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The utilization of advanced sensing techniques for detecting 
and monitoring toxic gases in industry and the environment is a 
predominant action. For such applications, the sensor material should 
possess higher sensitivity, faster detection, and real-time operation. Mostly, 
metal oxides (MOs) are preferred for gas sensing purposes owing to their 
excellent sensing property, wide band-gap, electrical conductivity, and high 
surface reactivity. But, the same MOs lag in many perspectives like low 
selectivity, higher operating temperature (> 400 °C), more power 
consumption, and reduced stability. Since more emphasis is given to 
materials that operate at room temperatures like nano-hydroxyapatite 
(nHAp), it’s a bio-ceramic material used for chemical gas sensing. The nHAp 
is a matrix of rich calcium (Ca2+) and phosphate (PO43-) ions. In chemical gas 
sensors, the nHAp possess significant properties like large surface 
phosphate-hydroxide (P-OH) groups, ionic conductivity, porous nature, and 
ion exchange capability for effective gas molecule interaction. In this 
profound review, we discussed the nHAp structure with different fabrication 
techniques for gas sensing. Particularly, functionalized nHAp with MO and 
polymers were focused and their stability, sensitivity, selectivity, and adsorption rate are presented along with different mechanisms. Existing 
challenges and future perspectives of nHAp material are also highlighted.  
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INTRODUCTION 
In the present situation, more attention has been focused on 

health and environment-related research challenges. In particular, 
owing to the increasing hazardous pollutants from industries, 
transportation, agriculture, and commercial products; the air, 
water, and soil are contaminated through the emission of 
poisonous gases.1 Consequently, high demand is created for 
smart sensors with enhanced accuracy with excellent selectivity 
and sensitivity2 towards environmental remediation. The role of 
gas sensors has a wide market in the field of transportation, 
telecom, aerospace, automobile products, medical equipment, 
and industries.3 Additionally, the rapid increase of various 

industries may produce hazardous gases which cause health 
defects. The overwhelming production of carbon and carbon-
based gases like CO, CO2 are very dangerous for human health.4 
Based on industrial waste regulations, the demand for highly 
reliable and accurate sensors has become increased for human 
survival.5 For this reason, a more reliable and efficient gas-
sensing system is important to detect environmentally harmful 
gases and volatile organic compounds (VOC), hydrogen 
peroxide, rare-earths, petroleum gases, and other alcoholic 
compounds.6 After a certain level of exposure, these substances 
may cause eye, skin, and stomach irritations addition to liver, 
brain and respiratory problems.7 Hence, the detection of these 
gases and vapors at lower concentrations is very essential for 
environmental and human health welfare.  

The rapidly emerging MO-based nanomaterials show 
enhanced sensitivity, excellent selectivity, and processability as 
promising parameters for the development of room temperature 
sensors.8 Transition MO like ZnO,9–11 TiO2 

12–14 and SnO2
15

 have 
been used for H2, NOx, CH4, and CO2 sensing.16–20 Furthermore, 
materials such as TiO2, doped with CuO and La2O3, are used for 
CO sensing for combustion applications. The SnO2 nanoparticles 
(NPs) doped nickel for CO gas sensor was developed by Zhou et 
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al., 2018 had a superior sensing response compared to SnO2 and 
Zn doped SnO2.21 Rizi et al., 2019 developed a ceramic 
nanocomposite (CNC) made of SnO2/Ag2O to detect H2 gas.22 
Tong et al., 2019 prepared cobalt-TiO2 Nanotubes by anodization 
followed by immersion approach.23 Yin et al., 2019 revealed a 
sensor with greater selectivity, stability, and reproducibility, with 
a response value of 199.16s for 50 ppm H2S, showing a 7.6-fold 
improvement over un-doped sensors.24 Awfully, the above-
discussed MO-based gas sensors suffer from important 
parameters like instability at higher temperature operating 
conditions, non-optimal temperature range, less dielectric nature, 
insufficient binding sites, and may cause environmental 
hazards.25 Thus, to rectify the problems related to MO-based gas 
sensors, naturally occurring and eco-friendly nano-
hydroxyapatite (nHAp) materials were introduced. 
Predominantly, the HAp materials are used widely for 
biomedical applications like bone tissue formation with different 
substituents like sulphate26, magnesium27, Iron oxide28, silver 
ion29, graphene nanosheets30, Copper ions31, PMMA32, etc., for 
orthopedic and dental applications. Since, nHAp is being used in 
many biomedical field; there are numerous articles were 
published related to biomedical applications. But for gas sensing  

 

 
Figure 1. (a) Comparison on various gas analyte sensing, (b) 
Number of articles published based on nHAP in the last 5 years. 
 

