.g. carbon nanotubes (CNTs)) [42], semiconducting
metal oxides (SMOXs) [43], and CPs) offer distinct advantages and limitations in terms of sensitivity,
selectivity, response time, and stability. Their sensing mechanisms typically involve changes in electrical
resistance due to gas interactions [44]. While SMOX sensors require high operating temperatures, CPs
and carbon-based materials function at lower temperature [45]. For medical applications, biocompatib-
ility is a crucial requirement and the potential cytotoxicity of CNTs raise concerns regarding their safe
implementation [46]. Therefore, CPs are favorable alternatives.

The standard chemiresistive gas sensing device configuration consists of an active layer deposited
between two electrodes [47]. Interdigitated electrodes (IDEs), depicted in figure 2(a), with a geometry
that can be varied in terms of number of fingers (N f), spacing between fingers (Sf), and finger width
(W f), are widely used in chemiresistive sensors [48]. Their design primarily enables higher measurable
resistance while also enhancing sensitivity, providing efficient current pathways, ensuring a uniform elec-
tric field, and allowing for scalable and cost-effective fabrication [49, 50]. The active sensing layer is
deposited either below or on top of the two electrodes, and when exposed to an analyte, the resistance
of the material changes [51].

Traditionally, inorganic materials like metal oxides such as, zinc oxide (ZnO), tungsten oxide (WO3),
titanium oxide (TiO2), and tin oxide (SnO2) are selected as active sensing layer due to their reliability
[51]. Unfortunately, metal oxides require operating temperatures between 100◦C and 450◦C to enhance
their sensing performance as they have nearly no sensitivity at room temperature [15, 52]. This results
in a high power consumption, and the need for external heating elements (a heater or a furnace) or
approaches such as self-heating when utilizing metal oxides as active layer [53].

One gaseous compound of immense interest is NH3 gas, which can be measured with chemiresist-
ive NH3 sensors developed for applications including environmental, medical, automotive emissions and
air quality monitoring [54–58]. The typical change in resistance when a CPs sensing layer is exposed to
NH3 is depicted in figure 2(b) [44]. The change in resistance depends on the type of gas interacting with
the sensing layer material (which induces a resistance variation). For reducing gases, the resistance of an
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n-type material decreases whereas the resistance of a p-type material increases. In contrast, for oxidiz-
ing materials the resistance of an n-type material increases, whereas the resistance of a p-type material
decreases [59].

2.2. Electrical conductivity of CPs
For a CP to exhibit electrical conductivity, it must have a high degree of conjugation which is character-
ized by alternating single and double bonds and enable the overlap of π molecular orbitals. This struc-
tural feature allows for electron delocalization and facilitates charge transport throughout the polymer
chain [4]. When exposed to dopant agents, either oxidizing or reducing, these polymers can generate
mobile charge carriers, thereby significantly enhancing their conductivity and transitioning them from an
insulating to a metallic (highly conductive) state [60]. Doping also alters the intrinsic electronic struc-
ture of the polymer, resulting in a reduction in the effective bandgap, which allows for easier excitation
of electrons, thereby improving conductivity [61].

The addition of a dopant to a CP promotes a redox reaction, either adding electrons (for n-type) or
removing electrons (for p-type), which transforms the CP into n-type or p-type material, respectively
[16, 62, 63]. During the redox reaction, oxidation (loss of electrons) or reduction (gain of electrons)
modifies the electronic structure and properties of the CP [62, 63].

When CPs interact with gases, the electronic balance gets disturbed, resulting in measurable changes
(e.g. current, resistance, or potential) [64]. The exposure of p-type CPs (e.g. PPy, P3HT, PEDOT) to
NH3 leads to a dedoping effect, causing a reduction in the concentration of holes [65–68]. PPy specific-
ally undergoes the following physical adsorption (equation (1)) and desorption (equation (2)) reactions
[15, 69],

PPy+ + N̈H3 → PPy0+NH3
+ (1)

PPy0+NH3
+ → PPy+ +NH3 (2)

PANI at the same time can be present in one of three oxidation states: leucoemeraldine (reduced
state), emeraldine (partly oxidized/reduced) and pernigraniline (oxidized state) [16]. The emeraldine
form can be further classified as emeraldine salt (ES) or emeraldine base (EB) representing protonated
and unprotonated forms, respectively [70]. The doped state of PANI, i.e. its conducting ES form, can be
deprotonated when exposed to NH3 to its neutral EB form via the formation of an ammonium cation
(equation (3)) [67, 71, 72],

PANI−H+ +NH3 → PANI+NH4
+. (3)

When the acidic form of PANI is exposed to NH3 gas, deprotonation occurs resulting in dedop-
ing into its EB form and the formation of ammonium ions due to the transfer of NH-groups [15, 73].
Figure 3(a) visualizes the adsorption of NH3 on PPy [15] while figure 3(b) depicts the acid/base reaction
of NH3 with PANI [74, 75].

