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A B S T R A C T   

The development of an effective and reliable sensor with the capability to detect ammonia (NH3) gas at room 
temperature exerts a significant influence on the sensor industry. The gas sensing performance is notably 
improved by the formation of a heterostructure between metal oxide with metal sulfides. In this study, pure 
ZnIn2S4 (ZIS), Cu2O and heterostructures of ZIS with 5, 10 and 20 wt% of Cu2O were successfully prepared using 
hydrothermal, co-precipitation and heat treatment methods, respectively. A thorough investigation has been 
carried out to examine the sensing capabilities of all the materials upon exposure to NH3 with different con-
centrations (1, 5, 10, 15, 20, 25 and 50 ppm) at room temperature (RT). Impressively, the composite material 
0.9ZnIn2S4/0.1Cu2O (ZIS-10) has exhibited remarkable gas sensitivity compared to pristine ZIS and Cu2O to-
wards 25 ppm NH3, low limit of detection (1 ppm) with fast response/recovery times (37/25 sec). The improved 
performance of the ZIS-10 composite sensor may be ascribed to the synergistic effect between ZIS and Cu2O, 
which facilitates the electron transfer from ZIS to the Cu2O at the interface. The plausible gas-sensing mechanism 
and the pathways responsible for enhanced sensing are also discussed in detail.   

1. Introduction 

The developments in the industry have been indubitably improving 
the quality of societal needs, nevertheless, they show the detrimental 
effect on both the environment and human health. Chemical industries, 
agricultural operations, and vehicle exhaust emissions release hazard-
ous gases viz. ammonia (NH3), benzene (C6H6), formaldehyde (CH2O), 
hydrogen sulfide (H2S), toluene (C6H5CH3), xylene (C6H4(CH3)2) and 
nitrogen dioxide (NO2). NH3 in particular, is one with very high toxicity 
and poisonous gas that is frequently used in many important techno-
logical areas including chemical engineering, food technology, fire-
power plants, and medical diagnosis. Prolonged exposure to ammonia in 
the air has been having negative effects on the respiratory and cardio-
vascular systems. The recent ammonia gas explosion in West Texas 
resulted in the deaths of 15 individuals and over 260 injuries [1]. As 
such, the development of low-concentration detection methods for 

ammonia gas in the air, plays an important role in medical applications, 
environmental protection and saving human lives. 

Recently, significant research efforts have been directed towards the 
comprehensive exploration of diverse nanostructured materials for 
ammonia detection. These investigations aim to attain exceptional 
selectivity, heightened sensitivity, prompt response, minimal recovery 
time and remarkable stability in the realm of ammonia detection ap-
plications. Among the various types of gas sensors, metal oxide semi-
conductors (MOS), for instance n-type materials i.e. WO3 [2–7], In2O3 
[8–15], SnO2 [16–19], ZnO [20–22], TiO2 [23,24], Fe2O3 [25,26] and p- 
type materials i.e. MoO3 [27], NiO [28–30], CuO [31,32] and Cu2O 
[33,34] have been established as leading sensors for the gas detection 
owing to their excellent properties like outstanding sensitivity, good 
response/recovery, chemical and thermal stability etc. Cuprous oxide 
(Cu2O) is an important p-type metal oxide semiconductor (1.9–2.2 eV) 
which exhibits extraordinary catalytic abilities and gas-sensing 
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properties [35,36]. In general, p-type Cu2O resistance rises resulting 
from free electrons being released by the adsorbed oxygen to the con-
duction band, rendering it difficult to measure. Hence, to reduce the 
resistance of a gas sensor some other materials are composited with 
Cu2O to form composites [37]. For instance, Ding et al. [38] synthesized 
Cu2O/MoS2, p-p type heterostructure and investigated the NH3 sensing 
of 20–100 parts per million (ppm). Ranjan Kumar et al. [39] examined 
the NO2 sensing capabilities under 254 nm UV irradiation in the pres-
ence of MOS2/Cu2O/ZnO heterostructure and found that MCZ45 
exhibited superior sensitivity compared to Cu2O/ZnO. Additionally, the 
gas sensing capabilities of Cu2O are not well understood, and a more 
extensive study is imperative to optimize its gas sensing properties and 
elucidate its operating mechanism. Hence, the development of hetero-
structure between Cu2O and other metal oxides/sulfides emerges as a 
promising approach to enhance the sensitivity of Cu2O sensing 
performance. 