applications, the nHAp has various significant properties like 
larger active surface sites with high surface area and porous 
nature by tuning their electrical and structural properties, also the 
nHAp would act as good dielectric material.1,6 Figure. 1 shows 
the sensing ability of nHAp for various organic contaminants, 
and the publications of nHAp based on the gas sensor from 2015 
to 2021. Herein, we present a comprehensive review of nHAp 
and its composites for gas sensing applications. In addition, the 
physical, chemical, structural, electronic, and electrochemical 
properties of nHAp were also discussed in detail. We also 
focused on the various gas detecting performance of nHAp in 
combination with various metal ions, conductive polymers, and 
carbonaceous nanostructures through different principles and 
mechanisms. Additionally, the fabrications of nHAp based 
composite structures by different coating techniques were also 
discussed. Moreover, this review article comprises the challenges 
of the nHAp gas sensor along with future perspectives. 

OVERVIEW OF NHAP FOR SENSING  
The better properties of nHAp, as well as its ability to receive 

plenty of anionic and cationic variants, make it possible to use in 
a variety of applications.33 The microstructure of HAp, such as 
particle size, shape and distribution, porosity, and crystallinity, 
influences its effectiveness.34 The chemical makeup of nHAp is 
similar to bone tissues, making it suitable for biomedical 
applications. Also, nHAp is widely used in many applications, 
including fluorescent lamps, fuel cell materials, and pollutant 
adsorption.35 Due to its porous and cage-like structure, wide 
surface area, P-OH group that interacts with the sensing 
molecule, and ionic conductivity,36,37 nanocrystalline HAp 
(Ca10(PO4)6(OH)2) has been successfully used as a promising 
candidate meant for fabricating gas and chemical sensor 
devices.38 The two principal elements that are present in nHAp 
are calcium and phosphate, which also contain hydroxide with 
hydrogen atom connected to oxygen as a chemical interaction 
which includes electron exchange.36 Because of its high 
sensitivity, fast response, strong selectivity, stability, porous 
nature, considerable electrical characteristics, and absorption 
capacity, NanoHAp behaves like an effective sensing material. 
HAp crystal structure is made up of a different combination of 
ions, including PO4

3-, OH-, and Ca2+ and it has a high ion 
exchange capacity. Various divalent metal cations, such as Sr2+, 
Mg2+, Cd2+, Mn2+, Pb2+, Co2+, Ba2+, Ni2+, and Zn2+, can easily 
replace the Ca2+ ions in the crystal. It is feasible to modify the 
OH- radicals with Cl- and/or F- anions and substitute PO4

3- groups 
with carbonate and sulfite ions.39 

The electrical properties of nHAp and doped nHAp were used 
for various gas sensing applications. Generally, the nHAp has a 
constant high dielectric conductivity. The dielectric properties of 
nHAp were studied by permeability and permittivity against 
frequency.40 The frequency dependence over sensing material 
alone is not sufficient for gas sensing application. The nHAp 
lacks electron transfer and conductivity properties, hence the 
material should dope with materials like MOs, conductions 
polymers, and graphene derivatives.34 
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PROPERTIES AND PREPARATION  
TECHNIQUES OF NHAP 

The nHAp is one of the thermodynamically stable materials.41 
Each unit cell of stoichiometric nHAp contains 10 Ca2+, 6 PO4

3- 
and 2 OH- groups. In which OH- is placed at the unit cell sides, 
10 Ca2+ ions have two different subsets of Ca2+ (1) and (2).42 The 
4 Ca2+ ions occupy Ca2+ (1) positions and 6 O2 atoms are placed 
at Ca-O octahedron mid-point. Further, the PO4

3- tetrahedral 
forms a crystalline network of nHAp and affords stability.32 
When OH- is coupled with 2 Ca2+ (2) ions on the crystalline HAp 
surface, the OH- radicals may be unoccupied at specific points.43 
When PO4

3- is on the crystal's surface, H2O forms a hydrogen 
bond with it. The HAp is more stable than other calcium 
orthophosphates at physiological pH (7.2 to 7.4).44 Wet chemical, 
chemical precipitation, sol-gel, solvothermal, and hydrothermal 
techniques can be used to prepare HAp. The most convenient and 
widely utilized method of precipitation is based on a wet 
chemical process.45 Microwave technique is also the best option 
since it is environment amicable, safer, and easier.46,47 In 
addition, the hydrothermal method operates at high temperatures 
with optimum pressures is often utilized. In addition, the 
material's elemental and chemical composition could be 
successfully adjusted.48,49 The gas sensing properties for various 
materials were discussed in Table. 1.  

 
Table 1. Morphology and sensing features of different materials used 
for the detection of various gas sensing. 

Sensor 
Material 

Sensing 
Material 

Operati
ng 

Temperatu
re 

Response/Recover
y time 

(s)/Detection Limit 

Ref. 
No. 

