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A heterojunction structure design is a very good method for improving the properties of semiconductors in many re-
search fields. This method is employed in the present study to promote the gas-sensing performance of Ag3PO4 nanocom-
posites at room temperature (25 ◦C). A nanocomposite of Ag3PO4 nanoparticles and three-dimensional peony-like WO3
(WO3/Ag3PO4) was successfully prepared by the precipitation method. The crystalline phases were analyzed by x-
ray diffraction and the microstructure was characterized by scanning electron microscopy and transmission electron mi-
croscopy. The chemical bonding states were analyzed by x-ray photoelectron spectroscopy. The gas-sensing performance
of WO3/Ag3PO4 sensors was systematically explored at room temperature. The composite sensors possessed a higher
response and lower detection limit (1 ppm) to NH3 than those made of a single type of material; this is ascribed to the syn-
ergistic effect achieved by the heterojunction structure. Among the different composite sensors tested, gas sensor A5W5
(Ag3PO4:WO3 mass ratio of 5:5) displayed the highest response to NH3 at room temperature. Interestingly, the A5W5 gas
sensor exhibited relatively good stability and excellent selectivity to NH3. The A5W5 sensor also displayed a relatively
good response under high humidity. The gas-sensing mechanism of the WO3/Ag3PO4 sensors is explained in detail. Taken
together, the as-prepared sensor is highly efficient at detecting NH3 and could be suitable for practical applications. In
addition, this study also provides a new method for developing Ag3PO4-based sensors in the gas-sensing field.

Keywords: Ag3PO4, peony-like WO3, NH3, room temperature

PACS: 07.07.Df DOI: 10.1088/1674-1056/ac98a0

1. Introduction

The atmospheric environment has been severely polluted
by a large number of toxic and pungent gases due to the rapid
development of various industries and technologies. Among
these gases, ammonia (NH3), a colorless gas with a pungent
odor, is highly toxic and can cause great harm to humans,
for example eye irritation and burning of the nose and throat,
and in extreme cases may result in respiratory failure. The
American Conference of Governmental Industrial Hygienists
reported that the threshold limit value for NH3 exposure is
25 ppm.[1,2] Ammonia is not only a building block for the
synthesis of many pharmaceuticals but is also used in cleaning
products.[1] Hence, it is essential to fabricate a gas sensor with
high stability, selectivity and sensitivity for the fast detection
of NH3.

With the rapid and nonstop development of the semicon-
ductor industry, SnO2,[3–6] ZnO [7–10] and TiO2

[11–14] have of-
ten been used to detect NH3 due to their excellent chemical

and thermal stability, high electron mobility, adjustable elec-
tron state and quantum constraint.[15,16] Despite these merits,
the practical applications of semiconductor materials are lim-
ited because of their high operating temperature and poor se-
lectivity to NH3, which greatly shortens the lifetime of devices
and usage in real life.[17–19] This has encouraged researchers
to search for new kinds of gas-sensing materials for the de-
tection of NH3 at low or room temperatures. For instance,
several works have separately employed P-doped graphene,
RGO/3-CuPc and fluorinated graphene oxide to detect NH3

at room temperature.[2,20,21] However, most of these materi-
als had a common disadvantage in that the response to NH3

was very weak. Hence, there is an urgent need to improve the
response of nanomaterials to NH3 at room temperature. Re-
cently, Zhang and co-workers reported that Ag3PO4 nanopar-
ticles not only displayed a higher response to NH3 at nearly
50 ◦C than at other test temperatures but also had excellent
selectivity.[22] However, the long-term stability of Ag3PO4-
based gas sensors was found to be very poor under natural light
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because Ag+ present in Ag3PO4 nanoparticles was reduced to
silver metal by gaining electrons from light energy, thus hin-
dering real-life applications. Therefore, it is of paramount im-
portance to improve the stability of Ag3PO4 nanoparticles for
gas-sensing applications.

