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n the anti-humidity and acetone-
sensing properties of Co3O4 prepared by
electrospray†

Xiangxiang Fan, ‡*ab Junfeng Wang,‡a Chuanlong Sun,a Chun Huang,ab Yujie Lu,ab

Pan Dai,ab Yajuan Xua and Wuming Heab

Co3O4 is a P-type metal-oxide semiconductor which can realize acetone detection at a lower temperature,

but the lower working temperature brings the enhanced humidity effect. In order to solve the problem of

a Co3O4 gas sensor being easily affected by humidity, an acetone-sensingmaterial of Co3O4mixed with Pr/

Zn was prepared by electrospray in this work. The optimal working temperature of Pr/Zn–Co3O4 is 160 �C,
and the detection limit can reach 1 ppm. The fluctuation of the acetone response is about 7.7% in the relative

humidity range of 30–90%. Compared with pure Co3O4, the anti-humidity property of this material is

obviously enhanced, but the gas-sensing response deteriorates. Compared with Pr–Co3O4, the anti-

humidity and acetone sensing properties of Pr/Zn–Co3O4 were both improved. The morphology,

composition, crystal state and energy state of the material were analyzed by SEM, EDS, XRD and XPS.

The material of Pr/Zn–Co3O4 is a multi-component mixed material composed of PrCoO3, ZnO, Pr6O11

and Co3O4. The improved anti-humidity and acetone sensing properties exhibited by this material are

the result of the synergistic effect of ZnO and Pr3+.
1. Introduction

Acetone is an important respiratory marker of diabetes. The
accurate and stable detection of acetone in breathing gas is of
great signicance to changing the existing medical diagnosis
model for diabetes. As a low-cost and easy-to-manufacture gas
sensor, the metal oxide sensor has been widely used in research
of acetone detection.1–5 However, the main problems currently
faced in practical application are the low concentration of
markers and high humidity in the breathing gas, which requires
the sensor to have a lower detection limit and better anti-
humidity properties.

Co3O4 is a p-type metal-oxide semiconductor, which was
widely used in the detection of acetone due to catalytic activity
for volatile organic compounds (VOCs) and lower working
temperature.6–10 Su et al. prepared ower-shaped Co3O4, and the
detection limit of acetone reached 0.2 ppm.6Qiao et al. prepared
3D radial Co3O4 nanorod clusters, and the detection limit of
acetone reached 0.1 ppm.7 Because the acetone concentration
in breathing gas is more than 0.3–0.9 ppm, Co3O4 is
ou University, Huzhou 313000, China.
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a promising material for acetone sensors for breathing gas. The
acetone sensitivity of Co3O4 can be further improved by con-
structing composed materials.11–14 The composed materials of
Co3O4 nanorod and ZnO nanosheet prepared by Jang et al.
responded to 5 ppm acetone as high as 29, and the theoretical
detection limit could reach 5 ppb.15 However, the sensitivity and
stability of Co3O4 for acetone sensing deteriorate in a high-
humidity environment.16–18 Srinivasan et al. have shown that
high humidity conditions could affect the acetone sensitivity of
Co3O4, and the acetone response dropped by 16.59% under
a relative humidity of 89%.16 Zhou et al. found that the increase
of relative humidity would also reduce the long-term stability of
the Co3O4 acetone sensor, where the sensor response dropped
by 10% in 20 days under a relative humidity of 33%.17 Therefore,
humidity is a negative factor restricting the application of Co3O4

for respiration detection, but there are still few reports on the
research that actually proposes to solve the inuence of
humidity on the Co3O4 acetone sensor.