In addition to metal oxides, the exploration of metal sulfides with 
layered structures has gained attention in the field of gas sensors because 
of their myriad advantages such as high surface area, ease of prepara-
tion, non-toxicity and large amount of sulfur vacancies. One such metal 
sulfide is zinc indium sulfide (ZnIn2S4), which possesses a unique com-
bination of physicochemical properties that render it as an attractive 
material for gas sensing applications. ZnIn2S4 is a ternary n-type semi-
conductor (2.3 eV) [40], which exhibits remarkable gas sensing capa-
bilities due to its two-dimensional (2D) layered hexagonal structure with 
a large surface area and S-vacancies [41]. Furthermore, ZnIn2S4 is highly 

stable both thermally and chemically, non-toxic, and inexpensive. 
However, despite its potential, there are relatively few studies on the 
gas-sensing properties of ZnIn2S4. Liu et al. [42] have improved the 
ethanol sensing of ZnIn2S4 nanosheets coated on In2O3 nanospheres. Fan 
et al. [43] have synthesized the sulfur vacancy-rich ZnIn2S4 and studied 
the triethylamine sensing properties at room temperature (RT). Ac-
cording to us, the existing literature provides the most up-to-date on the 
gas-sensing properties of ZnIn2S4. Considering the preceding discussion, 
doping a metal into a semiconductor and/or the formation of a hetero-
structure is a highly efficient method for enhancing the sensitivity of a 
gas sensor. Among the above methods, we have chosen the latter 
because of the following reasons: (1) The formation of heterostructures 
between metal oxides and mesoporous 2D metal sulfides provides a 
large surface area for a reaction and (2) the chemical bonds formed 
between the materials can serve as charge transfer pathways during the 
gas-sensing process [44]. 

Thus, the present work aims to synthesize 2D ZnIn2S4 hierarchical 
micro flowers and Cu2O hexapods by hydrothermal and reductive so-
lution methods respectively. The NH3 gas sensing performance, 
response/recovery times and limit of detection of pure materials and 
heterostructures were investigated to manifest the superior activity of 
NH3 detecting ability at RT. It was found that 0.9ZnIn2S4/0.1Cu2O (ZIS- 
10) nanocomposite exhibited excellent gas sensing properties compared 
to other compositions. The reasons for the enhanced gas sensing per-
formance were explained with a plausible mechanism. This type of work 
bridges the knowledge gap and explores the potential of ZnIn2S4 with p- 

Fig. 1. Schematic illustration for the preparation of ZnIn2S4 micro flowers and Cu2O hexapods.  
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type semiconductors in gas sensing applications and the development of 
new metal sulfide-based gas sensors with improved sensitivity and 
selectivity. 

2. Experimental section 

2.1. Materials 

The following chemicals were procured for the experiment: zinc 
chloride (ZnCl2, 98%), thioacetamide (TAA, 98%), hydrochloric acid 
(HCl), CuSO4⋅5H2O, NaOH, ascorbic acid and ethanol from SD fine 
chemicals. In2O3 (99.5%) was obtained from Sigma Aldrich. All the 
chemicals are used in their received form without additional 
purification. 

2.2. Preparation of flower-like ZnIn2S4 microspheres 

ZnIn2S4 (ZIS) was synthesized using the hydrothermal method. In 

Fig. 2. (a) Powder XRD patterns of Cu2O, ZIS-5, ZIS-10 and ZIS-20 (b) Unit 
cells of ZnIn2S4 and Cu2O by VESTA. 

Table 1 
Crystallize size, dislocation density and strain of all the materials.  

S.No. Crystallite size 
(nm) 

Dislocation Density 
(Lines/m2) 

Strain 

Cu2O 
ZIS 

47.2 
6.9 

0.08 × 10− 2 

2.8 × 10− 2 
0.044 × 10− 3 

5.6 × 10− 3 

ZIS-5 6.7 3.2 × 10− 2 5.9 × 10− 3 

ZIS-10 6.5 4.2 × 10− 2 6.5 × 10− 3 

ZIS-20 6.4 4.9 × 10− 2 6.9 × 10− 3  

Fig. 3. Raman spectra of ZIS, ZIS-10 and Cu2O.  

