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In order to improve the gas sensing properties, hydroxyapatite (HAp)-based composites were prepared by
mixing with different contents of conductive polymers: polypyrrole (PPy) and polyaniline (PAni). The composi-
tions, microstructures and phase constitutions of polymer/HAp composites were characterized, and the sensing
propertieswere studied using a chemical gas sensing (CGS-8) system. The results showed that, compared to pure
HAp, the sensitivities of the composites to ammonia were improved significantly. 5%PPy/HAp and 20%PAni/HAp
composites exhibited the best sensitivities to ammonia, and the sensitivities at 500 ppmwere 86.72% and 86.18%,
respectively. Besides, the sensitivity of 5%PPy/HAp at 1000 ppmwas up to 90.7%. Compared to pure PPy and PAni,
the response and the recovery time of 5%PPy/HAp and 20%PAni/HAp at 200 ppmwere shortened several times,
and theywere 24 s/245 s and 15 s/54 s, respectively. In addition, the composites showed a very high selectivity to
ammonia. The mechanism for the enhancement of the sensitivity to ammonia was also discussed. The polymer/
HAp composites are very promising in applications of ammonia sensors.

© 2015 Elsevier B.V. All rights reserved.
1. Introduction

Ammonia, a poisonous gas with a pungent stench, can endanger the
health and safety of human body after an excessive inhalation. The smell
detection limit of human body to ammonia is about 50 ppm, and it may
take about 24 h before the unpleasant symptoms develop. Therefore,
the detection of ammonia in a trace level is important since the leakage
of ammonia in chemical industry, vehicle and combustion systems has
become an un-negligible problem. The Occupational Safety and Health
Administration (OSHA) has set an acceptable limit of 25 ppm of ammo-
nia at an exposure of 8 h and a short-term (15 min) exposure level of
35 ppm for human beings at the workplace [1,2]. Inorganic metal
oxide semiconductors, like ZnO [3], TiO2 [4], WO3, Cr2O3 and In2O3 [5],
have been applied as sensor materials for ammonia, but their operation
temperatures are often above 300 °C. Even though some composite
films are developed to measure ammonia at room temperature, the
sensitivity is relatively low and the lack of selectivity is still a difficult
problem to handle [6].

Since iodine-doped polyacetylenewith high conductivity was found
by Shirakawa in 1977, conductive polymers including polyaniline
(PAni), polypyrrole (PPy) and polythiophene (PT) et al. have been
extensively explored recent years due to their excellent chemical and
physical properties originating from their unique π-conjugated system.
, yonliu@csu.edu.cn (L. Yong),
(T. Yanni),
un).
They are easy to be synthesized and processed, and have high electrical
conductivity and long term environmental stability, which make them
useful in electronic, optoelectronic and electromechanical filed. One of
themost popular applications is sensors. For example, conductive poly-
mers have been used to fabricate composites biosensors with CNTs [7,8]
and Fe3O4 [9,10] for the detection of H2O2 [11] and glucose [12], which
exhibit high sensitivity and low detection limit. PPy [13] and PAni [14]
are the most frequently used and studied polymers for sensing ammo-
nia, the sensing properties can be measured at room temperature.
However, the sensitivity and the selectivity of PPy and PAni to ammonia
prepared by chemical oxidative polymerization are lower than those
prepared by the electrochemical deposition, and the response time
and the recovery time are very long. Besides, the irreversibility and
the insolubility are serious problems remained to be solved [15,16]. To
combine the properties of pure organic and inorganic materials for gas
sensor applications, composite materials such as PPy/WO3 [17], PPy/
SnO2 [18,19], PPy/ZnO [20], PPy/Fe2O3 [21], PPy/MoO3 [22], PPy/NiO
[23] PAni/SnO2 [24,25] and PAni/TiO2 [26–31] have been developed to
improve the gas sensing properties to H2S, NH3 and NO2. Although the
sensitivity, reversibility and response/recovery time for ammonia are
improved compared to pure PPy and PAni, the recovery time of the
composites is still as long as hundreds of seconds. Besides, the sensitiv-
ities of the sensingmaterials can barely reach 90% and there is still about
10% of shift of the initial value after several cycles of measurement.