Doping is a commonly used strategy to improve the perfor-
mance of metal oxide gas sensors.19,20 The elements of Ce, Tb
and Pr all have two valence states of 3+ and 4+. Because of the
valence states, Ce, Tb and Pr all have reversible oxidation–
reduction reactions, which can remove hydroxyl groups and
promote the formation of ionized oxygen. These elements have
been doped into the sensing materials to realize the anti-
humidity property of the gas sensors.21–24 Yoon et al. used
layer-by-layer coating to modify CeO2 nanoclusters on the
surface of In2O3 hollow spheres, which exhibited humidity
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Table 1 The composition parameters of the solutes in the samples

Samples A B C

Co100 2 0 0
Pr5Co95 1.9 0.1 0
Pr10Co90 1.8 0.2 0
Pr20Co80 1.6 0.4 0
Pr10Zn10Co80 1.6 0.2 0.2
Pr10Zn20Co70 1.4 0.2 0.4
Pr10Zn40Co50 1 0.2 0.8
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independence.21 Kwak et al. prepared Tb-doped SnO2 yolk–shell
spheres by ultrasonic spray pyrolysis, which exhibited similar
gas responses in dry condition and relative humidity of 80%.22

The Pr-doped In2O3 prepared by Kim et al. also exhibited similar
gas responses in different humid conditions.23 It can be seen
that doping of Ce, Tb and Pr provide a new way for the devel-
opment of gas sensors with anti-humidity property. However,
these sensors all worked at a high temperature of 450 �C, and
the higher operating temperature promotes the humidity
independence of the sensor. In addition, although the doping of
Ce, Tb and Pr improved the humidity independence, the gas
responses of the sensors reduced to a greater extent. The anti-
humidity performance of a sensor with the doping of Ce, Tb
and Pr at a low operating temperature and the method to
enhance sensitivity of the sensor with the doping of Ce, Tb and
Pr still need to be further investigated.

In this work, multi-element hybrid material of Co3O4 and the
element of Pr/Zn was prepared by electrospray. This work tried
to synergize the reversible redox reaction characteristics of Pr
and the n-type semiconductor characteristics of ZnO to achieve
anti-humidity and acetone enhanced-sensing properties. The
mechanism of anti-humidity and enhanced-sensing was
initially investigated through the characterization and analysis
of the hybrid material.
2. Experimental
2.1 Preparation of materials

Firstly, the electrospray solution was prepared. The solvent was
made up of ethanol and water in a ratio of 1 : 1. A mmol of
cobalt acetate tetrahydrate (Co(CH3COO)2$4H2O, AR), B mmol
of praseodymium nitrate hexahydrate (Pr(NO3)3$6H2O, AR) and
C mmol of zinc acetate dihydrate (Zn(CH3COO)2$2H2O, AR)
were dissolved in 10 mL of the above mixed solvent and fully
stirred with a magnetic stirrer to obtain a uniform solution.
Next, the congured solution was transferred into a syringe for
electrospray. The schematic diagram of electrospray system has
been shown in our previous report.25 The liquid supply ow of
the syringe pump was 0.6 mL h�1. The voltage and distance
between the nozzle and the collector were 8 kV and 7 cm
respectively. The collector was kept at the temperature of
200 �C. Finally, the precursor materials were calcined. The
calcination process was carried out in a muffle furnace with
a calcination temperature of 600 �C for 3 h. The heating rate of
the muffle furnace was set as 2 �C min�1. All materials were
used in the purchased state without any pretreatment.

According to the above process, seven samples with different
parameters were prepared, and the parameters are shown in
Table 1.
Fig. 1 Schematic diagram of gas sensing test system.
2.2 Characterization of materials

The morphology and element composition of the samples were
analyzed by scanning electron microscope and energy disper-
sive X-ray spectroscopy (SEM and EDS, SU8010, Hitachi, Japan).
X-ray diffraction spectroscopy (XRD, Ultima IV, Rigaku) was
used to analyze the crystal composition and crystal quality of
© 2022 The Author(s). Published by the Royal Society of Chemistry
the samples. X-ray photoelectron spectroscopy (XPS, Escalab
Xi+, Thermo Fisher Scientic) was used to analyze the chemical
state of the Pr, Co, Zn and O elements in the sample.