Doping and dedoping processes alter the electronic properties of CPs by affecting the position of the
highest occupied molecular orbital (HOMO) and lowest unoccupied molecular orbital (LUMO) [76].
The position of the HOMO and LUMO are important to determine the band gap of CPs [76]. The
energy gap (Eg) between the HOMO and the LUMO determines the conductivity of the CPs, leading
to metallic (Eg= 0), semiconductive (Eg ≈ 0.1 − 3.0 eV) or insulating (Eg ⩾≈ 3.0 eV) characteristics
(figure 4(a)) [3, 77, 78]. Doping introduces or removes charge carriers (electrons or holes), modifies the
density of states by creating or eliminating energy levels within the material, and influences the mater-
ial’s electrical conductivity [79, 80]. For instance, undoped pristine polymers behave as insulators or
semiconductors in their undoped states, but when the dopant concentrations are increased, conductiv-
ity develops [16, 81]. The energy levels of PANI, PPy, PEDOT:PSS and P3HT are depicted in figure 4(b)
(It should be noted that these values are reported in the literature and shown as representative examples
for pristine polymers; the absolute energy levels may vary depending on polymer characteristics and pro-
cessing conditions.) [82–85].

The solubility and ease of processing of CPs are primarily influenced by the structure of their side
chains, while the incorporation of dopant ions plays a key role in defining their mechanical, elec-
trical, and optical properties [16]. Hierarchical ordering of the CP chains is important for electron or
hole transport resulting in high electronic conductivity [86]. The polymer arrangement can consist of
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Figure 3. (a) PPy NH3 adsorption. (b) PANI acid/base reaction with NH3.

Figure 4. (a) Electrical conductivity of conducting polymers. (b) Energy level diagram of PANI, PPy, PEDOT:PSS and P3HT.

Figure 5. Randomly distributed amorphous, semi-crystalline and highly-order crystalline arrangement of conducting polymers.

amorphous, semi-crystalline and crystalline regions when in a solid state and influence the charge trans-
port properties (figure 5) [87]. Amorphous regions are characterized by randomly coiled structures with
weak inter-chain interactions while crystalline regions are 1-dimensional highly organized self-assembled
nano-structures [88–90]. In the crystalline regions, free charge carriers can easily move along the con-
jugated chains [91]. Furthermore, the preferential orientation of the π-stacking orientations (edge-on
(perpendicular π–π stacking compared to the substrate) and face-on (parallel π–π stacking compared to
the substrate)) of crystalline arrangements can further affect the charge transport [92, 93]. Charge trans-
portation is more favorable in the edge-on orientation compared to face-on orientation [94].
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3. CP-based chemiresistive gas sensors

In this section, we analyze chemiresistive sensors employing CPs (PEDOT, PPy, P3HT, or PANI) as sens-
ing materials. These sensors are detailed in table 1, highlighting key parameters including the detection
limit, response and recovery times, sensitivity, humidity sensitivity, and substrate material. The selec-
ted papers are thoroughly examined to discuss and compare the pristine polymer responses, selectivity,
stability, repeatability, as well as the influence of humidity and temperature. Additionally, we assess the
bending characteristics of CP sensors based on the findings from these studies.

3.1. Pristine CP response
In this subsection, the response of polymers towards NH3 is reported. The cited works report the
response of CPs to NH3 in concentration of 0.2–50 ppm being in the range of 2%–77% calculated as

Response(%) =
(
Rg−Ra

)
/Ra× 100 (4)

where Rg is the sensor’s resistance when the analyte gas (NH3) is present, while Ra is the initial resist-
ance (in air) [95]. Li et al [96] reported that the response value of PPy towards 10 ppm NH3 is 2.7%.
Qiu et al [97] observed ≈2% towards 10 ppm NH3 for PEDOT:PSS. Furthermore, Lv et al [98] found
that the resistance of PEDOT:PSS after exposure to 50 ppm NH3 could not return to its baseline while
the initial resistance increased from 3.6 kΩ to 4.1 kΩ indicating a drift. At the same time, good recovery
values where obtained when adding ferric chloride (FeCl3) which is presented in figure 6(a).

As demonstrated in our previous work [95], pristine P3HT after exposure to 5 ppm does not recover
to the baseline and has an upward resistance drift which even reached cut off values of 50MΩ during
measurements, even though it shows a relatively high response value of 76.96% when exposed to 50 ppm
NH3. Adding single-walled CNTs (SWCNTs) to P3HT results in improved recovery to the baseline when
NH3 exposure is stopped and still allows good sensitivity values of 11.22% and 57.82% at 5 ppm and
50 ppm NH3, respectively (figure 6(b)).

Zhang et al [99] investigated PANI sensor and recorded a response and recovery time of 134 s and
290 s respectively, while addition of SrGe4O9 nanowires to PANI responded in 62 s and 223 s for a
0.2 ppm NH3 exposure. Wang et al [100] found a response and recovery of 246 s/400 s for PANI. When
MXene NB2CTx was added to PANI the values improved to 218 s/300 s when exposed to 10 ppm NH3.
Wu et al [101] found that graphene (GP)-PANI sensors had response/recovery times of 46 s/198 s (PANI
150/300 s). Zhang et al [102] reported that PANI/multi-walled CNTs (MWCNTs)/molybdenum disulfide
(MoS2) sensors gave a response value of 11% with a response and recovery time of 32 s/36 s to 0.25 ppm
NH3 (pristine PANI obtained 0.92%, 104 s/56 s). Eventhough the response and recovery times of pristine
PANI slightly differ between each paper, the values are comparable.