ZnFe2O4 NO2 600 °C 195s/17s/400 
ppm 

50 

Silver 
nanoparticles 

(Ag NPs)/rGO 

NH3 - 76s/84s/250 ppb 51 

Cerium Oxide O2 700 °C 10s/105-103 Pa 41 

ZnO 
Nanoflowers 

CH3OH 300 °C 48s/25s/100 ppm 52 

p-TiO2 Ethanol 320 °C 120s/60s/50 ppm 53 

SnO2 Nanowires Ethanol 400 °C 10s/14s/50 ppm 54 

CuO Nanosheets H2S 240 °C 4s/9s/1.2 ppm 55 

HAp thick films CO2 165 °C 3x1011 ions/cm2 56 

Gold (Au)-HAp NH3 RT 20s/25s/200x10-6 57 

HAp CO 125 °C 900 ppm 44 

 

NANO-HAP BASED GAS SENSOR 
Ammonia (NH3) Sensing 
Researchers have created HAp-based composites with various 

polymers with conducting nature such as polyaniline (PANI) and 
polypyrrole (PPy).58,59 To improve the sensitivity of NH3, PPy 
and PANI were combined with HAp and formed as PPy/HAp and 
PANI/HAp composites for testing NH3 sensitivity, response, 

recovery time, and selectivity (Figure. 3). A chemical oxidative 
polymerization approach was used to make PPy and PANI at 
room temperature. The tubular like HAp were made via 
electrochemical deposition process with the help of a cation 
exchange membrane, then stewed for 7 days at 50 °C.60 
Mechanical mixing was used to create the composites PPy/HAp 
and PANI/HAp.61 The tubular HAp sensing mechanism of NH3 
was proposed in Figure. 2. In the NH3 sensing mechanism, the 
HAp is tuned as an n-type semiconductor with decreased 
electrical resistance.62 
 

 

 
Figure 2. Mechanism of ammonia sensing by HAp composites.49 
 

The three-dimensional (3D) network structure of the HAp was 
effectively determined for NH3 sensing.63 The gas sensor was 
made using an electrochemical deposition process on an indium 
tin oxide (ITO) glass (Figure. 4A).53 The gas system will be 
installed along with the vacuum-sealed unit, the auxiliary, and the 
working electrode of the workstation committed to electrode B 
and electrode A. The gas input and outlet are both available in the 
chamber. The vacuum pump was used to evacuate the chamber 
before the test, and the vacuum gauge linked to the chamber was 
used to measure the pressure inside the gas chamber. Gas 
sampling bags were used to prepare 100-1000 ppm ranges of NH3 
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Figure 3. (A) SEM and TEM micrographs of pure and composites, 
(B) Sensitivity curve of PANI/HAp composite, (C) Response and 
recovery plot for pure and composites against ammonia.49 
 

Figure 4. (A) Prototype model for gas sensor; (B) Mechanism of 
HAp film sensor at different conditions; (a) N2 (dry), (b) air 
(RH≈30); (C) Resistance behavior of HAp film to sense NH3 gas at 
different conditions N2 dry and air (RH≈30).64 

gas and attached to the seat unit for analysis with 83.7 % yield 
(Figure. 4C). The sensing method of HAp film was obtained. 
First, in the presence of N2, the -OH ions were adsorbed and their 
response site for capturing NH3 ions on the surface of the HAp.65 
In a nutshell, the -OH ions adsorb NH3 molecules on the HAp 
surface and are exposed to N2 (dry).66 The H2O molecular on the 
surface interact with -OH ions and NH3 molecules and form H2 
bond in the presence of air (RH=30) (Figure. 4B).64  

Researchers developed gold (Au) modified hydroxyapatite 
(HAp) for sensing NH3. The tube-like HAp structure was 
developed by cation exchange membrane and the gold 
nanoparticles prepared by hydrothermal technique were further 
made like a paste with ionized water.67 The Au-HAp modified 
film fabricated by ceramic tube with paste.57 The following 
samples (HAp, 2AuHAp, 5AuHAp, and 10AuHAp) were 
examined for their reactions to NH3 gas. The pure HAp 
morphology is like a tube with 2.5 μm dia. The self-assembly of 
nanorods is thought to be responsible for the structure's shape. 
The morphology of 5AuHAp is shown in Figure 5B(b), is 
identical to that of HAp after the addition of Au. Figure 5B(c) 
and 5B(d) depict the outside and inner surfaces of pure tube-like 
HAp. Both the surfaces are rough, with needle and tabular 
morphology. The agglomerates in 5AuHA (Figure. 5B(e)) are 
made of nanorods. At room temperature, both HAp and Au-HAp 
have a better sensitivity to a variety of gases, with NH3 having 
the strongest reaction. With a 90% response value for NH3 
concentration of 2000x10-6 and 70.8% at an NH3 concentration 
of 50x10-6, the AuHAp with 5% Au has good gas absorbing 
characteristics (Figure. 6). The Au nanoparticles show unusual 
tube-like morphology of HAp, and major features contribute to 
the high responsiveness and selectivity to NH3. 
 