Fig. 4. (a) UV–Vis DRS spectra and (b) Tauc plot of all the compositions.  

K.K. Bedala et al.                                                                                                                                                                                                                               
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brief, stoichiometric amounts of ZnCl2 (0.02 mmol) and thioacetamide 
(0.08 mmol) were dissolved separately in 30 mL of distilled water. To 
obtain water-soluble InCl3, the compound In2O3 (0.02 mmol) was dis-
solved in conc. HCl and the excess HCl was evaporated on a hot plate. 
The attained white crystals (InCl3) were dissolved in distilled water. 
After adding the ZnCl2 solution to the InCl3 solution, the TAA solution 
was slowly added, and the resulting mixture was stirred for approxi-
mately 30 min. The obtained solution was transferred to a Teflon-lined 
stainless-steel autoclave and heated at 120 ◦C in a hot air oven for 20 h. 

After the formation of a yellow precipitate, it was washed three times 
distilled with water and subsequently rinsed three times with ethanol. 
Finally, the precipitate was dried at 80 ◦C for 8 h. 

2.3. Preparation of Cu2O 

To prepare Cu2O, a co-precipitation method was employed. Typi-
cally, in a beaker 0.5 M CuSO4⋅5H2O (25 mL) was taken, and then 0.5 M 
NaOH (20 mL) was slowly added drop by drop. This was followed by the 

Fig. 5. XPS spectra (a) survey spectrum of ZIS-10, (b) Zn 2p, (c) In 3d, (d) S 2p, (e) Cu 2p, and (f) O 1s.  
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addition of 0.1 M ascorbic acid (25 mL), while continuously stirring the 
mixture for approximately about 30 min at room temperature (RT). The 
resulting precipitate, which appeared as a brownish red color, was 
washed with distilled water and ethanol 3–5 times. Subsequently, the 
precipitate was heated at 80 ◦C for 4 h. For visual clarity, the synthesis 
procedures of ZnIn2S4 and Cu2O are illustrated schematically in Fig. 1. 

2.4. Preparation of ZnIn2S4/Cu2O heterostructures 

The ZnIn2S4/Cu2O composites were prepared by the simple heat 
treatment method. For instance, to prepare 5 wt% of Cu2O in ZnIn2S4, 5 
mg of Cu2O was added to the 95 mg of pure ZnIn2S4 and ground thor-
oughly for 30 min. Afterwards, the resultant powder was taken into a 
silica crucible and heated in a furnace at 400 ◦C in the air for 2 h. After 

natural cooling down to RT, the samples were collected and ground 
thoroughly for 30 min. A similar procedure was also adopted for the 
remaining samples and all the obtained composites of 5, 10 and 20 wt% 
of Cu2O in ZnIn2S4 were abbreviated as ZIS-5, ZIS-10 and ZIS-20 
respectively. The details of all the characterization techniques have 
been given in electronic supplementary information (ESI). 

2.5. Gas sensor fabrication and measurement 

The gas sensors were fabricated by a simple doctor blade method. 
Typically, 10 mg of each material was added with a few drops of acetone 
to make a slurry. The obtained slurry was uniformly coated on a 3 × 3 
cm transparent glass slide, which was priorly cleaned with acetone, and 
dried at 80 ◦C. Afterwards, the electrodes were made by coating silver 

Fig. 6. FESEM images of (a) ZIS, (b) Cu2O, (c) ZIS-10, and (d) color mapping of Zn, In, Cu, S and O and HRTEM images of (e) ZIS-10 heterostructure (f) high- 
resolution TEM images of ZIS-10 (lattice fringes) and (g) SAED pattern. 
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paste on both edges of the substrate and dried at 120 ◦C for 4 h. Later this 
thin layer coated plate is transformed into a gas sensing chamber. 
Initially, the resistance of the ZnIn2S4/Cu2O thin layer is measured in 
dry airflow to establish a baseline, after that the analyte gas is injected 
into the gas chamber and sealed then the resistance of the thin layer 
changes noticeably. The resistance (Rg) of the sensor in the presence of 
analyte gas at different concentrations and the resistance (Ra) of the 
sensor in the presence of dry air at room temperature were measured. 
The relative humidity in the chamber was maintained at 60% using a 
digital humidity controller (Humitherm, India). The gas instrument set- 
up was provided in the ESI (Fig.S1). 