It can be concluded that pristine CP sensing towards NH3 faces many challenges such as low
response values [96, 97, 102], long response and recovery times [99, 100, 102], and poor recovery [95,
98] to the baseline after gas exposure is stopped. However, the addition of compounds to pristine CPs
can improve the sensor response value and response/recovery times significantly.

There are several primary mechanisms discussed in the cited papers that explain the enhancement in
sensor performance due to additives. These mechanisms include the introduction of a porous architec-
ture, the incorporation of nanofibers, nanoparticles, or hollow tubular structures, all of which contrib-
ute to an increased surface area. These features can also reduce response time by facilitating faster ana-
lyte diffusion and more efficient electron transport. Furthermore, some studies created p–n junctions by
combining the p-type CP with n-type materials such as wide-bandgap SrGe4O9 [99], Nb2CTx [100], N-
MXene Ti3C2Tx [97], graphene [101], MoS2 [102], SnO2 [103], and ZnO [96, 104]. Hydrophilic groups
(–OH) can enhance reactions with NH3 and generate electrons. Certain additives, such as CTAB and
HNTs, help prevent the agglomeration and exfoliation of CP by regulating its morphology, leading to
a more uniform distribution. Materials like MWCNTs, MoS2, or core–shell Au@SiO2 nanocrystals can
enhance conductivity.

3.2. Selectivity of CP-based composites
Molecules with similar chemical characteristics as the target gas can influence the target gas sensing
measurement, therefore it is of importance that the sensor exhibits a good selectivity, i.e. it responds
only to the target gas [105]. For this section only PANI and PEDOT:PSS based sensors where selected
from the listed sensors (table 1) as those papers reported data on the selectivity.

The PSS-PANI/polyvinylidene difluoride (PVDF) sensor developed by Lv et al [106] showed selectiv-
ity towards NH3 with response values of around 70% for 1 ppm, here a response of less than 10% was
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Figure 6. (a) Pristine PEDOT:PSS film and FeCl3-PEDOT:PSS film resistance response towards 50 ppm NH3. Reprinted from
[98], Copyright (2019), with permission from Elsevier. (b) SWCNT, P3HT and P3HT/SWCNT sensor response exposed to 5 ppm
of NH3. Reproduced from [95], CC BY 4.0. (c) Selectivity of the CTAB-PANI/PVDF film. Reprinted from [107], Copyright
(2023), with permission from Elsevier. (d) Gas responses of PEDOT:PSS (top) and graphene-PEDOT:PSS (bottom) gas sensors to
various gases. Reprinted from [108], Copyright (2014), with permission from Elsevier. and (e) GP-PANI/PVDF film Long-term
stability. Reprinted from [101], Copyright (2021), with permission from Elsevier.

obtained towards interfering gases such as 100 ppm H2, C3H6O, C2H6O, CH4O, C7H8, CHCl3 while
negative response values of between 0% and −4% were obtained for SO2, CO, H2S, and HCl. Instead,
MWCNT-PANI/PVDF sensors developed by Wu et al [75] showed a response of 32% towards 1 ppm
NH3, while exposure towards 100 ppm of ethanol and acetone gave 3%, and towards methanol 2%.
PANI/halloysite nanotubes (HNTs) sensors exposed to 10 ppm NH3 gave a response value of ±90%,
while the response value towards 10 ppm of other gases (H2S, HCHO, CH4, CO2, CO, and SO2), showed
maximum obtained value of 12% for H2S [74]. GP-PANI/PVDF showed response values below 5%
towards 100 ppm CH3OH, C2H6O, (CH2OH)2, C3H6O, and CH2O and negative values staying between
0% and −3% for SO2 and CO, while 1 ppm NH3 results in a significantly larger response of 60% [101].
Hexadecyl trimethyl ammonium bromide (CTAB)-PANI/PVDF films gave a response of 81.3% for 5 ppm
NH3 while negative values for 100 ppm SO2 and HCl between 0% and −3% were reached. Positive
response values below 7% for C2H5OH, C7H8, NO2, CH3OH and CH40 are depicted in figure 6(c)
[107].

Compared to PANI based sensors, PEDOT:PSS devices show a lower sensitivity and selectivity. For
instance, Seekaew et al [108] showed response values of 6.9% to NH3, 5.9% to diethylamine, 3.2%
to ethanol, 2.8% to acetone, 2.1% to toluene and 1.9% to methanol. However adding graphene to
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Table 1. Conducting polymers (CPs) applied in chemiresistive sensors: addition, detection limit, response value, response time, recovery time, sensitivity, humidity, and substrate type.