In our previouswork, the tubular hydroxyapatite (HAp) prepared by
an electrochemical deposition method assisted with a cation exchange
membrane showed excellent sensing properties to ammonia, and the
sensing mechanisms to ammonia were proposed [32]. In this paper,
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PPy and PAni were used to be mixed with tubular HAp to further en-
hance the sensing properties to ammonia. The sensitivity, response/
recovery time, selectivity of pure PPy, PAni, HAp, PPy/HAp composites
and PAni/HAp composites to ammonia were studied. Besides, the
sensing mechanisms of the polymer/HAp composites to ammonia
were discussed.

2. Materials and methods

The Nafion N-117 cation-exchange membrane, Ca(NO3)2·4H2O and
NH4H2PO4were purchased fromAlfa Aesar. All other chemicals (such as
NH3·H2O, NH4S2O4, HCl and N,N’-dimethyl formamide (DMF)) were of
analytical reagent grade, and used as received unless otherwise noted.
Pyrrole (Py) and aniline (Ani) were distilled under reduced pressure,
put in a desiccator and stored in the refrigerator (0–4 °C). Deionized
water (DI water) was produced by ULUP-1–20 T.

PPy and PAniwere prepared by a chemical oxidative polymerization
method at room temperature. The volume ratios of pyrrole and aniline
monomers to the oxidant of NH4S2O4 were 1:1, respectively. 1 mol/L
HCl was used to add H+ to PPy and PAni. The tubular HApwas fabricat-
ed using an electrochemical deposition method assisted with a cation
exchange membrane, followed by stewing at 50 °C for 7 days [32–34].
The microstructures and compositions of the samples were character-
ized by Scanning electronmicroscopy (SEM), transmission electronmi-
croscopy (TEM), X-ray diffraction (XRD) and Fourier transform infrared
spectroscopy (FT-IR) analyses, respectively.

Organic–inorganic composite materials of PPy/HAp and PAni/HAp
were prepared by mechanically mixing. PPy, PAni and HAp were dis-
persed in N,N’-dimethyl formamide (DMF), respectively, and the HAp
suspension was added into the PPy and PAni suspensions dropwise,
then the mixed suspension was stirred continuously for 24 h at room
temperature. According to the different mass content of polymer, the
obtained composites were described as 2.5%PPy/HAp, 5%PPy/HAp,
10%PPy/HAp, 1%PAni/HAp, 5%PAni/HAp, 10%PAni/HAp, 20%PAni/HAp,
30%PAni/HAp and 50%PAni/HAp, respectively.

Gas sensing properties were measured by a CGS-8 (Chemical gas
sensor-8) intelligent gas sensing analysis system (Beijing Elite Tech
Co., Ltd., China). In the gas-sensing tests, ammonia was selected as the
major target gas at room temperature. PPy, PAni, HAp, PPy/HAp and
PAni/HAp composites were coated on a ceramic tube with 4 Au
electrodes. A Ni–Cr alloy wire was used as a heating filament across the
tube. All the gas sensing properties were measured in a 1 dm3 glass bot-
tle. Firstly, the bottle was vacuumed, and injected with a certain amount
of ammonia. After the ammonia diffused absolutely in the bottle, the air
Fig. 1. Schematic diagram of the resi
was allowed to enter and mix homogeneously. Secondly, the gas sensor
was put into the bottle immediately, and the electric resistance of the
sensor changed rapidly. When the resistance reached a stable level, the
sensor was taken out, and the resistance came back to the initial value.
The sensitivity was defined as S = (Ra–Rg)/Ra ∗ 100%, where Ra and
Rg were the resistances of the sensor in ambient air and target gas, re-
spectively. The response time and the recovery time of the sensor were
the time required for a change in the resistance of the sensor to reach
90% of the equilibrium value after injecting and removing the target
gases, respectively. The resistance of the sensor wasmeasured according
to the schematic diagram, as shown in Fig. 1. Theworking temperature of
the sensor could be controlled by adjusting the heating current across
the resistor inside the ceramic tube. Since the sensing properties of the
sensors in the experiments were measured at room temperature, the
current value was zero. Reference resistors which could automatically
select were put in series with the sensor to form a complete measuring
circuit. According to the working voltage and the resistance of the refer-
ence resistors,we knew the current of themeasuring circuit. Then the re-
sistance of the sensor could be calculated.