3. Results and discussion 

3.1. Powder X-ray diffraction analysis 

The phase composition and crystal structure of pure ZIS, Cu2O, and 
composites were examined by powder X-ray diffraction, and the results 
are displayed in Fig. 2(a). The pure ZIS shows prominent diffraction 
peaks at 2θ values, 21.5◦, 27.7◦, 30.3◦, 39.7◦, 47.3◦, 52.3◦ and 55.4◦, 
corresponding to the planes of (006), (012), (104), (108), (110), 
(116) and (022), respectively. The diffraction peaks are well consistent 
with the previous reports [42]. These observations imply that ZIS is 
crystallized in a hexagonal structure (JCPDS No. 98-000-4012) with 
space group P63mc [43]. The absence of additional peaks in XRD pat-
terns suggests the single phase of the prepared compound. The more 
intense and broadness of XRD peaks emphasize that the compound is 
comprised of crystals in the nanoscale. Likewise, the diffraction peaks of 
Cu2O hexapods were noticed at 29.5◦, 36.4◦, 42.2◦, 61.2◦ and 73.5◦. 
These peaks are correlated well with the planes of (011), (111), (002), 
(022) and (113), respectively. It indicates that Cu2O is crystallized in a 
cubic structure (JCPDS No. 98-001-1687) with space group pn3m [35]. 
The absence of the diffraction peaks of CuO or Cu discloses that Cu2O 
grew in its pure phase. The more intense diffraction peaks insinuate that 
the obtained Cu2O nano hexapods have a high degree of crystallinity. 
The XRD patterns of the hybrid heterostructures vividly exhibit the 
characteristic peaks of both the ZIS and Cu2O. Besides, the intensity of 
(006), (108), (110) and (022) planes decreased with increasing Cu2O 
amount from 5 to 20 wt%, suggesting the formation of heterostructure 
between ZIS and Cu2O. On the contrary, no change in the peak positions 
of the heterostructure was found, revealing that the crystal structure of 
either compound is unaffected. The crystallite size of as-synthesized 

compositions was estimated by the Debye-Scherrer formula. 

t =
0.9λ

βCosθ
(1)  

where “t” is the average crystallite size, “λ” is X-rays wavelength 
(1.5406 Å), “β” is fullwidth at half maximum (FWHM) of the highest 
intensity peak (in radians), “θ” is the Braggs angle of the crystal planes. 
The dislocation density of the pure components and their composites 
were calculated by the following formula. 

Dislocation density (δ) =
1

(Crystalline size)2 (2) 

The strain of the materials was calculated by the following equation. 

Strain(ε) = βCosθ
4

(3) 

The crystallite size (t), dislocation density (δ) and strain (ε) of all the 
compounds are listed in Table 1. The unit cells of both Cu2O and ZIS 
were drawn with VESTA software and presented in Fig. 2(b). 

3.2. Raman spectroscopy 

Fig. 3. displays the Raman spectra of pure ZIS, Cu2O and ZIS-10 
composites in the wave number range of 100–800 cm− 1. The pure ZIS 
exhibits two prominent characteristic Raman bands at 241 and 352 
cm− 1. The band observed at 241 (A1g) cm− 1 is due to the molecular 
vibration of M-S (M = Zn, In) and the band at 352 cm− 1 is corresponding 
to the symmetric stretching of S-S bonds in the octahedral structure 
[6,45]. Similarly, the appearance of five bands at 113, 150, 217, 408 and 
625 cm− 1 in the Raman spectrum of Cu2O confirms the single phase and 
is well corroborated with the reported literature [46]. The peaks at 113 
and 150 cm− 1 are assigned to Raman inactive and scattering modes from 
phonons of symmetry Γ−

15 respectively [46]. The high intense Raman 
band observed at 217 cm− 1 is attributed to the second-order Raman- 
allowed mode as well as the overtone mode of Cu2O [47]. The less 
intense band at 408 cm− 1 and moderately intense band at 625 cm− 1 are 
linked to four phonons of 3Γ−

12 +Γ−
25 and infrared-allowed mode 

respectively [48,49]. It can be seen from Fig. 3, the Raman bands of ZIS- 
10 are found to be blue-shifted while their intensity remarkably 
changed. It clearly suggests that the negatively charged oxygen atoms of 
Cu2O electrostatically interact with the negatively charged sulfur atoms 
of ZIS at the interfacial surface, thereby affecting the bond distance 
between Zn-S/S-In. Thus, the appeared blue shift demonstrates the 
formation of heterostructure between the ZIS and Cu2O nanostructures. 