Polymer Addition Detection limit Response value Response time Recovery time Sensitivity Humidity Substrate References

PANI no <25 ppm n.d. n.d > 50 min
(50 ppm NH3)

y = 2.1053x+
80.387 R2 =
0.9915

5% RH Si/SiO2 [127]

PANI SrGe4O9 5.8% (250 ppt) 16% (0.2 ppm) 62 s (0.2 ppm) 223 s (0.2 ppm) y = 20.59x+
15.74 R2 =
0.9900

60± 5% RH Polyimide (PI) [99]

PANI Au@SiO2 1.6% (10 ppb) ± 80% (10 ppm) 35 s (10ppm) 133 s (10 ppm) y = 5.1x+ 27.8
R2 = 0.9879

66% RH Polyimide (PI) [115]

PANI MXene (Nb2CTx) 1.19% (20 ppb) 74.46% (10 ppm) 218 s (10 ppm) 300 s (10 ppm) n.d. 87.1% RH Polyimide (PI) [100]
PANI Graphene 10% (100 ppb) 60% (1 ppm) 46 s (1 ppm) 198 s (1 ppm) n.d. 70% RH Polyvinylidene

fluoride (PVDF)
[101]

PANI MWCNTs 8% (100 ppb) 32% (1 ppm) 76 s (1 ppm) 26 s (1 ppm) y = 20.91x+ 8.12
R2 = 0.93

55± 3% RH Polyvinylidene
fluoride (PVDF)

[75]

PANI PSS 9.4% (100 ppb) 70% (1 ppm) 160 s (1 ppm) 400 s (1 ppm) y = 8.862+
64.328xR2

0.998 89

65% RH Polyvinylidene
fluoride (PVDF)

[106]

PANI MCNTs/MoS2 11% (0.25 ppm) 40.12% (6 ppm) 32 s (0.25 ppm),
56 s (6 ppm)

36 s (0.25 ppm),
50 s (6 ppm)

y = 22.41x 0.34 R2

0.9940
n.d. FR4 [102]

PANI Hexadecyl
trimethyl
ammonium
bromide (CTAB)

3.5 ppb 4.6% (0.01ppm) 100 s 137 s n.d. 40% RH Polyvinylidene
fluoride (PVDF)

[107]

PANI Halloysite
nanotubes
(HNTs)

6.55% (10 ppb) 257.14%
(50 ppm)

158 s (10 ppm) 162 s (10 ppm) y = 7.256 19x+
20.161 34 (R2 −
0.993 77) y =
3.9856x+ 55.424
(R2 = 0.992 44)

0%–90% RH Polyimide (PI) [74]

(Continued.)
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Table 1. (Continued.)

PPy NPs GO,RGO,SRGO 0.90 ppm,
0.035 ppm,
0.000 20 ppm

n.d. 81 s, 72 s, 48 s
(1 ppm)

116 s, 151 s,
234 s (1 ppm)

Sensitivity
0.0033, 0.019,
4.06 (0.012)

Dry air Fiber glass PCB [128]

PPy fiber/Ag with
LiCIO4

0.25 ppm 1.46 (1 ppm) ⩽1 min (1 ppm) ⩽1 min (1 ppm) y =−8E–05x2+
0.0445x+ 1.2514
R2 0.9837

40% RH Fiber glass PCB [117]

PPy SnO2 nanofibers 57% (100 ppb) 1443% (50 ppm) 18 s (100 ppb),
44 s (50 ppm)

30 s (100 ppb),
62 s (50 ppm)

n.d. 50% RH Alumina
substrate (volt)

[103]

PPy ZnO nanosheets 21% (500 ppb) ±76% (10 ppm) 256 s (5 ppm) 370 s (5 ppm) n.d. n.d. Ceramic [96]
PPyMPs Silver

nanoparticles
(AgNPs)

0.12 ppm n.d. n.d. n.d. y = 0.0161x+
0.0052 (R2 =
0.9949)

n.d. Fiber glass PCB [112]

PPy MWCNT 5 ppm 17% (100 ppm) 47 s (100 ppm) 111 s (100 ppm) y = 0.14x+2.5
R2 = 0.988

30± 2% polyethylene
terephthalate
(PET)

[129]

PEDOT:PSS ferric chloride
(FeCl3)

7.6% (500 ppb) 44% (50 ppm) 20 s (50 ppm) n.d. y = 14.5x+18.7
R2 0.962

60%–70% polyimide (PI) [98]

PEDOT:PSS N-MXene
(Ti3C2Tx)

2 ppm 13% (10 ppm) 280 s (10 ppm) 393.6 s (10 ppm) 5.6×10−3 /ppm
R2 0.995

36% RH (20, 36,
44, 53, 70% RH)

SiO2 [97]

PEDOT:PSS f-MWCNT 66.3% (80 ppm) 66.3% (80 ppm) ± 3.8 min ±4.5 min 0.97 ppm-1 dry-air polyethylene
terephthalate
(PET)

[116]

PEDOT:PSS Graphene 0.9% (5 ppm) 9.6% (500 ppm) 3 min 5 min n.d. 56± 2% RH flexible
transparent