2.3 Gas sensing measurement

In order to detect the acetone responses of all the samples in
different humidity environments, a test system was built as
shown in Fig. 1. The test system was consisted of an air pump,
a lter, a saturated salt solution and a test chamber. The size of
the test chamber in this work was 300 mm � 300 mm �
200 mm with the volume of 18 L. The air was passed into the
lter through the air pump to lter out the macromolecular
substances and the water molecules in the air. Then the gas was
passed into the saturated salt solution to generate the air with
the required humidity. Finally, the air was passed into the test
chamber. The nal humidity in the test chamber was calibrated
by a humidity sensor, and the relative humidity in the test
chamber could be adjusted between 30% and 90%.

During gas sensing test, the saturated acetone steam was
injected into the test chamber to obtain the corresponding
concentration of acetone test gas. The volume of saturated
acetone steam injected into the test chamber could be calcu-
lated according to our previous report.26 The formula for
calculating the volume of saturated acetone vapor was Vg ¼
P0$Cg$Vc/Pg, where P0 is the ambient atmospheric pressure, Cg is
the required concentration of acetone, Vc is the volume of the
test chamber, and Pg is the saturated vapor pressure of acetone.
Aer the gas sensing test was complete, the acetone-containing
gas was removed from the test chamber and replaced with fresh
air.
RSC Adv., 2022, 12, 19384–19393 | 19385
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The resistance of the sensor was measured and saved by the
source meter (B2902A, Keysight). The response was dened as
(Rg � Ra)/Ra, where Rg and Ra is the resistance of the sensor in
acetone atmosphere and in air respectively. The response and
recovery time was dened as the time required for the resistance
to change to 90% of the change amplitude.
3. Results and discussion
3.1 Gas sensing properties

Fig. 2(a) shows the responses variation of Co100, Pr5Co95,
Pr10Co90 and Pr20Co80 with temperature. The responses of the
four samples all show a trend of rst becoming larger and then
smaller as the temperature increases. Among them, the optimal
working temperature of Co100 is 190 �C, and the optimal
working temperature of the hybrid samples with Pr reduced to
160 �C. Fig. 2(b) shows the responses comparison of the four
samples to 50 ppm acetone at the optimal working temperature.
The response of Co100 is the largest, and the responses of the
hybrid samples with Pr are greatly weakened. The response of
Pr5Co95 is only 0.56, which is only a quarter of Co100. With the Pr
concentration further increase, the response of the samples is
further reduced, but the change is not signicant. It can be seen
that the addition of Pr will reduce the sensitivity of sensing
materials.
Fig. 2 Responses to 50 ppm acetone at (a) different temperature and (
Pr20Co80. (c) Responses to 50 ppm acetone in different relative humidity,
Pr5Co95, Pr10Co90 and Pr20Co80.

19386 | RSC Adv., 2022, 12, 19384–19393
Fig. 2(c) shows the responses variation of Co100, Pr5Co95,
Pr10Co90 and Pr20Co80 with relative humidity. During the rela-
tive humidity increases from 30% to 90%, the responses of all
the samples decrease. But, the response of Co100 is still larger
than those of the hybrid samples in different relative humidity.
Fig. 2(d) shows the responses ratios of the four samples at 90%
and 30% relative humidity. As gure shown, the ratio of
Pr10Co90 is the largest. Compared with the response in 30%
relative humidity, the response in 90% relative humidity only
drops by 9%. The ratio of Co100 is the smallest. Compared with
the response in 30% relative humidity, the response of Co100 in
90% relative humidity drops by 28%. It can be seen that the
suitable incorporation of Pr can greatly improve anti-humidity
property of Co3O4.