In order to obtain a NH3 gas sensor with excellent selec-
tivity and stability at room temperature, a sensor made from
WO3 decorated with Ag3PO4 nanoparticles was designed ac-
cording to energy band theory. When two n-type semicon-
ductors come into contact with each other, the electrons trans-
fer from the conduction band of the semiconductor with the
higher Fermi level (Ag3PO4) to the semiconductor with a
lower Fermi level (WO3) until the Fermi level reaches equilib-
rium; this can dramatically enhance the stability of a Ag3PO4-
based gas sensor and effectively enhance the separation of
electron–hole pairs. At the same time, the utilization rate
of electrons is also promoted, leading to an increased con-
centration of oxygen species (O−2 O−, O2−) because the ad-
sorbed oxygen molecules on semiconductor surfaces can cap-
ture more electrons from the conduction band. This can re-
markably improve the gas-sensing properties of the semicon-
ductor. The composite gas sensor still has outstanding selec-
tivity to NH3 due to the presence of Ag3PO4 nanoparticles.

Herein, a composite of Ag3PO4 and three-dimensional
(3D) peony-like WO3 with different mass ratios was synthe-
sized through a precipitation method. The gas-sensing perfor-
mance of Ag3PO4/WO3 sensors was systematically explored
and compared with pristine WO3 and Ag3PO4. Interestingly,
the as-prepared composite showed a better response and lower
detection limit to NH3 than the pure materials. The gas sen-
sor possessed relatively good stability, which greatly enhanced
the utility of Ag3PO4 nanoparticles in the gas-sensing field.
Finally, we discuss the mechanism of gas sensing in detail.

2. Experimental details
2.1. Chemicals

Sodium tungstate (Na2WO4), sodium sulfate (Na2SO4),
disodium hydrogen phosphate (Na2HPO4), sodium phosphate
(Na3PO4·12H2O), dimethyl sulfoxide (DMSO), silver nitrate
(AgNO3) and ethanol were purchased from Sinopharm Chem-
ical Reagent Co. Ltd, China. These chemicals were used in
the experiment without further purification.

2.2. Preparation of 3D peony-like WO3

Three-dimensional peony-like WO3 was synthesized ac-
cording to the literature.[23] Firstly, 239.8 mg of Na2WO4 was
dissolved in 20 ml of deionized water under constant magnetic
stirring. Secondly, as-prepared Na2WO4 solution was added
dropwise to a suspension containing 40 g of Na2SO4, 5 ml of
condensed hydrochloric acid (HCl; 37 wt%, 12 mol·l−1) and

15 ml of water. The suspension was stirred for 3 h and then
transferred into a teflon-lined stainless steel autoclave with a
capacity of 100 ml. The autoclave was then sealed and hy-
drothermally treated at 200 ◦C for 10 h. Finally, white pow-
ders of 3D peony-like WO3 were obtained by centrifugation
(7000 rpm) and drying (60 ◦C, 10 h).

2.3. Preparation of Ag3PO4/WO3 composite

WO3/Ag3PO4 composite was synthesized by a precip-
itation method.[24] The typical synthesis procedure can be
described as follows. Firstly, a certain amount of AgNO3

was added to a mixture solution containing deionized water
(12.5 ml) and DMSO (25 ml) under constant stirring. A cer-
tain amount of WO3 was dispersed into the mixture solution
under continuous stirring for 15 min, followed by the dropping
of Na2HPO4 aqueous solution (0.15 M) (Fig. 1). Table 1 lists
the composition of various reaction solutions prepared in this
study. After stirring for 30 min, the obtained precipitate was
collected by centrifugation, washed with ethanol and deion-
ized water several times, and dried at 60 ◦ for 10 h. According
to the mass ratio of Ag3PO4 to WO3, the prepared composite
materials were denoted as A3W7, A5W5 and A7W3.

Mixing and
stiring

Mixing and stiring

Hydrothermal

Na2SO4+HCl
suspension

Na2WO4

WO3

Drying

Na2HPO4

Ag3PO4/WO3

WO3+AgNO3+DMSO
suspension

(a)

(b)

Fig. 1. (a) The synthesis process for peony-like WO3. (b) The synthesis
process for Ag3PO4/WO3.
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Table 1. The synthesis conditions of Ag3PO4/WO3.