[108]

PEDOT:PSS CuTSPc@3D-
(N)GFs

10 ppm 18.7% (200 ppm) 138 s(200 ppm) 63 s (200 ppm) n.d. 10± 2%RH Si/SiO2 [109]

P3HT ZnO nanorods 1 ppm 25.1% (10 ppm) 0.9 s (1 ppm) 1.5 s (1 ppm) R2 = 0.983 Dry air Si/SiO2 [104]
P3HT Au-loaded ZnO

np
n.d. 32% (1000 ppm) 4.2 s (1000 ppm) n.d. n.d. Dry air Au/Al2O3 [113]

P3HT SWCNTs 11.22% (5 ppm) 57.82% (50 ppm) 637 s (5 ppm) ⩽ 60 min y = 1.05∗x+ 6.24
R2 = 0.998 88

1.75± 1.40%RH Polyimide (PI) [95]
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PEDOT:PSS increased the selectivity towards NH3, the response towards NH3 and diethylamine still
shows similar response (of between 5%–7% for 1000 ppm NH3) values as they contain similar amines
functional groups (figure 6(d)). Instead, copper(II) tetrasulfophthalocyanine supported by a three-
dimensional nitrogen-doped graphene framework (CuTSPc@3D-(N)GF)/PEDOT:PSS based sensors
showed response values below 10% towards 200 ppm methanol, ethanol, acetone, toluene, chlorobenzene
and water compared to a response of 18.7% towards 200 ppm NH3 [109].

As these above cited examples show and the literature confirms [110], the use of only CPs is char-
acterized by lower selectivity against several potential interfering gases. Meanwhile adding nanomater-
ials can significantly improve the selectivity. Even though it could be concluded from this section that
good selectivity towards NH3 can be achieved by selecting the right additions to the CPs, selectivity
remains challenging, especially for gases that have a similar molecular structure compared to NH3 such
as diethylamine, as they both contain amine groups.

3.3. Stability of CP-based composites
Stability is defined as the capacity of a sensor to continue working under given conditions and to
provide a steady performance over time giving the same output [111].

PANI based sensors show no big declines of the response values with less than 11% response
value fluctuation according to the tested PANI sensors which are listed bellow. Stability of
PANI/MWCNTs/MoS2 was tested and showed no big variations for the following sensors when tested
with concentrations of 1 ppm, 4 ppm and 20 ppm NH3 over two months measured in intervals of 10 d
[102]. PSS-PANI/PVDF films show that after one month the response value decreased from 70% to 65%
[106]. MWCNT-PANI/PVDF showed stable response between 45% and 46% towards 2 ppm NH3 over
22 d [75]. GP-PANI/PVDF was exposed to 1 ppm NH3 for 17 d and showed a stable response value of
≈60% as indicated in figure 6(e) [101]. PANI/Nb2CTx showed less than 11% response value fluctuation
within 35 d at high humidity of 87.1% [100].

For the other CPs only few sensors where tested for stability. PEDOT:PSS/N-MXene sensors showed
a response disparity of 3.06% over 17 d [97]. An 8.2% decrease after 45 d towards 10 ppm NH3 was
observed for S-PPyMPs/AgNPs [112]. P3HT sensors stability was found to be reduced by 4.8% per day,
while by addition of Au/ZnO nanoparticles (NPs) the reduction per day decreased and was 4.2% per
day [113].

Thus, pristine CPs exhibit a reduction of their response over time, but good stability can be obtained
with the right additions. For PANI the stability tests are reported in multiple papers, but for the other
three (P3HT, PPy and PEDOT) only limit data is available.

3.4. Repeatability of CP-based composites
Repeatability is the ability of the sensor to produce identical responses when repeatably measured under
the same specified conditions.

To test the precision of a sensor, repeatedly measurements with the same experimental conditions are
used for a series of measurements in a short time interval to ideally produce identical response values
[114]. Testing the repeatability of 20% Au@SiO2 NCs doped PANI nanocomposites (NCs) doped PANI
by exposing it to 3 × 10 ppm and 3 × 8 ppm showed a similar response as can be seen in figure 7(a)
[115]. Polyaniline/SrGe4O9 was tested 4 times with 0.2 ppm NH3 with response values of 18.1%, 16.8%,
16.0% and 15.7% [99]. Furthermore, good repeatability was found in all of the following sensors when
exposed to: 4 × 80 ppm NH3 (MWCNT-PEDOT:PSS) [116], 3 × 5 ppm NH3 (PPy/ZnO) [96], 4 ×
750 ppb (polypyrrole nanosphere/Ag) [117], 5 × 0.5 ppm, 1 ppm and 6 ppm (PANI/MWCNTs/MoS2)
[102], 5 × 1 ppm with less than 10% fluctuation (PSS-PANI/PVDF, MWCNT-PANI/PVDF and GP-
PANI/PVDF) [75, 101, 106], 3 × 10 ppm NH3 (PANI/Nb2CTx) [100], 5 × 5 ppm NH3 (CTAB/PANI)
[107], and 4 × 10 ppm NH3 (PANI/HNTs) [74]. All of the above listed repeatability tests are only
repeated for a maximum of six times, while Lawaniya et al [129] repeated the cycle for 15 times and
exposed PPy-MWCNT sensors to 100 ppm NH3.