3. Results and discussions

Fig. 2 shows the XRD patterns of PPy, PAni, HAp, 10%PPy/HAp,
50%PAni/HAp composite. Pure PPy has a broad, amorphous diffraction
peak centered at about 2θ=26°. PAni exhibits a certain degree of crys-
tallinity, and shows similar strong peaks at 2θ = 20.44° and 25.1°, cor-
responding to (100) and (110) planes, respectively. For HAp, all the
diffraction peaks can be indexed as a pure hexagonal phase with a
space group of P63/m, in consistence with the standard patterns of
HAp (PDF 09-0432). The sharp peak at 2θ=25.9° indicates a good crys-
tallization and growthpreference on the (002) crystal plane. In addition,
the HAp has a crystallinity of 86.87% according to the calculation. How-
ever, thepeaks of PPy and PAni cannot be seen obviously in theXRDpat-
terns of the composites. It may be because the diffraction peaks of PPy
and PAni are weak and covered by the background of the HAp peaks.

Fig. 3 shows the SEM images of HAp (a), PPy (b), PAni (c), PPy/HAp
composite (g), PAni/HAp composite (j) and TEM images of HAp (d), PPy
(e), PAni (f), PPy/HAp composite (h), PAni/HAp composite (i). HAp
shows a tubular structure with a diameter of 2.5–5 μm, and a length of
5–20 μm (Fig. 3(a)). In the TEM image, it can be seen that the tubular
HAp consists of nanorods (Fig. 3(d)). HAp nanorods aggregate in a
certain orientation to form clusters and then form tubular HAp after a
process of self-assembly with the assist of cation-exchange membrane.
PPy exhibits a uniform spherical morphology (Fig. 3(b)). The diameter
stance measurement of sensors.



Fig. 2. XRD patterns of PAni, PPy, 10%PPy/HAp, 50%PAni/HAp and HAp.
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of PPy is about 0.2 μm (Fig. 3(e)). The morphology of PPy is in accor-
dancewith other reports [20,23]. The PAni shows a tubularmorphology,
and the diameter is in the range of 70–100 nm (Fig. 3(c, e)). From the
SEM images of PPy/HAp composite (g) and PAni/HAp composite (j),
we can notice the existence of two parts of the composites, and it is
not homogeneous enough at micro level. However, from the TEM im-
ages of the composites (h, i), it can be seen that the size of PPy and
HAp is in accordance with that of pure HAp, PPy and PAni.

Fig. 4(a) shows the FT-IR spectra of pure PPy and PAni. For PPy, the
specific adsorption bands are observed at 1473, 1187, and 1047 cm−1,
which correspond to the stretching vibration of C–N (1473 cm−1,
1187 cm−1) and in-plane deformation vibration of N–H (1047 cm−1),
respectively. For PAni, the characteristic bands at 1301 and
Fig. 3. SEM and TEM images of HAp (a, d), PPy (b, e), PAni (c,
1147 cm−1 are observed, which correspond to the stretching mode of
C–N in Ar–N (1301 cm−1) and the vibration of the doped anion
(1147 cm−1), respectively. Fig. 4(b) exhibits the FT-IR spectra of pure
HAp and the composites. For HAp, the specific peaks correspond to ν4
PO4

3− bending vibration mode (567, 603 cm−1), ν1 PO4
3− stretching vi-

bration mode (963 cm−1), ν3 PO4
3− stretching vibration mode (1035,

1101 cm−1), ν2 bending mode of adsorbed water (1638 cm−1, 3159,
3431 cm−1) and ν3 CO3

2− asymmetric stretch vibration mode
(1384 cm−1) due to the reaction between HAp and CO2, respectively
[35] are observed. The composites show the specific bands of HAp,
PPy and PAni, but some peaks slightly shift due to the interactionwithin
the composite, and the intensity of the bands of PPy and PAni are rela-
tively weaker due to the low mass content.