Sample
Mass ratio Amount of Amount of Volume of

(Ag3PO4:WO3) AgNO3 (g) WO3 (g) Na2HPO4 solution (ml)
A3W7 3:7 0.06 0.064 3.0
A5W5 5:5 0.10 0.046 5.0
A7W3 7:3 0.14 0.027 7.0

2.4. Characterization

The phases of the as-prepared samples were analyzed by
x-ray diffraction (XRD; Bruker D8 Advance A25) in the range
of 5◦–80◦ with a scanning rate of 10◦·min−1. The morphology
and microstructure were obtained via using scanning electron
microscopy (SEM; Quanta 250) and transmission electron mi-
croscopy (TEM; FEI Tecnai G2F 20, USA). The chemical el-
ements and their valence states were characterized by x-ray
photoelectron spectroscopy (XPS) with an Al Kα (1486.6 eV)
anode (Thermo Fisher Scientific Thermo ESCALAB 250Xi,
USA).

2.5. Sensor fabrication and measurements

The sample was ground in a mortar using anhydrous
ethanol and then brushed onto the ceramic tube. There were
two gold electrodes at both ends of the ceramic tube and these
were connected with two Pt wires on each electrode. The sen-
sor was heated by the Ni–Cr wire present in the middle of the
ceramic tube and six wires were welded onto the black base
(Fig. 2(a)). The black base was stuck on the support circuit
board (Fig. 2(b)) and then placed on an aging table for 5 days
at 100 ◦C. Finally, the support circuit board was stuck on the
testing system and the test was connected to the computer in
order to obtain the data (Figs. 2(c) and 2(d)). A circuit diagram
of the gas-sensing test system is shown in Fig. 2(e). The whole
test was performed in a darkroom. The response was defined
as S = Ra/Rg, where Ra is the resistance of the gas sensor in
the air and Rg is the resistance of the gas sensor in the test
gas. The temperature of the test environment was maintained
at 25 ◦C with an air conditioner. The relative humidity (RH)

Vh

Vout

R1

Vc

Sensors
+

-

(a) (b)

(e)

(d)
(c)

Fig. 2. (a) The gas sensor. (b) The support circuit board. (c) The gas-
sensing test system. (d) Software for the gas-sensing test. (e) Circuit
diagram of gas-sensing test system.

of the test chamber was consistent with the laboratory environ-
ment. The RH of the environment was generally maintained
at about 40%–50%. If the RH of the test chamber needed to
be increased, water was injected onto the heating plate in the
test chamber by a micro-injector. The RH sensor in the test
chamber directly displayed the RH value from the computer.
When the RH reached the test requirement, the gas-sensing
measurements were performed.

3. Results and discussion
3.1. Characterization

XRD was employed to identify the crystal structure and
phase composition of WO3 and Ag3PO4 as well as the com-
posites of both. The results are shown in Fig. 3. For vir-
gin WO3, the characteristic diffraction peaks located at 13.9◦,
22.8◦, 24.3◦, 26.8◦, 28.0◦, 33.6◦, 36.5◦, 42.7◦, 44.3◦, 46.6◦,
49.7◦, 55.3◦, 58.0◦, 63.2◦ and 70.5◦ corresponded to (100),
(001), (110), (101), (200), (111), (201), (300), (211), (002),
(220), (202), (400), (401) and (222) crystal planes, respec-
tively. These data were indexed to the hexagonal structure of
WO3 (JCPDS No. 81-0577). The spectrum of pure Ag3PO4

exhibited peaks at 21.7◦, 29.7◦, 33.3◦, 36.5◦, 47.8◦, 52.6◦,
54.9◦, 57.2◦ and 61.6◦, corresponding to (110), (200), (210),
(211), (310), (222), (320), (321) and (400) crystal planes,
respectively. These data were well matched with the body-
centered cubic structure of Ag3PO4 (JCPDS No. 06-0505). In
the case of composite materials, the intensity of the Ag3PO4

diffraction peaks was evidently increased with increasing mass
ratio of Ag3PO4:WO3 from 3:7 to 7:3, while the intensities
of the WO3 diffraction peaks gradually declined. No extra
diffraction peaks were observed in the composite. Thus, these
two kinds of material were physically complex together. Fi-
nally, there was no additional diffraction peak for impurities,
indicating high purity and good crystallinity of the prepared
sample.
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Fig. 3. XRD patterns of the as-prepared samples.
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(a) (b) A3W7

(c) (d)

(f) A7W3

A5W5

(e)

Fig. 4. (a), (b) SEM images of WO3. (c) SEM image of A3W7. (d)
SEM image of A5W5. (e) Energy dispersive x-ray analysis of A5W5.
(f) SEM image of A7W3.