To conclude on the stability of the devices, it could be argued whether less than 6 obtained cycles are
a sufficient number to draw reliable conclusions on the stability.

3.5. Humidity interference of CP-based composites
CP gas sensors are often reported to be sensitive to water vapor [15]. Humidity is classified as absolute
humidity and relative humidity [118]. Absolute humidity is the water vapor mass present in a specific
volume of gas, while the relative humidity is the ratio of water vapor mass in a volume of gas to the
maximum amount of water vapor the gas can contain at a specific temperature [119].
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Figure 7. (a) Three repetition cycles at 10 ppm and 8 ppm NH3 of 20% Au@SiO2 NCs doped PANI nanocomposites films.
Reprinted from [115], Copyright (2022), with permission from Elsevier. (b) Response of the PSS-PANI/PVDF film at different
humidity levels. Reprinted from [106], Copyright (2021), with permission from Elsevier. (c) PANI/Nb2CTx sensors response
values towards 2 ppm NH3 in a temperature range from 25◦C–50◦C. Reprinted from [100], Copyright (2021), with permission
from Elsevier. (d) MWCNT-PANI/PVDF film response-recovery curves towards 1 ppm NH3 with bending angle of 0◦, 30◦, and
60◦ (top), and variation of the response value when exposed to 1 ppm NH3 after between 0 and 500 bending cycles (bottom).
Reprinted from [75], Copyright (2020), with permission from Elsevier (e) Schematic f-MWCNT-PEDOT:PSS electron transport
during the flat state and for 3.0 cm and 0.9 cm bending radii. Reproduced from [116]. CC BY 4.0.

FeCl3-PEDOT:PSS sensors showed an increase in response towards 50 ppm NH3 with increasing
humidity levels ranging of 25%–75% [98]. Qiu et al [97] reported the highest response value for 25 ppm
NH3 for PEDOT:PSS N-MXene sensors to be at 36% RH when testing humidity levels of 20%–70%
RH. PPy/ZnO sensors show relatively low response values (0% to −20%) towards low and medium
relative humidity values (10%–60% RH) while at high humidity values (60%–75% RH) the response
values reach approximately −65% [96]. For PPy-MWCNT and PPy-SnO2 sensors the response value
reduces with an increase of the humidity levels ranging from 30% RH–90% RH [103, 129]. Beniwal and
Sunny [103] noted a higher influence of humidity when exposed to higher ammonia concentrations of
100 ppm to 1000 ppm NH3 compared to lower concentrations between 0.1 ppm and 10 ppm NH3. When
exposed to humidity levels ranging from 20%–80% RH, PANI sensors with additives of either PSS [106]
(figure 7(b)), GP [101] or MWCNT [75] where exposed to 1 ppm NH3 and showed increased response
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values with an increase in humidity. Zhang et al [102] observed the same linear increase with humid-
ity levels ranging from 11%–97% RH for PANI/MWCNTs/MoS2. Similarly, Wang et al [100] found an
improvement in response within the humidity range from 41% to 72.2% but a minor decline of 8.8% of
the response values was found at high humidity levels of 72.2%–87.1% for PANI/Nb2CTx. Chen et al
[115] found that the recovery time of Au@SiO2 NCs/PANI sensors improved for sensing at 66% RH
compared to 22% RH but also that the response values were higher at 22% RH.

Humidity can significantly influence NH3 sensing, while the effect humidity has on CP gas sensors
varies per sensor. Some sensors demonstrate an increased response with rising relative humidity levels
[75, 96, 98, 101, 106], while others show reduced [103, 129] responses at higher humidity levels. This
emphasizes the need to investigate the sensor response at specific humidity conditions to obtain accurate
gas detection.

3.6. Temperature dependence of conductive polymer-based composites
Temperature variations cause variations in the electrical resistance of the gas sensing material [120].
Consequently, temperature fluctuations can changes in the sensor’s output while the gas concentration
remains constant [120]. Therefore it is of importance to determine the response of the CPs towards
temperature.

The PANI/Nb2CTx composite shows a decrease of the response values to 2 ppm NH3 when the tem-
perature increases from 25◦C–50◦C (figure 7(c)) [100]. Additionally, PSS-PANI/PVDF sensors showed
a decrease of their response value in a temperature range from 25◦C–50◦C when exposed to 1 ppm
NH3 [106]. Wu et al [75] found that MWCNT-PANI sensors exhibit an increase of resistance during an
increase of temperature from 25◦C–50◦C.