Fig. 5(a) presents the response–recovery curves of pure PPy to dif-
ferent concentrations of NH3 from 50 ppm to 2000 ppm at room tem-
perature. It can be seen obviously that the electric resistance of the
sensor is at a relatively low level, indicating a high conductivity. When
the sensor is exposed to ammonia, the electric resistance has a distinct
increase. With the increase of the concentration, the electric resistance
increases in a large magnitude, indicating an increased sensitivity. The
PAni has a similar changing trend to the PPy, as shown in Fig. 5(b).
PPy and PAni are p-type semiconductors whose carriers are the vacan-
cies. NH3, as a reducing gas, will donate electrons to PPy and PAni,
resulting in a decrease of the density of the vacancy, so the electric resis-
tance of PPy and PAni sensors will increase. With the increment of the
NH3 concentration, the volume of the absorbed NH3 increases, so the
sensitivity increases. But there is a slight shift of the initial resistance,
that is to say, the resistance cannot recover to the original level, indicat-
ing some irreversible interactions between PPy (PAni) and NH3. Fur-
thermore, for PPy, the response time lasts several minutes, and the
recovery time is as long as 20–30 min. The response/recovery time of
PAni is relatively short, but still lasts several minutes. The highly
f), PPy/HAp composite (g, h), PAni/HAp composite (j, i).



Fig. 4. FT-IR spectra of pure PPy and PAni (a) HAp, 10%PPy/HAp and 50%PAni/HAp (b).
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ordered structures of PPy and PAni may cause the strong bonding
and irreversible chemical adsorption between PPy (PAni) and NH3

molecules.
The response sensitivity vs the concentration of NH3 of pure HAp,

PPy/HAp composites are presented in Fig. 6(a). It is obvious that
5%PPy/HAp shows the highest sensitivity to ammonia among all the
samples. Compared to pure HAp, the sensitivity of 2.5%PPy/HAp is im-
proved slightly. However, the sensitivity of 10%PPy/HAp composite is
lower than those of 2.5%PPy/HAp and 5%PPy/HAp at any concentration,
but still higher than that of pure HAp. It seems that only an appropriate
content of PPy can improve the sensing properties to ammonia signifi-
cantly. At the low concentrations from 10 ppm to 50 ppm, the increase
of the sensitivity almost depends linearly on the concentration of am-
monia. However, with the increase of the concentration from 50 ppm
to 200 ppm, the increasing magnitude of the sensitivity becomes slow.
At concentrations above 500 ppm, the sensitivity increases little, and
tends to be saturated. It can be concluded that 10–50 ppm and 50–
200 ppm are the linear ranges of PPy/HAp composites, the slope of the
curve from 50 to 200 ppm is smaller than that from 10 to 50 ppm. It is
favorable for the analysis of the gas species and gas concentrations
since linear equations,which exhibits the correlations between sensitiv-
ities and gas concentrations, can be built up in the distinct linear ranges
of the composites. Solving the equation groups is beneficial for analyz-
ing the multicomponent gases. Although the detection limit need to
be reduced in further study, PPy/HAp and PAni/HAp composites are
promising sensing materials with high usability. Fig. 6(b) exhibits the
response–recovery curves of 5%PPy/HAp composite from 5 ppm to
1000ppm. The resistance of the composite decreaseswhen it is exposed
to ammonia, which is the same to HAp. Compared to pure PPy, the re-
sponse time and the recovery time become shorter. The curves are not
very stable. The reasonmay be that the sensors based on PPy/HAp com-
posites are easy to be affected by slight environmental changes at low
operation temperatures. Additionally, even at a low concentration of
5 ppm, the response value is still as high as 24.9%. Furthermore, the
Fig. 5. Response–recovery curves of pure PPy (a) an
sensitivity increases with the increase of the concentration. When the
concentration reaches 1000 ppm, the sensitivity almost gets saturated,
near 90.7%.