The morphology of nanomaterials significantly influ-
enced the process of gas adsorption and desorption. SEM was
used to characterize the morphology of the materials, and the
results are displayed in Fig. 4. The 3D peony-like WO3 assem-
bled from nanosheets of WO3 can be clearly seen (Fig. 4(a)).
This type of material possesses a high surface area, which
in turn can improve the gas-sensing performance of the sen-
sor. The 3D peony-like structure provides excellent stable
support for the loading of Ag3PO4 nanoparticles (Fig. 4(c)).
Figures 4(b), 4(d) and 4(f) describe the differences in the mor-
phology of the composites with respect to changes in the mass
ratio from 3:7 to 7:3 (A3W7, A5W5 and A7W3). These SEM
images demonstrate that the 3D peony-like WO3 is gradually
covered by uniform Ag3PO4 nanoparticles with increase in the
mass ratio. Thus, these two materials are sufficiently in con-
tact with each other, which benefits electron transfer between
the two semiconductor materials due to the difference in their
Fermi levels, ultimately leading to enhancement of the gas-
sensing property of the composite. The energy dispersive x-
ray analysis result for A5W5 is depicted in Fig. 4(e). It is
obvious that each element was allocated in the expected pro-
portions. In addition, the grain size distribution of Ag3PO4

nanoparticles was counted and is shown in Fig. S2. The sta-
tistical results reveal that the diameter of these nanoparticles
ranged from 100 nm to 140 nm. The grain size of Ag3PO4

nanoparticles in this study was relatively smaller than in pre-
vious studies.[25,26] Finally, the 3D peony-like morphology of

the composite was also explored by SEM after scraping the
composite of the ceramic tube after the gas-sensing test; the
result is shown in Fig. S1. It is clear that there is no variation in
the morphology for single materials and the composite, which
guarantees the reliability of the gas-sensing measurements.

The fine structural characteristics of composite A5W5
were further investigated by TEM analysis, as shown in Fig. 5.
The low-magnification image (Fig. 5(a)) clearly shows the 3D
peony-like structure of A5W5, which well matches the SEM
result. The high-magnification image (Fig. 5(b)) displays dis-
tinct lattice fringes of Ag3PO4 and WO3. The space be-
tween the two adjacent lattice planes of Ag3PO4 and WO3 was
0.252 nm and 0.384 nm, corresponding to the (211) plane of
cubic Ag3PO4

[27] and the (001) plane of hexagonal WO3,[28]

respectively. For the Ag3PO4/WO3 nanocomposite, abundant
trap states were obtained at the grain boundaries and deep de-
fects at the interface, which can be beneficial to the gas ad-
sorption and charge transfer processes of the electronic sensor,
leading to enhancement of the gas-sensing performance.[29]

The elemental mapping results are shown in Figs. 5(c)–5(f).
The distribution of each element was found to be relatively
uniform and no impurities were observed.

(b)(a)

0.252 nm

(211)

WO3

0.384 nm

(001)

(c) (d)W O

(e) (f)Ag P

Ag3PO4

Fig. 5. (a), (b) TEM images of A5W5. (c)–(f) Elemental mapping im-
ages of W, O, Ag and P.

In order to confirm the chemical bonding states of dif-
ferent elements, XPS analysis was carried out; the spectra are
shown in Fig. 6. The two peaks situated at 368.03 eV and
374.04 eV were ascribed to the Ag+ 3d5/2 and 3d3/2 binding
energies, respectively, found in Ag3PO4 (Fig. 6(a)).[30] The
peak for metallic silver was not observed in the Ag 3d spec-
trum of Ag3PO4, implying that Ag3PO4 in A5W5 was not
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degraded owing to the formation of a Ag3PO4/WO3 hetero-
junction, and the aim of improving the stability of Ag3PO4