 
Figure 5. (A) (a) Gas sensing device, (b) Design of ceramic tube, (c) 
Gas-sensing system (CGS-8 intelligent), (d) Analysis schematic; 
(B)SEM micrographs (a) HAp, (b) Au−Hap, (c) Outer surface of 
HAp (d), Inner surface of Hap, (e) TEM image of Au−HAp.57  
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Figure 6. (a and b) Response curve of HAp and Au-HAp with 
varying concentrations of NH3 gas at room temperature, (c) Sensor 
resistance of 5Au−HA versus time, (d) Response curve of HAp, 
Au−HAp (200×10−6) NH3 at room temperature.57 
 

The NH3 gas detection was examined by nanocomposite films 
made by nanosized HAp and cellulose nanofibril (CNF).68,69 The 
freeze-drying process determines the film porosity (Figure. 
7a(A)). The HAp pore size, gradient, and particle rearrangement 
over freeze-drying direction cause  H2O molecule formation 
around CNFs.70,71 The CNF film (Figure. 7b) shows more closely 
packed net structures of bundles and solitary CNFs, whereas the 
HAp material was uniformly dispersed, comparatively 
agglomerated, and showed differentially sized particles (Figure 
7a(B)). Furthermore, in the case of the 5HCNF50 composite 
(Figure. 7b(C)), the surface of the net-like CNFs surface was 
coupled with longitudinal-type HAp particles, whereas in 
10HCNF50 composite, agglomeration occurs at a precise area 
due to increased HAp concentration. Thus, HAp with 
microporous structure, less density, homogeneously dispersed 
and longitudinally-shape shows high sensitivity of 75% for NH3 
gas and detection limit (LoD) of 5 ppm at 25°C and with 
decreased response and recovery time 210 and 30 s respectively 
(Figure. 7c). 

The HAp-(Graphene) GR's gas sensing capabilities include 
responses to a variety of gases like ammonia, acetone, ethanol, 
methanol, tetrahydrofuran, toluene, and heptane (Figure. 8B). 72 
Around 35.7 %, 41.6 %, 38.4 %, 69.5 %, 36.5 %, 49.6 %, and 
35.5 % are the response for sensitivities, accordingly. The 
material shows higher sensitivity to NH3 along with strong 
selectivity. The differences in gas sensing performance between 
cHAp-GR and bHAp-GR composites are mostly due to structural 
and morphological variations. The bHAp/GR composites have 
significant small crystals and porous nature, have a substantially 
higher response with increased systematic sensitivity to NH3 than 
the cHA-GR composites; thus, the gas sensing features of HAp- 
GR composites may be easily modified by controlled synthesis. 
The chemical precipitation process produces needle-shaped HAp 
which linked to the layers of graphene in the cHA/GR composites 
(Figure. 8A). Figure. 8A(d) and 8A(f) demonstrate that, after 15 

 
Figure 7. (a) Representation NH3 sensing mechanism by HAp 
structure with cellulose nanofibrils, (b) (i) Sensitivity of pure and 
nanocomposite films against NH3 gas based on temperature; (ii) 
Recovery time of NH3 in ambient air at room temperature.71 
 

Figure 8. (A) HRTEM images for HAp-graphene composites; (a, b, 
c) Chemical precipitation method, (d, e, f) biomimetic method, (B) 
(a) Response and recovery time of cHA-GR composites at varying 
concentrations, (b) cyclic stability of cHA-GR to NH3 at various 
concentration, (c) response and recovery time of fGR and cHA-GR 
to NH3 at various concentration, (d) sensing characteristics of cHA-
GR and bHA-GR composites against NH3 at various concentration.73 

 
days of immersion in 1.5 SBF, HAp microspheres with a 
diameter of 3 m are generated and enveloped for network 
formation of graphene. The linked and porous architecture of 
HAp agglomerates may be recognized.73 

Researchers discovered TiO2-modified HAp as a possible NH3 
sensor material at lower temperatures.74 Wet chemical technique 
was used to make nano-ceramic HAp. Mechanical mixing of 
TiO2 with HAp powder is used to blend TiO2-HAp. The typical 
screen-printing procedure is used to create thick films from such 
blended materials. The sensing capabilities of commercial HAp, 
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commercial TiO2, and composite thick films were investigated 
using gas sensing analyses.75 Thick films resistance in the air (Ra) 
and gas (Rg) is determined.48 The temperature of the sensor 
substrate (thick film) is kept between 350 °C and 30 °C for 
determining Rgas and Rair separately, and then the sensitivity is 
computed. The maximal sensitivity at a given temperature is then 
determined by drawing a graph of sensitivity% for temperature 
variant. The operating range of the sensor thick film is 
determined by the temperature at which greater sensitivity is 
observed. The sensing performance of 1 wt% TiO2 blended HAp 
thick films have displayed high sensitivity, faster response, and 
recovery time for the fixed concentration of NH3 (10 ppm) in 
comparison with other composites. It also possesses a higher 
uptake capacity of 900 ppm of NH3 vapors in ambient conditions 
(Figure. 9). Thus, it can be utilized for commercial applications 
as an efficient sensor substrate for NH3 in sensor devices.65 