PPy based sensors showed different behavior towards temperature depending on the additive. Kiani
et al [117] found a gradual increase of the response values with increasing temperatures ranging from
22◦C till 70◦C in PPy sensors with additional Ag LICIO4. At the same time, Lawaniya et al [129]
observed a gradual decrease of the response value of PPy/MWCNT sensors when exposed to 100 ppm
NH3 within operating temperatures of 27◦C–100◦C. Dehsari et al [109] found that their PEDOT:PSS
CuTSPc@3D-(N)GF sensors performed best at room temperature and show lower response values at
increased temperatures when exposed to 200 ppm NH3.

To conclude, temperature variations significantly influence the properties and response of gas sens-
ing materials with varied behaviors observed for each CP. The response towards temperature may either
increase or decrease depending on the additives.

3.7. Mechanical bendability of CP-based composites
Wearable gas sensor technologies are being developed for applications in medical diagnosis, food preser-
vation, public safety, and environmental monitoring [121]. Wearable sensors with rigid substrates like
glass or silicon wafers are inherently stiff, whereas mechanical flexibility is essential for them to con-
form comfortably to the body [121]. Flexible and stretchable substrates based on materials such as paper,
polyimide (PI), polyethylene terephthalate (PET), polyethylene naphthalate (PEN), cotton and flexible
glass, can overcome the limitations of rigid substrates [122, 123]. Flexible substrates allow the sensors to
conform to various shapes [124]. The selection of the right CP for wearable gas sensors is of importance
as for example PPy is mechanically rigid and brittle [125].

Recent advancements in substrate materials and fabrication techniques have further improved the
mechanical properties of wearable gas sensors, with flexible porous polyvinylidene fluoride (PVDF)
membranes being particularly promising due to their porous structure that enables gas permeabil-
ity while maintaining mechanical strength [126]. The porous structure improves the air permeability
of the sensors, making them more suitable for long-term wear without compromising gas detection
performance [106]. Bending PVDF substrates which are covered with active MWCNT-PANI material
to angles of 0◦, 30◦, and 60◦ resulted in a slight reduction of the response values (from 32% to 30.8%
and 30.3%). 500 bending cycles to a 60◦ bending angle caused fluctuations of the response values of less
than 10% as shown in figure 7(d) [75]. When PSS-PANI sensors fabricated on PVDF substrates where
exposed to 2000 bending cycles to an bending angle of 120◦ the response value decreased from 70% to
60.8%. Here, the response value gradually stabilized between 3000–10000 bending cycles with response
values of 57.2% to 54.9% for 1 ppm NH3. Further testing the sensor for different bending angles of
120◦, 180◦ and 240◦ resulted in a standard deviation of less than 10% [106]. GP-PANI/PVDF sensors
were exposed to 1 ppm NH3 as well as 0, 200, 500, 800, 1200 and 1500 bending cycles showed response
values of 60%, 56%, 53%, 50%, 49% and 48%, respectively. It was observed that initially the resistances
increased when the amount of bending cycles increased. After 1500 bending cycles the response value
decreased from 60% to 48%, which gives a fluctuation within approximately 12%. This is a significant
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improvement compared to pristine PANI sensors which reduced from 66% to 15% after 1500 bending
cycles when exposed to 2 ppm NH3 [101].

PANI Au@SiO2 sensors fabricated on PI substrates were exposed to bending angles from −85◦ till
85◦ and kept a stable response value of 80% with a maximum concentration deviation of 0.6 ppm.
Bending cycles (0, 50, 100, 150, 200, and 500 repetitions) with a bending angle of 60◦, caused negli-
gible variations of the response value [115]. PANI SrGe4O9 sensors on PI substrate showed a small error
of the measured resistance value after 500 bending/extending cycles at an backward angle of 40◦ with
an observed error of 0.25 ppm in measuring 2 ppm NH3 [99]. The f-MWCNT-PEDOT:PSS sensors fab-
ricated on PET were bent to curvature radii of 3.0 cm and 0.9 cm using polyactic acid (PLA) cylinders.
Bending the sensor to a curvature radius of 3.0 cm resulted in a response between 67.5% and 65.0%
while heavy substrate-bending to a 0.9 cm radius gave a response of 29.5%. After bending to 0.9 cm
some cracks could be observed in the sensing film and a lack of MWCNT linkages bridging the crack
gap on the sensing films was observed (the MWCNT act as connectors that promote electron trans-
port), resulting in a low response towards NH3, illustrated in figure 7(e) [116]. Bending of a PI sub-
strate with sensors using FeCl3-PEDOT:PSS as active material to angles of 120◦ (forward), 180◦ (flat),
and 240◦ (backward) resulted in a standard deviation of the response value of less than 10% indicating
good mechanical stability [98]. Bending graphene-PEDOT:PSS sensor on a flexible transparent substrate
to angles ranging from 10◦ to 70◦ and exposure to 500 ppm NH3 shows an increase of the response
from 9.6% to 15.8% which corresponds to an increase of +6.2%. It is proposed that a polymer swelling
process increases the inter-chain distance whereby NH3 molecules can diffuse easily into the graphene
polymer layer under bending induced strain [108].

Static bending to different angles, and also dynamic bending cycles can cause slight reductions of
their response values [75, 101, 106], while some maintain a stable performance [115] even after hun-
dreds of bending cycles.