was indeed achieved. Figure 6(b) shows the W 4f XPS spec-
trum of A5W5 in which spin–orbit doublets corresponding
to W 4f7/2 and W 4f5/2 peaks were observed at 35.76 eV
and 37.9 eV, respectively; the difference in the binding en-
ergy between W4f7/2 and W 4f5/2 is 2.14 eV, indicating a
normal state of W6+ in sample A5W5. These values were
well matched with those reported in the literature.[31] The P
2p high-resolution spectrum is shown in Fig. 6(c). The two
peaks located at 132.35 eV and 133.19 eV are ascribed to
the binding energy of 2p3/2 and 2p1/2, respectively, of P5+

in Ag3PO4 in sample A5W5.[25] For O 1s (Fig. 6(d)), the
peak observed at 530.6 eV is assigned to the crystal lattice
oxygen while the peak at 532.0 eV is related to the adsorbed
oxygen.[26] Thus, XPS analysis corroborates the formation of
Ag3PO4/WO3 composite.
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Fig. 6. (a)–(d) XPS survey spectrum of Ag 3d, W 4f, P 2p and O 1s,
respectively.

3.2. Gas-sensing measurements

The gas-sensing performance of these sensors for NH3

was systematically measured, and the results are shown in
Figs. 7(a)–7(d). At first, the gas-sensing responses to NH3

were detected by WO3, A3W7, A5W5, A7W3 and Ag3PO4.
The test results are displayed in Fig. 7(a). It is obvious from
these results that the A5W5 gas sensor had the highest re-
sponse to NH3 compared with the other sensors tested in this
study. It was worth noting that the low detection limit of the
composite was 1 ppm, which was much lower than with pure
WO3 and Ag3PO4 sensors. The acceptable linear tendency for
the A5W5 gas sensor to NH3 ranged from 1 ppm to 20 ppm, as
shown in the inset of Fig. 7(b). Therefore, this sensor could be
very useful for early warning of NH3 leakage. The short-term
stability of WO3 sensors and composites to 100 ppm NH3 was
then tested and the results are presented in Fig. 7(c). The mea-

surement results show that the as-prepared sensors have good
short-term stability after four consecutive cycles of testing.
The long-term stability of a gas sensor is one of the most im-
portant factors for judging the quality of the sensor. Therefore,
the long-term stability of the A5W5 sensor was tested, and the
results showed that the fluctuation in response was slight over
5 weeks, proving that the A5W5 sensor has better long-term
stability (Fig. 7(d)) than a pristine Ag3PO4 sensor.[22] Thus,
the stability of a Ag3PO4 sensor is remarkably improved by
efficient complexing with semiconductor materials.

For real-life applications of gas sensors, the influence on
the sensors of RH in the background environment should be
estimated at room temperature. Hence, the effect of RH on
the performance of the A5W5 gas sensor was explored and
the results are shown in Fig. 8. Figure 8(a) displays the re-
sponse of an A5W5 gas sensor to 100 ppm NH3 at different
levels of humidity at room temperature. In this study, the
response value of the sensor was decreased with increase in
RH, which could be ascribed to the absorption reaction and
the Grothuss chain reaction of water molecules on the surface
of the gas sensor.[12] The Grothuss chain reaction is the reac-
tion of H3O+ and H2O on the serial water layer; the reaction
equation is as follows:[12]

H2O+H3O+→H3O++H2O.

Actually, this process is always accompanied by the transfer
of charge. When H3O+ ions release a proton to the neigh-
boring water molecules, this proton is accepted while another
proton is released, and so on. Thus, when RH is maintained at
a relatively low level there are not enough water molecules to
form a continuous water layer on the surface of the gas sensor.
Many oxygen absorption sites are still exposed, and the oxy-
gen molecules on the absorption sites capture electrons from
the conduction band of the composites, creating an electron
depletion layer; this results in the conduction channel of elec-
trons becoming narrower and the gas sensor has high resis-
tance. Still, the sensor showed good gas-sensing performance
to NH3. As the RH increases, the absorption sites are occupied
by the continuous water layer. Hence, the number of oxygen
species decreases, the width of the electron depletion layer be-
comes narrower and the resistance of the gas sensor decreases
(as shown in the inset of Fig. 8(a)), which would, in turn, de-
crease the sensitivity of the gas sensor. The evolution of the
resistance and the RH was fitted to a curve, enabling us to
figure out the approximate resistance of the sensor based on
humidity (inset of Fig. 8(a)). Figure 8(b) shows the decreas-
ing response of the A5W5 gas sensor to 100 ppm NH3 under
different RHs at room temperature. These results suggest that
there is a negligible effect on the gas-sensing response of the
sensor when the RH is lower than 54%. However, when the
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RH exceeds 76%, the response of the gas sensor to NH3 de-
clines remarkably, probably due to the formation of a contin-
uous water layer. Although the number of oxygen absorption