3.3. UV–Vis DRS analysis 

The optical properties of synthesized materials were determined by 
UV–Vis DRS and the resultant spectra of pure ZIS, Cu2O and composites 
are shown in Fig. 4(a), demonstrating that pure ZIS and Cu2O have a 
sharp absorption edge around 520 and 640 nm, respectively. The ab-
sorption edges of ZIS-5, ZIS-10 and ZIS-20 nanocomposites manifested a 
redshift. The optical band gap (Eg) of materials is calculated using the 
relation. 

αhν = A
(
hv − Eg

)1/2 (4)  

where A is a constant. 
The obtained Eg values from a Tauc plot (Fig. 4(b)) of ZIS, Cu2O, ZIS- 

5, ZIS-10 and ZIS-20, respectively are 2.46, 2.01, 2.36, 2.24 and 2.16 eV. 
As displayed in Fig. 4(b), ZIS has a higher optical band gap than Cu2O. 
Besides, Cu2O exhibited a broad absorption range, whereas ZIS has a 
narrow absorption range. In addition, the heterostructures showed less 
absorbance than pure compounds, resulting from more scattering of 
light by the heterostructure wherein Cu2O agglomerated over ZIS or vice 
versa, leading to suppression of the light absorption. This result 

Fig. 7. BET surface area of ZIS, Cu2O and ZIS-10.  
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validates the SEM and TEM analysis. The top of valence band (VB) of 
Cu2O contains Cu 3d and O 2p as main orbitals where Cu 3d contributes 
to the top of VB and O 2p at the bottom of VB and the bottom of con-
duction band (CB) might composed of anti-bonding Cu 4p + Cu 3d and O 
2p orbitals [50]. On the other hand, VB of ZIS is majorly made of S 3p +
In 5p + Zn 3d + Zn 4p and its CB contributed by Zn 4 s + S 3p + In 5 s +
In 5p of CB of ZIS [51]. The random variation in the optical band gap is 
attributed to the possible interaction between ZnIn2S4 and Cu2O. At the 
interface of the heterostructure, the S ions electrostatically interact with 
O ions (see Fig. 2 (b)), leading to the repulsion between the 3p electrons 
of S ions and the 2p electrons of O ions. Consequently, this interaction 

would affect the bond lengths of O-Cu and S-Zn or S-In. This indeed 
significantly modifies the electronic band structure of both the VB and 
CB of the respective compounds. Thus, this could be accountable for the 
observed variation in the optical band gap. 

3.4. XPS analysis 

To determine the valence states of the elements, present in the ZIS-10 
nanocomposite XPS was used. The survey spectrum of ZIS-10 hetero-
structure (Fig. 5(a)) shows sharp peaks, suggesting the presence of only 
Zn, In, S, Cu and O elements. The two prominent peaks centered at 

Fig. 8. (a) Selectivity and (b) response (Ra/Rg) Vs concentration of NH3 gas in the presence of all the compositions.  
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1022.96 and 1046.13 eV (Fig. 5(b)) attributed to Zn 2 p3/2 and Zn 2 p1/2 
respectively, assured that Zn exists in the +2 state [52]. As disclosed in 
Fig. 5(c) the two major peaks seen at 445.8 (3d5/2) and 453.5 (3d3/2) eV 
are ascertained to be +3 oxidation state of In. The XPS spectrum of S was 
fitted into two sub peaks using the Gaussian function and shown in Fig. 5 
(d). The two peaks observed at 161.9 and 163.4 eV, corresponding to S 
2p3/2 and S 2p1/2 respectively, indicate that S is present in the − 2 
oxidation state (S2− ) [52]. In addition, Cu 2p has the two characteristic 
peaks, observed at 932.8 and 952.6 eV along with the satellite peaks at a 

lower binding energy of 934.7 and 954.7 eV, respectively, correspond-
ing to Cu 2p3/2 and Cu 2p1/2 indicating Cu+ state (Fig. 5(e)) [53]. This 
observation strongly advocates the XRD results of Cu2O. The high- 
resolution spectrum of O 1s displayed an intense peak at 532.5 eV as 
shown in Fig. 5(f), assigned to lattice oxygens with Cu–O bonds. In short, 
it is strongly believed from XPS analysis carried out on ZIS-10 hetero-
structure that the compounds formed in their respective single phases. 