Fig. 6(c) and (d) shows the sensing properties of PAni/HAp compos-
ites to ammonia. The sensitivity of the composites to ammonia is rather
higher than that of the pure HAp, and the sensitivity of the composites
increases with the increase of the mass percent of PAni from 1% to
20%. 20%PAni/HAp composite shows the best sensitivity to ammonia.
Besides, the sensitivities of 30%PAni/HAp and 50%PAni/HAp are lower
than that of 20%PAni/HAp, but higher than that of 1%PAni/HAp. The
data of 30%PAni/HAp as well as 50%PAni/HAp are not shown here.
With the increase of the concentration of ammonia, the sensitivity in-
creases quickly in the beginning indicating that 50–100 ppm is the lin-
ear range of PAni/HAp composites, then tends to increase slowly and
to saturate. The sensitivity of 20%PAni/HAp at 50 ppm is about 70%,
and at 500 ppm, the sensitivity is about 85%. From Fig. 6(d), it can be
seen clearly that the curves are smooth, indicating PAni/HAp compos-
ites are more stable than PPy/HAp. It is possible that the potential barri-
er existing between HAp and PPy is higher than that between HAp and
PAni, which makes the signal not stable enough. Compared to PPy/HAp
composites, the response/recovery time are shorter. The sensitivities of
5%PPy/HAp are higher than that of 20%PAni/HAp at every
concentration.

Another four kinds of gases (n-heptane, ethanol, acetone and metha-
nol)were chosen to study the selectivity of 20%PAni/HAp and 5%PPy/HAp
composites. The data of 20%PAni/HAp at 100 ppm and the data of
5%PPy/HAp at 200 ppm are presented in Fig. 7. It is found that
20%PAni/HAp and 5%PPy/HAp composites exhibit the highest sensitivity
to NH3. The selectivity of a target gas to another gas can be characterized
by the selectivity coefficient [23], which is defined as KA/B= SA/SB. SA and
SB are the sensitivities of a sensor to a target gas “A” and a interference gas
“B”, respectively. The higher the KA/B value, the better the selectivity. So
the selectivity coefficients of ammonia to other gases for 20%PAni/HAp
are in the rangeof 1.30–1.42,while the selectivity coefficients of ammonia
d PAni (b) to different concentrations of NH3.



Fig. 6. Sensitivity vs ammonia concentration curves of PPy/HAp composites (a) and PAni/HAp composites (c) and response–recovery curves of PPy/HAp composites (b) and PAni/HAp
composites (d).
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to other gases for 5%PPy/HAp are in the range of 1.41–2.65. Therefore,
20%PAni/HAp and 5%PPy/HAp composites show higher selectivity to
ammonia, and the selectivity of PPy/HAp is better than PAni/HAp.

Finally, the response time and the recovery time of pure PAni, HAp,
PPy and PAni/HAp, PPy/HAp composites to ammonia at 200 ppm were
calculated and shown in Fig. 8. It indicates that the response time of
pure PPy and PAni to ammonia at 200 ppm are above 120 s, and the re-
covery time of PPy is above 900 s. The response time and the recovery
time of pure HAp are about 20 s. After mixing with different mass
percent of PAni, the response time does not change much, however,
with the increasing of the mass percent of PAni, the recovery time of
the composites increases. PPy/HAp composites with differentmass per-
cent of PPy have the similar response time of about 50 s. The recovery
time of PPy/HAp increases with the increase of the mass percent of
PPy. In general, the recovery time of the composites is several times of
the response time, because the gasmolecules needmore time to diffuse
Fig. 7. Response–recovery curves of 20%PAni/HAp (100 ppm) and 5%PPy/HAp (200 ppm)
composites to different kinds of gases.
out from the surface and pores of the composites. The response/recov-
ery time of PPy/HAp is longer than those of PAni/HAp, since the re-
sponse/recovery time of pure PPy is quite longer than pure PAni due
to the strong interaction between gas molecules and PPy, as well as
the highly ordered structure of PPy. But the response/recovery time of
the composites is shorter than those of the pure polymers.