Fig. 3(a) shows the responses variation of Pr10Co90, Pr10-
Zn10Co80, Pr10Zn20Co70 and Pr10Zn40Co50 with temperature. The
responses of the four samples have the same trend with
temperature increases, and the largest responses of the samples
are achieved at 160 �C. As shown in Fig. 3(b), the incorporation
of Zn can enhance the response of Pr10Co90. The response of
Pr10Zn40Co50 to 50 ppm acetone is 0.93, which is about twice
that of Pr10Co90. Fig. 3(c) shows the responses variation of
Pr10Co90, Pr10Zn10Co80, Pr10Zn20Co70 and Pr10Zn40Co50 with
relative humidity. In the range of 30–90% relative humidity, the
responses of the four samples maintain good stability. As
b) the optimal working temperature for Co100, Pr5Co95, Pr10Co90 and
and (d) ratios of responses at 90% and 30% relative humidity for Co100,

© 2022 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2ra03321f


Fig. 3 Responses to 50 ppm acetone at (a) different temperature and (b) the optimal working temperature for Pr10Co90, Pr10Zn10Co80, Pr10-
Zn20Co70 and Pr10Zn40Co50. (c) Responses to 50 ppm acetone at different relative humidity, and (d) ratios of responses in 90% and 30% relative
humidity for Pr10Co90, Pr10Zn10Co80, Pr10Zn20Co70 and Pr10Zn40Co50.
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Fig. 3(d) shown, the ratios of the four samples at 90% and 30%
relative humidity are all greater than 90%. Among them, the
response of Pr10Zn40Co50 in 90% relative humidity is only 7.7%
lower than that in 30% relative humidity. This indicates that the
incorporation of Zn could enhance the acetone sensitivity of Pr–
Co3O4 and maintain a good anti-humidity property.

Fig. 4(a) shows the comparison of the anti-humidity and
acetone sensing properties of Co100, Pr10Co90 and Pr10Zn40Co50.
Co100 exhibits the largest gas sensing response, but poor anti-
humidity property. Pr10Co90 exhibits better anti-humidity
property, but the gas sensing response is greatly deteriorated.
Pr10Zn40Co50 maintains excellent anti-humidity property while
shows a good gas sensing property. It indicates that themultiple
incorporation of Pr and Zn into Co3O4 can synergistically
improve the anti-humidity and acetone sensing properties.

Fig. 4(b) shows the responses of Pr10Zn40Co50 to different
concentrations of acetone. The sample shows a good response–
recovery to 1–50 ppm acetone, and the response to 1 ppm
acetone is 0.14. Fig. 4(c) shows the response–recovery curve of
Pr10Zn40Co50 to 50 ppm acetone. The response and recovery
time of the sensor is 70 and 330 s, respectively. Fig. 4(d) shows
the responses comparison of Pr10Zn40Co50 to 50 ppm acetone,
ethanol, triethylamine, methanol, benzene, SO2, CO and NO2.
Among them, the response to acetone is the highest.
© 2022 The Author(s). Published by the Royal Society of Chemistry
Fig. 5(a) shows the cycle test of Pr10Zn40Co50 to 50 ppm
acetone. The response curves of the sample maintain a good
consistency during the four-cycle tests. Fig. 5(b) shows the
response curves of Pr10Zn40Co50 to 50 ppm acetone over two
weeks. The sensor shows good stability with a relative standard
deviation of 3.08% for the response values.

The anti-humidity comparison of Co3O4-based acetone
sensor between this work and the previous reported work is
listed in Table 2. All the sensors in the references show high
acetone responses under low humidity conditions. However,
under high humidity conditions greater than 80%, the acetone
responses of the sensors show a drop of more than 15%, and
some even drop by 66.7%.16–18,27–29 The sensor of Pr10Zn40Co50 in
this work shows good agreement in low and high humidity, and
the relative deviation is much smaller than the reported.

3.2 Materials characterization

Fig. 6 shows the SEM images and EDS spectra of Co100, Pr10Co90
and Pr10Zn40Co50. As SEM images shown, all three samples are
composed of nanoparticles, which include bottom and surface
layer. The bottom is the particle layer and the surface is
dispersed with aggregated particle clusters. Among them, Co100
has a higher agglomeration density and a rougher surface, while
Pr10Zn40Co50 has a atter surface with smaller and more
RSC Adv., 2022, 12, 19384–19393 | 19387
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Fig. 4 (a) Responses to 50 ppm acetone and ratios of response at 90% and 30% relative humidity for Co100, Pr10Co90 and Pr10Zn40Co50. (b)
Response–recovery curves to different concentrations of acetone. (c) Response–recovery curves to 50 ppm acetone. (d) Response to 50 ppm
acetone and other gases.

RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

4 
Ju

ly
 2

02
2.

 D
ow

nl
oa

de
d 

on
 8

/4
/2

02
5 

10
:4

0:
07

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
dispersed clusters. The elementals proportions of Co, Pr and Zn
in the samples were analyzed by EDS. The molar proportion of
Co element in Co100 is 100%. The molar proportions of Co and
Pr in Pr10Co90 are approximately 91% and 9%, respectively. The
molar proportions of Co, Pr and Zn in Pr10Zn40Co50 are
approximately 50%, 9% and 41%, respectively. The molar
proportions of the elements are almost the same as the exper-
imental design.
Fig. 5 (a) Cycle tests curves to 50 ppm acetone for Pr10Zn40Co50. (b) R

19388 | RSC Adv., 2022, 12, 19384–19393
Fig. 7 shows the XRD spectra of Co100, Pr10Co90 and Pr10-
Zn40Co50. The diffraction peaks of Co100 are located at 31.28�,
36.86�, 36.58�, 44.8�, 55.62�, 59.38� and 65.24�, corresponding
to [2 2 0], [3 1 1], [2 2 2], [4 0 0], [4 2 2], [5 1 1] and [4 4 0] crystal
planes of spinel Co3O4 (JCPDS 43-1003). As the spectra shows
that Co100 is composed of Co3O4 without other impurities. In
addition to the diffraction peaks of Co3O4, Pr10Co90 has three
new diffraction peaks located at 33.3�, 41.26� and 47.9�,
respectively. These three peaks correspond to [2 2 0], [2 2 2] and
esponses to 50 ppm acetone over two weeks.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Comparison of anti-humidity between this work and the reported worksa

Materials Temp. (�C) Con. (ppm)
Res./low
hum. (%)

Res./high
hum. (%)

Relative deviation
(%) Ref.

Co3O4 500 50 242/32 195/89 19.4 16
Co3O4 240 500 3.16/33 �1.3/�95 58.9 17
Co3O4 150 100 34.2/30 15.3/80 55.3 27
Co3O4/graphene 190 1 54.3/30 45.6/90 16 18
Co3O4/graphene 160 50 5.4/20 4/90 25.9 28
Pt–Co3O4 200 0.5 2.1/0 0.7/80 66.7 29
Pr/Zn–Co3O4 160 50 0.91/30 0.84/90 7.7 This work

a Res. was dened as (Rg � Ra)/Ra. Relative deviation was dened as (Res(low)� Res(high))/Res(low). Temp.: temperature; Con.: concentration; res.:
response; hum.: humidity; ref.: reference.

Fig. 6 SEM images and EDS spectra of (a) Co100, (b) Pr10Co90 and (c) Pr10Zn40Co50.

© 2022 The Author(s). Published by the Royal Society of Chemistry RSC Adv., 2022, 12, 19384–19393 | 19389
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Fig. 7 XRD spectra of (a) Co100, (b) Pr10Co90 and (c) Pr10Zn40Co50.

Fig. 8 High-resolution XPS spectra of (a and g) Co100, (b, d and h) Pr10C

19390 | RSC Adv., 2022, 12, 19384–19393
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[4 0 0] crystal planes of PrCoO3 (JCPDS 25-1069), which indicate
that Pr10Co90 is a hybrid material of Co3O4 and PrCoO3. For
Pr10Zn40Co50, the other ve new diffraction peaks appear on the
spectrum, which are located at 31.7�, 34.4�, 36.24, 56.62� and
62.8�. These ve peaks correspond to [1 0 0], [0 0 2], [1 0 1], [1 1
0] and [1 0 3] crystal planes of ZnO (JCPDS 36-1451). This
indicates that Pr10Zn40Co50 contains at least three kinds of
crystals including Co3O4, PrCoO3 and ZnO.