Fig. 9. Dynamic response of (a, d) ZIS-5, (b, e) ZIS-10 and (c, f) ZIS-20.  
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3.5. SEM and HRTEM analysis 

The morphology and nanostructure of the materials were examined 
by SEM and HRTEM. Fig. 6(a-c) shows the SEM images of all the com-
pounds with different magnifications. As illustrated in Fig. 6(a), pure ZIS 
primarily made of a flower-like hierarchical structure with an average 
diameter of 2–3 µm and it has several layers of petaloid structures, 
endowing this material to possess mesoporous and microporous fea-
tures. The Cu2O compound majorly consists of microcrystals as shown in 
Fig. 6(b), which have hexapod morphology with an average size 

between 1 and 3 µm and are congruent with the previous report [54]. 
The addition of Cu2O from 5 to 20 wt% to ZIS did not significantly alter 
the morphology of the resultant heterostructure. However, from Fig. 6 
(c), it is evident that the high agglomeration of heterostructure resulted 
from the random distribution of Cu2O microcrystals embellished over 
the ZIS micro flower, leading to the formation of an interface between 
ZIS and Cu2O. The presence of Cu2O and ZIS is further asserted by EDX 
analysis. The EDS elemental mapping images are shown in Fig. 6(d), 
displaying that Zn, In, S, Cu, and O are evenly dispersed throughout the 
ZIS-10 composite. The HRTEM images of ZIS-10 (Fig. 6(e)) exhibit the 
microstructure which consists of nanosheet-like structures and nano-
particles. The interplanar spacing was (Fig. 6(f)) found to be 0.317 nm 
and 0.20 nm corresponding to the (012) and (110) planes respectively 
of ZIS and the lattice spacing of 0.15 nm is ascribed to the (022) plane of 
Cu2O. The SAED pattern of ZIS-10 (Fig. 6(g)) indicates the high crys-
tallinity of the sample and is corroborated by the XRD results. 

3.6. BET surface area analysis 

To determine the BET surface area of ZIS, Cu2O and ZIS-10 materials, 
N2 adsorption studies were conducted, and the results are presented in 
Fig. 7. The presence of a significant type IV hysteresis loop observed 
within the relative pressure range from 0.5 to 0.9 provides evidence for 
the mesoporous nature of the ZIS and ZIS-10 materials. However, Cu2O 
exhibits a narrow loop, indicating its microporous nature. As the Cu2O 
amount increases from 5 to 20 wt%, the width of the hysteresis loop 
decreases, implying the dominance of the microporous nature of the 
material over its mesoporous nature. The results obtained from the BET 
analysis revealed that the surface areas of ZIS, Cu2O and ZIS-10 are 
25.84, 0.66 and 13.23 m2/g, respectively. The large surface area is due 
to the hierarchical structures of the ZIS materials whereas the decrease 
in the surface area of ZIS-10 is due to the dispersion of the hexapods of 
Cu2O over the ZIS micro-flowers with high agglomeration which was 
further substantiated by SEM results. Volanti et al. [31] have also 
noticed similar results and confirmed that factors other than surface area 
are responsible for the enhanced sensor’s response. 

3.7. Gas sensing properties 

The selectivity, sensitivity and response (S = Ra/Rg) of ZIS, Cu2O and 
all the composites towards different volatile organic compounds (VOCs) 

Fig. 10. Response/recovery time of (a) ZIS-5, (b) ZIS-10 and (c) ZIS-20.  

Table 2 
Response and the recovery time of different sensors towards ammonia (NH3) at 
room temperature.  

Compound Preparation 
method 

Concentration 
(ppm) 

Response Tres/ 
Trec 

(sec) 

Ref. 