4. Discussion

The performance of ammonia gas (NH3) sensors depends heavily on the selection of the active sens-
ing material. CPs present a promising option as active sensing layers due to their tunable chemical and
physical properties, simplicity of fabrication, and cost-effectiveness. CPs such as polyaniline (PANI),
polypyrrole (PPy), poly(3,4-ethylenedioxythiophene) (PEDOT), and poly(3-hexylthiophene) (P3HT)
have already demonstrated significant effectiveness as sensing layers. Their electrical conductivity can
be modulated through doping, making them versatile for various applications. The existing research on
CPs underscores their potential for accurate and rapid NH3 detection, especially with room-temperature
operation.

Despite their advantages, CPs face challenges such as poor selectivity, reduced sensitivity, and envir-
onmental instability, including sensitivity to temperature and humidity. High humidity, for instance,
can cause polymer swelling, altering conductivity and reducing sensitivity. Temperature fluctuations can
further worsen performance instability. Reporting environmental factors like temperature and humidity
during experiments is critical, as these parameters significantly affect sensor performance. Testing sensors
across a range of NH3 concentrations and under varied humidity levels can provide a comprehensive
understanding of sensor capabilities.

A key challenge lies in comparing the performance of different CP-based NH3 sensors due to the
lack of standardized evaluation protocols. The absence of consistent protocols for determining sensitivity,
response time, recovery time, and other key sensor parameters complicates the comparison of different
sensors. To address this issue, establishing standardized experimental protocols for sensor performance
characterization is crucial. A standardized approach will enable researchers to make meaningful compar-
isons and improve the overall performance of NH3 sensors.

A proposed strategy for standardizing sensor testing includes measuring the sensor’s resistance change
at various NH3 concentrations, such as baseline (0), 1, 3, 5, 10, 20, 25, 30, 40, 50, 75, and 100 ppm/ppb
[54]. A minimum of five concentrations should be tested to generate a comprehensive response curve,
including low, medium, and high concentrations to identify saturation points and define the full opera-
tional range. Testing with at least three sensor replicates is recommended to ensure reproducibility. It is
also essential to report the temperature at which experiments are conducted, as temperature fluctuations,
especially seasonal variations, can influence sensor performance. Humidity is another critical factor; it
is advisable to characterize sensors under low, medium, and high humidity conditions (e.g. below 20%,
30%–60%, and above 90% RH, respectively) to assess its impact on sensor response. Additionally, for
mechanical bendability experiments, both the bending radius and the strain induced by bending should
be reported, as these factors depend on the substrate’s properties and thickness.
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Incorporating additives, creating nanostructured composites or nanoparticles, and introducing func-
tional groups can improve the performance of CP-based sensors and can help address these limitations.
These modifications can enhance selectivity, stability, and overall sensor performance.

Furthermore, selectivity is a key challenge, as gases with amine groups (e.g. diethylamine) share
molecular similarities with NH3 and can interfere with sensor detection. High selectivity toward NH3
can be achieved by carefully selecting additives that enhance the specificity of the CP for NH3 detection.

5. Future prospects

Future directions include increasing analyte diffusion into CP films by enhancing the surface area
(increase porous structure, pore size and control film thickness) rather than using thick, continuous,
amorphous, and bulky CP film matrices [130]. Adding to this, the chemical (e.g. charge transfer, hydro-
gen bonding, or redox reactions) and physical interactions (e.g. adsorption or surface-level interac-
tions) between gases and CPs should be explored in greater detail using advanced theoretical model-
ing techniques [131]. Furthermore, more research on composite materials that improve performance
(enhance electrical conductivity, improve selectivity, increase durability, increase flexibility) should be
conducted to integrate them into the system. Nanoparticle aggregation can occur, so studying their dis-
tribution and adhesion methods is crucial [132]. Since CPs are relatively sensitive to moisture, tem-
perature variations, and chemical degradation, materials that enhance stability should be extensively
investigated [133, 134]. New CPs are synthesized regularly, and many less-explored CPs exist that can be
tested for (NH3) gas sensing capabilities. This creates an exciting future for advancements in NH3 sensor
technology [135, 136]. Finally, ensuring biocompatibility and low toxicity will be essential for safe use in
medical or wearable applications.

6. Conclusion

CPs hold significant promise as active sensing layers in NH3 gas sensors, offering versatility, cost-
effectiveness, and the potential for room-temperature operation. Notably, CP-based NH3 sensors, par-
ticularly those incorporating composite materials, have demonstrated success in detecting low concentra-
tions of NH3 with rapid response times, making them attractive for real-time monitoring in both bio-
medical and environmental applications. While these materials have demonstrated effectiveness, chal-
lenges such as selectivity, stability, and sensitivity to environmental conditions need to be addressed.
Establishing standardized evaluation protocols is essential for meaningful sensor comparisons and overall
technology improvement. By addressing these challenges and exploring new materials and methodolo-
gies, researchers can advance the development of high-performance NH3 sensors for diverse applications.
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