Fig. 8(a)–(c) show the high-resolution XPS spectra of Co 2p in
Co100, Pr10Co90 and Pr10Zn40Co50. The peak near 794.7 eV
corresponds to Co 2p1/2, which can be divided into the peaks of
795.9 eV and 794.6 eV by Gaussian tting. The peak near
779.7 eV corresponds to Co 2p3/2, which can be divided into the
peaks of 780.5 eV and 779.5 eV. Among these peaks, the tting
peaks of 795.9 eV and 780.5 eV are derived from Co2+, while the
tting peaks of 794.6 eV and 779.5 eV are derived from Co3+. By
analyzing the peak areas, the ratios of the Co2+ and Co3+ in the
three samples of Co100, Pr10Co90 and Pr10Zn40Co50 are
o90 and (c, e, f and i) Pr10Zn40Co50.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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78.6 : 21.4, 74.3 : 25.7 and 71.2 : 28.8, respectively. Due to the
incorporation of Pr, the proportion of Co3+ in the hybrid
material increases, which is attributed to the formation of
PrCoO3.

Fig. 8(d) and (e) show the high-resolution XPS spectra of Pr
3d5/2 in Pr10Co90 and Pr10Zn40Co50. This peak is located near
933 eV, and can be divided into the peaks of 935 eV, 933 eV,
930.6 eV and 927.8 eV. The tting peaks of 935 eV and 930.6 eV
are derived from Pr4+, while the tting peaks of 933 eV and
927.8 eV are derived from Pr3+. By analyzing the area of the
peaks, the ratios of the peaks area of Pr3+ and Pr4+ are 57.5 : 42.5
and 59 : 41 for Pr10Co90 and Pr10Zn40Co50, respectively. The
proportions of Pr3+ and Pr4+ in the hybrid samples are consis-
tent with that in Pr6O11 reported in the previous literature.23 It
indicates that the samples of Pr10Co90 and Pr10Zn40Co50 also
contain Pr6O11.

Fig. 8(f) shows the high-resolution XPS spectrum of Zn in
Pr10Zn40Co50. The peak near 1044.6 eV is derived from Zn 2p1/2,
and the peak near 1021.5 eV is derived from Zn 2p3/2.

Fig. 8(g)–(i) show the high-resolution XPS spectra of O 1s in
Co100, Pr10Co90 and Pr10Zn40Co50. The O 1s peaks of the three
samples can be divided into 4 peaks, which are located at
531.9 eV (OIV), 530.9 eV (OIII), 529.5 eV (OII) and 528.5 eV (OI). OI,
OII, OIII and OIV are derived from Pr3+–O, crystal lattice oxygen,
adsorbed oxygen and Pr4+–O. The proportions of different
oxygen components are analyzed based on the area ratio. Since
Co100 does not contain Pr, its spectrum only contains OII and
OIII, and the components proportions are 50.2% and 49.8%.
The proportions of OI, OII, OIII and OIV in Pr10Co90 are 3.6%,
41.3%, 31% and 24.1%, while the proportions of OI, OII, OIII and
OIV in Pr10Zn40Co50 are 3.9%, 39%, 38.8% and 18.3%. Among
the oxygen components, OIII is the key to the gas sensitivity. In
the three samples, Co100 has the highest proportion of OIII,
while Pr10Co90 has the lowest proportion.
Fig. 9 Band structures of (a) Co3O4 and ZnO and (b) Co3O4–ZnO
heterojunction.
3.3 Gas sensing mechanism