 

 
Figure 9. (a) Gas response with temperature variants for NH3 gas at 
10 ppm, (b) Ammonia gas sensing capacity with varying 
concentration for commercial HAp, commercial TiO2, and 
composites, (c) Percentage of sensitivity for commercial HAp, 
commercial TiO2, and composites.75 

 
Tubular HAp has a 3D and semi-crystalline nature than rod-

like HAp. Tubular HAp material has a faster response and 
recovery than rod-shaped HAp material. The HAp sensing 
mechanism involves oxygen interaction with gas molecules to 
target gases.76 The results show ion-exchange sulfonic ions 
permit Ca2+ to pass across the membrane, suggesting a plausible 
creation process for tube HAp. The defect domains and 
hydrophobic nature would prevent Ca2+ from passing through and 
allow HAp crystals to nucleate and develop (Figure 10A(a)). The 
membrane is then covered in HAp crystals for the most part, 
except the domains, where Ca2+ ions do not penetrate. Long 
nanosheets are formed when HAp crystals develop preferentially 
along the c-axis. The nanosheets combined with specific 
orientation for cluster formation to minimize their surface energy 
(Figure. 10A(b)).77 As the clusters get thicker, Ca2+ ion 
penetration becomes more difficult, thus Ca2+ ions are constantly 

 
Figure 10. (A) The synthesis process of tubular HAp; (B) Sensing 
mechanisms of tubular HAp against ammonia; (C) Morphology of 
HAp by different methods; (a-c) membrane assisted electrochemical 
deposition method, (d) hydrothermal method.76 
 

 
Figure 11. (a) Response curve based on time variation, (b) response 
curve based on ammonia concentration, (c) Response curve for 
continuous cycles of 2000 ppm, (d) recovery time based on gas 
concentration, (e) Response of tubular HAp based on concentrations 
for various gases, (f) recovery time based on different gases.76  
 
transported to the edges of those domains, which acts as a 
calcium ion spring, allowing tubular HAp (Figure. 10A(c)). The 
electrochemically deposited HAp with tubular morphology of 2.5 
mm diameter and 20 mm length (Figure. 10C (a–c)). Figure 10d 
shows hydrothermally synthesized HAp with rod morphology. 
Tubular HAp sensors respond to NH3 which is faster than rod 
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morphology sensors. The HAp tubular morphology shows 
84.58% response to NH3 for 2000 ppm within10 sec (Figure. 
11).78 

 
H2S Sensing 
The HAp and its composite were determined for H2S detection 

with tubular HAp morphology and acidithiobacillusferrooxidans 
(At. f) (Figure. 12B). H2S gas is toxic to the environment, 
combustible, corrosive nature, and foul-smelling acid gas that is 
created in coal mines, petroleum fields, sewage, and decrease 
natural gases. Both the human body and the ecosystem are 
severely harmed.79,80 The At. F bacterial which is gram-negative 
used in the desulphurization of coal and gases.81 By combined At. 
f with HAp will increase the sensitivity towards effective gas 
detection.82 At.f was grown traditionally on 9K medium with a 
pH of 2. The flask was incubated at 30 °C for 8 h on a rotating 
shaker. The centrifugation process was used to gather and wash 

  

Figure 12. (A) Morphology of HAp with and without bacterial 
medium; (B) Mechanism of H2S gas detection (a) HAp surface, (b) 
At.f-HAp composite.79  
 

 
Figure 13. The sensitive curve for H2S gas based on At.f-HAp 
composites (a) varying concentrations based on time, (b) Varying 
concentrations from 20-100 ppm (c, d) sensitivity linear fit of At. f-
HAp for H2S detection. 79  
 

the living bacteria. At. f with different concentrations were 
combined with HAp. At.f microstructure shows rod morphology 
(Figure 12A (a-c)). The tube is made up of clusters of 10-20 nm 
diameter nanorods with a length of roughly 100 nm (Figure. 12A 
(d-e)). Physically, At. f and HAp were mixed. (At. f) improved 
the sensing characteristics of At.f and tubular HAp composites 
for H2S sensing and their significance. Compared to HAp, the 
At.f-HAp composite shows 2.5 times increased sensitivity 
(Figure. 13). At.f-HAp composites have a short and consistent 
response and recovery curve. The morphology and concentration 
of At.f. were proposed to be strongly related to the composites' 
H2S sensing mechanism. The At. f/HAp composites have a lot of 
potential for sensing H2S gas.83  