sites is decreased, the A5W5 sensor still shows a relatively
good response under high humidity, conducive to the detec-
tion of NH3 under extreme environmental conditions.[12]
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Selectivity is one of the most important characteristic fea-
tures of gas sensors for practical applications. Firstly, the re-
sponse of the A5W5 sensor to acetone, ethanol, methanol,
isopropanol and ammonia (the target gas concentration was
100 ppm) was separately measured at room temperature. As
shown in Fig. 9(a), the response of the A5W5 sensor to NH3

was remarkably higher than to the other gases tested. Sec-
ondly, the responses of the sensor were analyzed after mixing
NH3 with other kinds of gases. As depicted in Fig. 9(b), the
gas-sensing performance of the A5W5 sensor to NH3 was not
affected even after mixing it with other gas molecules. Thirdly,
four other gases were first injected into the gas cavity, then
NH3 was injected (Fig. 9(c)). Although the response value was
slightly lower than in the previous situation, the A5W5 sensor

still exhibited a higher response to NH3. These results indi-
cate that the A5W5 gas sensor possesses excellent selectivity
to NH3. The reason for the high selectivity of the A5W5 gas
sensor to NH3 can be explained as follows. NH3 molecules
with a lone pair of electrons could tend to organize the bare
orbitals of silver atoms, while the oxygen atoms present on
Ag3PO4 also had a lone pair of electrons and could form hy-
drogen bonds with the hydrogen atoms of NH3.[22]

Finally, gas-sensing performance of the Ag3PO4/WO3

gas sensor to NH3 compared with previously reported sensors
is summarized in Table 2. Interestingly, our sensor surpassed
most of the reported sensors in terms of response at room tem-
perature.
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Table 2. Comparison of NH3-sensing performance of the Ag3PO4/WO3 sensor and previously reported sensors.

Material
Gas Operating

Response (%)
Stability

Reference
concentration (ppm) temperature (◦C) (weeks)

Single-walled
5 50 10 NO [32]

carbon nanotubes
α-Fe2O3-graphene 10 250 13.5 NO [33]

Cu-WO3 5 250 100 NO [34]
Pt-WO3 10 175 90 5 [35]

WO3 80 220 95 NO [36]
Co3O4 200 160 153 2 [37]

rh-In2O3 5 300 70 NO [38]
SnO2-Pd-rGO 5 RT 7.6 10 [39]

ZnO-rGO 50 RT 19.2 18 [40]
In situ

50 RT 61 2 [12]
double-layer TiO2 NRAs

Ag3PO4-WO3 100 RT 70 5 this work

Note: NRAs, nanorod arrays; rGO, reduced graphene oxide.

3.3. Gas-sensing mechanism

The gas-sensing mechanism of the sensor is believed to
involve the adsorption of gas molecules on the surface of the
semiconductor materials and charge transfer between the sur-
face and the adsorbed molecules, which could eventually pro-
duce changes in the electronic configuration and conductiv-
ity of the semiconductors.[41] In the present study, the gas-
sensing mechanism of Ag3PO4/WO3 sensor comprised two
main steps, oxidation and reduction. During oxidation, the ad-

sorbed oxygen molecules on the surface of Ag3PO4/WO3 were
converted into oxygen species by trapping electrons from the
conduction band of Ag3PO4/WO3. As a result, an electron de-
pletion layer was formed on the surface of the Ag3PO4/WO3

composite. The width of the depletion layer depended upon
the number of oxygen species (room temperature for O−2
species) formed on the surface of Ag3PO4/WO3 as well as the
number of available electrons. The depletion layer found on
the surface of Ag3PO4/WO3 composites is much thicker than
that on pristine Ag3PO4 and WO3 due to the synergistic ef-
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fect between Ag3PO4 and WO3, which remarkably narrows
the width of the conduction channel of electrons in the com-
posites; this effect was realized by the method of energy band
designing.