SnO2 Sol-gel 50 694 175/ 
210 

[59] 

Ce doped 
SnO2 

Hydrothermal 25 11 60/ 
35 

[60] 

TiO2 Sol-gel 50 35 240/ 
360 

[61] 

In2O3 Thermal 
Oxidation 

1000 92 100/ 
60 

[62] 

Co-doped 
ZnO 

Spray 
pyrolysis 

100 3.48 36/ 
10 

[63] 

PPy/ 
Zn2SnO4 

Hydrothermal 100 82.1 26/ 
24 

[64] 

CuO-MnO2 Hydrothermal 100 135 120/ 
600 

[65] 

Mn-doped 
ZnO 

Combustion 100 20.2 73/ 
147 

[66] 

NiO/ZnO Hydrothermal 50 42 27/ 
150 

[67] 

ZnIn2S4/ 
Cu2O 

Hydrothermal 25  37/ 
25 

Present 
work  
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were determined by measuring Rc. In this study, formaldehyde, ethyl 
alcohol, benzene, toluene and xylene were chosen as VOc’s. However, 
the response of the semiconductors is a function of the operating tem-
perature, concentration (ppm) and kinetic diameter of the gas. Thus, 
initially, the selectivity of all compounds was tested with 25 ppm of the 
above VOCs. Fig. 8(a) displays the response of NH3 whereas the inset 
shows the response of the rest of the gases since NH3 response-masked 
the other gases. The highest response towards NH3 gas is owing to its 
lower kinetic diameter (260 pico meter) than other gases. Thereby, NH3 

molecules easily diffuse onto the sensing material’s surface. It is worth 
noting that all the compositions exhibited gas-sensing properties at RT, 
which is essential for its practical applications. Therefore, the 
concentration-dependent measurements for all the samples were carried 
out with NH3 at RT only. The response of all the materials towards 
ammonia at various concentrations (1, 5, 10, 15, 20 and 50 ppm) is 
shown in Fig. 8(b). The dynamic response and recovery of pure ZIS and 
Cu2O are shown in Fig. S2 (a-d). The dynamic response of ZIS, Cu2O and 
the composites (Fig. 9) profoundly increases with the increase of NH3 
concentration. It should be noted that ZIS-10 has manifested the highest 
response among all the other samples. For 25 ppm, the response (S) of 
ZIS, Cu2O, ZIS-5, ZIS-10 and ZIS-20 are respectively, measured to be 15, 
2.5, 75, 1167 and 652, proving that ZIS-10 has astronomical response i. 
e., 476 and 81 times higher than of the pristine Cu2O and ZIS, 
respectively. 

3.8. Response and recovery characteristics 

The response time (Tres) of the sensor is defined as the time during 
which the sensor’s resistance reduces to 90% of its saturation resistance 
in the presence of gas. Likewise, the recovery time (Trec) is the time 
needed by a sensor to return to 10% saturated resistance after the 
withdrawal of gas. The values of response time and recovery time of all 
the composites were computed from Fig. 10. The response/recovery 
(Tres/Trec) times of ZIS, Cu2O (Fig. S3 (a, b)), ZIS-5, ZIS-10 and ZIS-20 
were determined in the presence of 25 ppm of NH3, and found to be 
98/88, 117/50, 66/47, 37/25 and 70/39, respectively. It indicates that 
ZIS-10 has shorter Tres/Trec than all the other compounds. Table 2 
compares various sensors’ responses and recovery time towards NH3 gas 
at RT. The high repeatability and stability of gas-sensing materials 
accentuate the applicability of these materials for their real-time ap-
plications. Thus, the repeatability and stability of highly responsive ZIS- 
10 were investigated for 25 ppm of NH3 over five cycles (Fig. 11(a)) and 
the observed results, conclusively reflect that ZIS-10 has applausive 
repeatability towards NH3 at RT. Apart from this, the stability (Fig. 11 
(b)) was tested over 30 days with an interval of 5 days and the obser-
vations not only demonstrated the stability of ZIS-10 at each interval but 
also showed its remarkable stability over 30 days. The limit of detection 
(Fig. 11(c)) was determined using the following equation and found to 
be 14.9 ppm. 