 
CO2 Sensing 
Thick sheets of HAp-cobalt composite for CO and CO2 

detection were considered. Using a screen-printing process, 
HAp-Co powder is prepared as thick film. A wet chemical 
technique was used to make nano-ceramic HAp. Screen printing 
was used to create ion-exchanged nanoceramic Co-HAp 
powders. Ag7+ ions with a power of 100 MeV are used in ion 
irradiation. The samples are bombarded with 3x1011 to 3x1013 
ions/cm2 of ion influence. The HAp-Co films gas detection 
features are improved using rapid heavy ion irradiation. In the 
repeatability test, the composite was confirmed at (135 °C) lower 
operating temperatures for CO and CO2 detection. When 
compared to pristine HAp 3x1011 ions/cm2, the response recovery 
time for co-doped HAp 3x1011 ions/cm2 is observed to be small 
(Figure. 14). Furthermore, for CO and CO2 gases, the absorption 
range for HAp-Co is 3x1011 ions/cm2 at different 
concentrations.84 

 

Figure 14. Sensitivity and response curve of pure and ion irradiated 
HAp-CO (a) CO gas, (b) CO2 gas.84 
 

 The controlled structure and active surface of HAp at ambient 
conditions were prepared by one-step mechano-chemical 
treatment.85,86 The spherical morphology is obtained for raw and 
mechano-chemically processed HAp (Figure. 15A). The 
mechanochemically treated samples were agglomerates as close-
packed particles compared to raw HAp. The HAp surface 
activation of HAp will be demonstrated as follows; (i) The treated 
HAp has enhanced radical formation with strong basicity, the raw 
HAp surface oxygen vacancy occupied by PO4

3- ions; (ii) 
Although radical production and basicity increased on treated 
HAp activity, CO3

2- addition and HPO4
2- synthesis occurred on 

both the –OH and PO4
3- sites under high mechanical stress can be  
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Figure 15. (A) Structure of raw and treated HAp, (B) Process of 
catalytic oxidation of VOC by mechano-chemical tailored HAp 
towards 100% CO2/ CO conversion.87 
 

 
Figure 16. Conversion of CO2/CO with VOC at elevated 
temperatures with different materials; (a) raw and 
mechanochemically activated HAp, (b) 3 mm, (c) 10 mm, (d) 15 mm 
ball, (e) repeatability test of VOC decomposition.87 
 
ignored (Figure. 15B). Hence, the treated surface is occupied by 
active radical, surface basicity, and adsorption affinity can be 
attributed to more catalytic features with 100 % CO2/CO 
conversion for treated HAp (Figure. 16).87 

LPG Gas Sensing 
The sodium doped polycrystalline hydroxyapatite NaHAp 

(NaOH-HAp) powder by employing wet chemical precipitation 
method and its composites with alumina (Al2O3; 0, 10, 40, 70 
wt%) by scalable solid-state technique. The Na-doped HAp and 
Al2O3 compound concentrations ([100-x] NaHAp + xAl2O3) 
(x=0, 10, 40 and 70) were prepared using a mortar and pestle. 
Further, four different compositions of Na doped HAp and Al2O3 
composites namely NaHAp, 90H-10A, 60H-40A, and 30H-70A 
were investigated. The LPG sensor characteristics of the 
synthesized pure NaHAp material were observed. The variation 
in the resistance of the NaHAp sample was observed from 
3.88x106 to 5.85x106 Ω, from 4.41x106 to 1.07x107 Ω, from 
4.95x106 to 2.62x107 Ω and from 5.41x106 to 4.23x107 Ω, 
respectively, with the exposure of 0.5, 1.0, 1.5 and 2.0 vol.%. The 
calculated percentage of sensor response for each concentration 
of the LPG was 50.77, 128.34, 430.91, and 683.18 respectively77 
(Figure. 17). The novel and porous NaHAp-based Al2O3 (60H-
40A) sensor displays the lowest value of the response time, i.e., 
4 s along with 3s recovery time for the 0.5 vol.% concentration 
of the LPG.88 

 

 
Figure 17. LPG sensing characteristics of composites (a) NaHAp, 
(b) 90H-10A composite.88 
 