For understanding the enhanced sensing mechanism to ammonia,
the conductive mechanisms of HAp, PPy and PAni should be mentioned
firstly. HAp is considered to be a one-dimensional conductor whose
charge carriers (protons) migrate along the c-axis from OH− to the ad-
jacent OH− (Fig. 9(c)). The distance between the two adjacent OH− is
0.344 nm, and is beyond the distance which the protons can hop. The
distance between OH− and its adjacent PO4

3− (0.307 nm) is short
enough to form a hydrogen bond [36], so the protons can penetrate
along the path of OH− → PO4

3− → OH−. Intrinsic PPy and PAni show
very low conductivity. For protonic acid doped PPy and PAni, protons
Fig. 8.Response time and recovery time comparison of pure PAni, HAp, PPy and PAni/HAp,
PPy/HAp composites to ammonia at 200 ppm.



Fig. 9. Schematic diagram of sensing mechanism of PPy/HAp composites.
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carrying positive charge transfer to the polymer molecule chains,
resulting in the change of charge distribution state, so the conductivity
of doped PPy and PAni increases significantly.

HAp behaves as an n-type semiconductor whose electric resistance
decreaseswhen exposing to reducing gases likeNH3. The sensingmech-
anisms of tubular HAp to ammonia has been proposed in Ref. [32]. PPy
and PAni are p-type semiconductors, and their electric resistance in-
crease in NH3. The possible sensing mechanism of PPy/HAp composites
to ammonia is illustrated as follows (the mechanism of PAni/HAp com-
posites is almost the same):

Firstly, the electric conductivity of PPy is much higher than that of
HAp. The electric current transfers preferably through the conductive
PPy particles than HAp. So the electric resistance of the composite is
lower than that of pure HAp [31].

Secondly, the doping content of protons in PPy is increased, so the
electric resistance of the composite decreases. There aremany function-
al groups, like –OH, acting as adsorption and reaction sites on the sur-
face of tubular HAp. HAp serves as an anchor to capture NH3

molecules (Fig. 9(b)). NH3 molecules can dissociate to H+ and NH2
−.

H+ transfers along the path of OH−→ PO4
3− → OH−, and passes the hy-

drogen bond between OH− of HAp and N–H of PPy. The doping level of
H+ in PPy increases due to themigration of protons fromHAp to PPy, so
the electric resistance of PPy decreases. Since themass percent of PPy in
the composite is small, it can be considered that PPy is wrapped up by
HAp, and cannot contact with NH3. The electric resistance of both
parts of the composite decreases when the composite is exposed to
NH3 atmosphere. So the synergistic effects make the sensing properties
of the composite to ammonia enhanced compared to pure HAp (② in
Fig. 9(a)). Besides, HAp exhibits good hydrophilic behavior. PO4

3−

groups on the surface of HAp can form hydrogen bonds with H2O mol-
ecules. The migration of H+ in absorbed H2O can improve the electric
conductivity [37] of HAp at room temperature. NH3 can also interact
with H2O and form hydrogen bonds. NH4

+ can be formed as:
NH3 + H2O → NH3·H2O → NH4

++OH−, and NH4
+ transfers along the

path of PO4
3−→OH− to the N–H position of PPy. So the doping level of

protons in PPy can also be improved, and the electric resistance of PPy
decreases. As a result, the sensing properties of the composites to am-
monia are improved (① in Fig. 9(a)).
4. Conclusions

In summary, NH3 sensors based on polymer (PPy, PAni)/hydroxyap-
atite compositeswere fabricated. The composites containing 5% PPy and
20% PAni exhibited the highest sensitivity to NH3. The sensitivity of
5%PPy/HAp showed higher sensitivity and better selectivity than
20%PAni/HAp, but 20%PAni/HAp exhibited shorter response/recovery
time and better stability. Besides, all composites possessed better re-
versibility and shorter response/recovery time than pure PPy and
PAni. The enhanced sensing mechanisms to ammonia were proposed
based on the conductivity of proton along the c-axis of HAp and the
doping of H+ in PPy and PAni. The synergistic effects between HAp
andpolymersmake thepolymer/hydroxyapatite composites very sensi-
tive to ammonia at room temperature.
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