The synergistic effect of Ag3PO4 and WO3 will now
be discussed in detail. The conduction and valence bands
of Ag3PO4 have a more negative potential (conduction band
0.45 eV, valence band 2.90 eV) than those of WO3 (conduc-
tion band 0.64 eV, valence band 3.34 eV). Therefore, the elec-
trons are transferred from the conduction band of Ag3PO4

to the conduction band of WO3, as shown in Fig. 10(b). At
the same time, transport of holes took place from the valence
band of WO3 to the valence band of Ag3PO4. Band bend-
ing occurred in the energy band and the Fermi level reached
equilibrium. Next, a barrier (qV) between Ag3PO4 and WO3

was created, which in turn improved the efficient separation of

electron–hole pairs and increased the resistance of the materi-
als (Fig. 10(c)). The relationship between the resistance and
barrier height is R ∝ exp

(
− qV

2kT

)
, where R is the resistance of

the sensor, qV is the barrier height, k is the Boltzmann constant
and T is the absolute temperature.[42] The improved separation
of electron–hole pairs effectively reduces the number of elec-
trons in the conduction band of Ag3PO4, thus avoiding the
conversion of silver ions into metallic silver. The synergistic
effect realized by energy band designing not only significantly
improves the stability of Ag3PO4 but also greatly increases the
resistance of the materials, further enhancing the sensitivity of
the sensor. In addition, rich grain boundaries exist with the ad-
jacent Ag3PO4 nanoparticles, Ag3PO4 nanoparticles and WO3

as well as WO3, leading to abundant trap states and deep de-
fect states; these provide more active sites for the adsorption
of molecules and the transport of electrons.[29]
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The above discussion has sufficiently proved that the gas-
sensing performance of composites is much better than that
of the single nanomaterials. During reduction, the previously
formed O−2 (ads) interacted with NH3 molecules to form ni-
trogen (N2). This procedure released the trapped electrons
back to the conduction band of the composite material. Conse-

quently, the thickness of the accumulation layer was increased
whereas the thickness of the depletion layer and the height of
the barrier were decreased by the gain of electrons from the
oxygen species when NH3 is injected into the gas chamber
(Fig. 10(e)).

In order to better understand the surface reaction process,
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attenuated total reflection Fourier transform infrared spec-
troscopy (ATR-FTIR) was performed; the results are shown in
Fig. S4 (NH3 atmosphere, red line; air atmosphere, black line).
The absorption peak located at 1630 cm−1 was present in both
red and black lines, due to the existence of O–H bonds in
the water molecules in the sample.[43,44] However, the peak at
3441 cm−1 was only observed in the NH3 atmosphere, which
can be attributed to the stretching vibration of the O–H in the
water molecules that were formed by the reaction of NH3 (ads)
and O−2 (ads).[43,44] The absorption peak of N2 was not found
due to the invariant dipole moment of N2 molecules. The
above process is described in Fig. 10 and the following equa-
tions:

O2(gas)→ O2(ads), (1)

O2(ads)+ e−→O−2(ads), (2)

NH3(gas)→ NH3(ads), (3)

4NH3(ads)+3O−2(ads)→ 2N2 +6H2O+5e−. (4)

4. Conclusions
In the present study, composites of Ag3PO4 nanoparticles

and 3D peony-like WO3 with different mass ratios were suc-
cessfully prepared by a precipitation method. The gas-sensing
performance of the composites to NH3 was systematically in-
vestigated at room temperature. Among the different compos-
ite sensors tested in this study, the A5W5 gas sensor displayed
the highest response to NH3 and had excellent selectivity. In-
terestingly, all the composite gas sensors exhibited a higher
response and lower detection limit (1 ppm) to NH3 than the
pure Ag3PO4 and WO3 sensors due to the synergistic effect
achieved by the heterojunction structure design. In addition,
this method not only enhanced the response of the sensors but
also improved the stability of the Ag3PO4 sensors to a greater
extent. Therefore, the Ag3PO4-based sensors developed in this
study could be ideal candidates for the detection of NH3 under
extreme environmental conditions.
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