Alcohol Vapor Sensing 
Furthermore, thick films made of TiO2 nanotubes (TNT) and 

HAp nanocomposite were employed to detect alcohol vapors at 
low temperatures and low concentrations.89 The screen printing 
technique used for preparing TNT-HAp nano-composites 
(Figure. 18A). The pure and nanocomposites morphology was 
not clearly shown in SEM pictures due to agglomeration. Figure. 
18C shows clusters of nanotubes for TNT but composites show 
no change in morphology (Figure. 18C (c–f)). The elemental 
study of HAp reveals strong peaks for Ca and P, with a 1.67 ratio, 
indicating that HAp is stoichiometrically composed. The gas 
detection process of HAp-TNT nanocomposites is shown in 
(Figure. 18B(a-b)). The sensitivity factor is increases after 
alcohol vapor absorption on the surface and saturated with time. 
HAp and nanocomposite response and recovery times reveal that 
composites have a faster response and recovery time (Figure. 19). 
Nanocomposite (HAp-TNt) accompanied with large surface area 
and more active sites which allows the alcohol detecting by their 
porous and hollow nanotubes morphology.89 Improved sensing 
performance is shown by the TNT substance.90 
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Figure 18. (A) Schematic of HAp-TNT nanocomposite preparation, 
(B) Representation of surface interaction of HAp and HAp-TNT 
composites.90 

 
Humidity Sensor 
The moisture detection device was constructed by natural 

induced HAp (NHAp) and synthetically prepared HAp (SHAp) 
through the sol-gel process and acted as sensitive layers91 (Figure. 
20a). The humidity hysteresis property is determined by the 
absorption and desorption process. The capacity of this 
desorption process is slightly lower than that of the adsorption  

 
Figure 19. Sensitivity based on temperature with HAp, TNT and 
TNT-HAp nanocomposites at 10 ppm; (a) methanol, (b) ethanol, (c) 
propanol vapors, (d) Recovery time of TNT-HAp sensor substrate 
for methanol, ethanol and propanol vapors at 10 ppm.90 

 

 
 
Figure. 20 (a) Synthesis process of NHAp and SHAp, (b) 
Mechanism of humidity sensing by NHAp and SHAp layers, (c) 
Pictorial representation of humidity sensors; (A and B) before and 
after deposition of NHAp, (C and D) before and after deposition of 
SHAp.92 
 
process. The cyclic analysis of the humidity sensor has a tiny 
hysteresis loop. Equation (9) was used to estimate the 
relationship of sensitivity and humidity at 16 and 87% at 100 Hz 
for NHAp and SHAp. In humidity and concentration variation, 
the NHAp sensitivity varies from 11.42 to 17,900%. The capacity 
of the SHAp sensor ranges from 4.9 to 47 pF, with sensitivity 
ranging from 2.17% to 921.73% (Figure. 21).92 
 

Aniline Sensor 
Researchers have developed a HAp nanorods nano-bio material 
for extremely efficient aniline detection using quartz crystal 
microbalance (QCM) transducer.93 The HAP nanorods have 2  
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Figure 21. Humidity hysteresis characteristics (a) SHAp, (b) NHAp 
humidity sensor at 100 Hz, (c) Sensitivity of NHAp and SHAp at 100 
Hz.92 
 

acidic ions (hydroxyl and Ca) to detect amino groups in aniline, 
ensuring sensitivity and selectivity for other gases (Figure. 22A). 
HAP nanorods were obtained by sol-gel technique with 
homogeneous structure (Figure. 22B).99 HAP detects aniline 
vapor at room temperature to meet the goal of saving energy. The 
HAp shows an active shift in frequency for aniline vapor 
detection at varying concentrations from 5 to 400 ppb.94 The HAp 
response and recovery curve shows 151 and 778 sec as better 
sensitivity. In addition, the HAP-repeatability rod shape with 
aniline vapor is examined. The frequency shift of the HAP with 
QCM provides good selectivity against other vapors.95 
Furthermore, when compared to pure aniline vapor, the 
frequency shift toward other vapor is relatively less (Figure. 23). 
The frequency shift was slightly amplified when aniline was 
combined with other vapor molecules, is due to the interaction of 
other vapor molecules upon aniline molecules which adsorbed on 
HAP surface.96  
 

 
Figure 22. (A) Schematic representation of HAP and aniline sensing 
mechanism, (B) Morphology of HAP at different magnifications.94 

 

 
Figure 23. (a and c) Frequency versus time shift of HAP-rod, (b) 
response curve for aniline vapor with different concentrations, (d) 
repeatability of HAP at 400 ppb.94  
 

Glucose Sensing  
The bovine dentin, a natural biomineralized HAp (BioHAP), 

is used as a hard template in this study, and PANI97 is 
polymerized in the template's microtubules to produce a 
composite. Further for tooth cavity filling silver amalgam 
(AgHg) is used as a biosensing electrode (PANI-
BioHAP/AgHg). The tubules' inner walls are pre-treated with p-
methylbenzene sulfonic acid to change their hydrophilic to 
hydrophobic nature. Meanwhile, the surface of the BioHAP 
matrix has a significant number of active sites with array shapes 
for increased glucose electrocatalytic oxidation current 
responsiveness. The modified electrode prevents Ag from being 
oxidized to Ag2O due to its small size and charge transfer 
process. The two oxidation states show two peaks for PANI from 
reduction to oxidation state (Figure 24A). The electrochemical 
degradation of PANI is represented by O5. The oxidation of Ag 
has three peaks (Figure 24A(b)).98 When comparing PANI and 
composites, the  