Limit of Detection(LOD) = 3.0 ×
Standard Deviation(SD)

Slope of the Curve
(5)  

3.9. Gas sensing mechanism 

The basic gas sensing mechanism involves the physicochemical 
interaction between the analyte gas molecules and the surface of the 
sensor [31]. The formation of p-n heterojunction is shown in Fig. 12(a) 
and the gas sensing mechanism for highly responsive ZIS-10 is proposed. 
Initially, O2 molecules adsorbed on the ZIS-10 surface, consequently, 
these adsorbed O2 simultaneously grab the electrons primarily from S 
3p + In 5 s + Cu 3d + O 2p of CB of ZIS-10, thereby forming umpteen 
oxygen ions (O2

–) at RT [55]. Hence, the electron cloud at the surface 
decreases, as a result, the depletion layer is formed, leading to an in-
crease in the resistance of ZIS-10. Thereafter, ZIS-10 in the presence of 
NH3 vapors, the strong interaction between the chemisorbed O2

– and 
NH3 molecules releases abundant electrons and readily injects into the 
CB of ZIS-10. Thus, the thickness of the depletion layer decreases, 
leading to decrease in resistance of ZIS-10. Furthermore, the under-
mentioned factors also contribute to decreasing the resistance. The 
electron affinity (χ) of Cu2O and ZIS are 5.32 and 4.86 eV, respectively 
[56,57]. The difference between χ of these two compounds alongside 
their effective energy band gap, which might vary their work functions 
and conduction and valence band offsets. Thereby these features facil-
itate the electrons to transfer from S 3p + In 5 s of CB of ZIS to primarily 

Fig. 11. (a) Repeatability and (b) stability of ZIS-10 towards 25 ppm ammonia 
gas at RT and (c) Response variation of ZIS-10 towards different NH3 concen-
tration (LOD). 
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Cu 3d + O 2p of CB of Cu2O at the intimate interface of ZIS-10 hetero-
structure. More clearly, at the p-n heterojunction interface, it is 
conceived that the electrons easily migrate from ZIS to Cu2O through the 
conducting channel viz., -S-In-S-In-S-O-Cu-O- as schematically depicted 
in Fig. 12(b). This channel might offer a low resistance path for the 
electrons between the contact electrodes. Having said that, the other 
possible pathway such as -S-Zn-S-Zn-S-O-Cu-O- might provide high 
resistance channel for the electrons since Zn 4 s and Zn 4p orbitals 
contribute to the top of CB of ZIS-10 than that of In and S orbitals [58]. 
Alternately, since Cu+ ions coordinated by their nearest neighbor 12 
Cu+ ions resulted in the moderate Cu-Cu interaction thereby various d- 
d orbitals of Cu+ - Cu+ undergo hybridization up to the possible extent, 
creating the other conducting paths for itinerant electrons. Thus, elec-
trons also find the other pathways from Cu+ to neighboring Cu+ ions in 
addition to -S-In-S-In-S-O-Cu-O-. These additional pathways partly cause 
ZIS-10 to possess a lower resistance than other compounds. All in all, 
these peculiar pathways are more responsible for ZIS-10 to have an 
enormous response towards low ppm detection of NH3 gas. 

The underlying mechanism is as follows. 

O2(in air)+ZIS − 10→O2(adsorption) (6)  

O2(adsorption)+ e− (CB of ZIS − 10)→O−
2 (adsorption) (7)  

4NH3(g)+ 3O−
2 (adsorption)→2N2 + 6H2O+ 3e− (8)  

4. Conclusions 

In summary, we have successfully synthesized ZnIn2S4/Cu2O heter-
ostructures that exhibit a highly sensitive and rapidly responsive 
ammonia gas sensor, while maintaining remarkable stability. Among all 
the composites tested, ZIS-10 exhibits outstanding performance in 
ammonia sensing at RT, detecting concentrations as low as 1 ppm. The 
responses of ZIS-10 measured to be 1184 which is 81 and 476 times 
higher compared to the pristine ZIS and Cu2O, respectively. Addition-
ally, ZIS-10 exhibited shorter response and recovery times (Tres/Trec) 
compared to other compounds, with values of 37/25. The enhanced 
sensing capabilities of ZIS-10 can be attributed to the difference in 
electron affinities (χ) between the two compounds. This difference fa-
cilitates the transfer of electrons from the CB of ZIS especially from S 3p 
+ In 5 s, to the Cu 3d + O 2p of CB of Cu2O at the interface of ZIS-10 
heterostructure. Furthermore, electrons find the alternative pathways 
from Cu+ to neighboring Cu+ ions, in addition to the -S-In-S-In-S-O-Cu- 
O- pathway. These additional pathways contribute to ZIS-10 having low 
resistance compared to other compounds. 
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