 

 
Figure 24. (A)-(a) Voltammetric analysis of AgHg, BioHAP/AgHg 
and PANI-BioHAP/AgHg electrodes, (b) Voltammetry curve of 
electrodes with 10 mM glucose; (B) Voltammetric analysis of PANI, 
AgHg, and composite electrodes; (C) Amperometric analysis of 
PANI-BioHAP/AgHg electrode for glucose sensing.99 
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Table 2. Sensing properties of different functionalized nHAp 
materials for gas sensing. 

HAp 
material 

Target 
Gas 

Mechanis
m 

Respons
e Time 

Gas Uptake 
Capacity 

(ppm) 

Ref. 
No. 

CNT-HAp Ethanol Adsorption/ 
Desorptio

n 

180 s 4500 35 

Co, Fe 
doped HAp 

CO Swift 
Heavy Ion 
irradiation 

(SHI) 

30 s 1000 100 

Fe doped 
HAp 

CO 
CO2 

Swift 
Heavy Ion 
irradiation 

(SHI) 

25 s 
30 s 

19,000 
16,000 

46 

TiO2-HAp 
nano-

composite 

 
Methan
ol 
Ethanol 
Propan

ol 

Ion 
exchange 

    130 
s 
160 s 
140 s 

          
2000 

1000 
900 

101 

Graphite 
doped HAp 

Methan
ol 

Ethanol 
Propan

ol 

Adsorption/ 
desorption 

90 s 
110 s 
60 s 

50 ppm 
50 ppm 
50 ppm 

6 

CNT 
blended 

HAp 

Methan
ol 

Ion 
exchange 

60 s 100 ppm 102 

(Cellulose 
nanofibrils)-
CNF/HAP 

Ammon
ia 

Adsorption/ 
desorption 

120 s 900 ppm 103 

 

composites increased by two orders of magnitude, implying that 
the Ag oxidation peak may obscure the PANI oxidation peak. 
PANI-BioHAP/AgHg sensing electrode amperometric curve 
changes with the addition of glucose. The sensing electrode's 
LoD value for glucose is from 1.0 to 10.0 mM at 0.13 V (Figure. 
24C). Compared to AgHg and PANI/AgHg, the current density 
was increased for PANI-BioHAP/AgHg electrode.99 

SUMMARY AND FUTURE PERSPECTIVE 
In this review, a broad collection of HAp nanocomposite 

materials-based sensors and their applications in gas sensing 
were reported. The details and sensing properties of nHAp 
composite materials used for the detection of various gases 
through the different methods are presented in Table 2. 
Furthermore, the recent advances in gas sensing by different HAp 
nanostructures like a chain, tube, rod, needle, spherical, nano-
porous structure, and 3D morphology have been highlighted. The 
proposed HAp morphology has a significant impact on gas 
sensing over their conductivity, selectivity, sensitivity, stability, 
reliability, and repeatability. Interestingly, nano-HAp material 
and HAp nanocomposites increase the efficiency of gas sensors 

at optimum temperature conditions. For instance, (i) HAp-
graphene and HAp-TiO2 composite are highly useful for sensing 
alcohol vapors, acetone, ethanol, and methanol by 
electrochemical method; (ii) the HAp-CNT composite was also 
developed for propanol sensing at room temperature with best 
selectivity and sensitivity; (iii) At room temperatures, the HAp-
CNF, HAp-TiO2, HAp-Au, HAp-PANI used for NH3 sensing by 
mechano-chemical method with improved efficiency and 
reliability at ppm level. The HAp-Ag and HAp-polymer were 
obtained for glucose sensing through the electrochemical 
oxidation method with high accuracy. NaHAp and Co-HAp 
composites were developed using quartz crystal microbalance for 
LPG, CO2, and aniline sensing. The bacterial-HAp composite was 
developed for H2S gas sensing with enhanced selectivity, 
stability, and reliability. Hence, the HAp nanostructures and 
HAP-nanocomposites were established for industrial gas sensing 
and real-time gas sensing applications. The toxic vapors and their 
residues in the environment will affect the HAp conductive 
qualities. Hence, the HAp nanocomposites will be a great 
candidate for increasing sensitivity in gas detection. The 
application of new nano-HAp technologies at the molecular scale 
will upgrade with existing materials, preparation technologies, 
real-time detection, and controlled morphology which are the 
primary steps of molecular sensing used for real-time 
applications with future advances in gas sensing. Furthermore, 
concerns related to the creation of highly dependable and 
industrial standard gas sensors for environmental monitoring 
must be addressed. 
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