According to the response curves in Fig. S1,† the samples of
Co100, Pr10Co90 and Pr10Zn40Co50 all exhibit the characteristics
of p-type semiconductor. For p-type semiconductor, the gas
sensitivity depends on the thickness of the hole accumulation
layer on the surface. Due to the chemical adsorption of oxygen,
oxygen traps electrons from the sensing material to form oxygen
ions when a sample is exposed to the air, so that the hole
accumulation layer on the surface will increase and the resis-
tance will decrease. When the sample is exposed to acetone,
oxygen ions react with acetone and release electrons back to the
sensing material, resulting in a reduction of the hole accumu-
lation layer and an increase of resistance. The process can be
expressed by the following reactions:30

O2(ads) + e� / O�
2 (ads)

O�
2 (ads) + e� / 2O�(ads)

CH3COCH3(g) + 8O�(ads) / 3CO2 + 3H2O + 8e�

CH3COCH3(g) + 4O�
2 (ads) / 3CO2 + 3H2O + 4e�
© 2022 The Author(s). Published by the Royal Society of Chemistry
Since the working temperatures of the sensors are relatively
low, water molecules will adsorb on the surface and react with
the adsorbed oxygen ions to form hydroxyl groups and elec-
tronics in a high-humidity environment, resulting in water
poisoning of the sensing material and reducing of gas sensi-
tivity. Because Pr has reversible oxidation–reduction reaction
property, Pr3+ can promote the reverse reaction process of water
poisoning. The hydroxyl groups could be effectively removed
and the oxygen ions are regenerated with the transition from
Pr3+ to Pr4+. Pr4+ recaptures the electrons brought by the water
molecule reaction and turns into Pr3+. During the above cyclic
redox reaction, the reactants and products are equal. When the
hydroxyl groups on the materials surface are completely
removed, the resistance and response of the sensitive material
are hardly affected. Therefore, Pr10Co90 and Pr10Zn40Co50 shows
better consistency of gas responses than Co100 in different
relative humidity. The process can be expressed by the following
reactions:23

H2O + O� 4 2OH + e�

Pr3+ + 2OH / Pr4+ + H2O + O�(ads)

Pr4+ + e� / Pr3+

The gas sensitivity of Co100, Pr10Co90 and Pr10Zn40Co50
mainly depend on the surface reaction. Co3O4 contains two
kinds of Co ions (Co2+ and Co3+), in which Co2+ is the reaction
sites.31 Therefore, the concentration of Co2+ on surface will
affect the surface reaction. From XPS analysis, it can be found
that the concentration of Co2+ on surface of the hybrid samples
is reduced because of the formation of PrCoO3, which results in
RSC Adv., 2022, 12, 19384–19393 | 19391
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a reduction of reaction sites and a decrease of the sensitivity.
Although the Co2+ concentration of Pr10Zn40Co50 is also
reduced, the gas sensitivity is improved because of the addition
of ZnO. The enhanced sensitivity could be contributed to two
reasons. First, ZnO in the hybrid sample brings more electrons,
which promotes the increase of oxygen ions adsorbed on the
surface. This can be conrmed from the XPS diagram. The
concentration of adsorbed oxygen on the surface of Pr10Zn40-
Co50 is relatively higher than that of Pr10Co90. Second, p–n
heterojunctions are formed in Pr10Zn40Co50. As shown in
Fig. 9(a), the Fermi level of Co3O4 is located at 6.1 eV, while that
of ZnO is at 5.2 eV. When the two metal oxides are in contact,
ZnO transfers electrons to Co3O4 in order to maintain the unity
of the Fermi level at the interface. Therefore, the p–n hetero-
junction is formed with the appearance of a charge depletion
layer at the interface, as shown in Fig. 9(b). Heterojunction can
adjust the barrier of the material, causing a greater change of
resistance during the gas reaction.32,33
4. Conclusions

An acetone sensing material of Pr10Zn40Co50 was prepared in
this work, which is a hybrid material of PrCoO3, ZnO, Pr6O11

and Co3O4. Compared with pure Co3O4, the optimal working
temperature of Pr10Zn40Co50 decreases, and the hybrid material
exhibits more stable responses to acetone in different humidity
conditions. The detection limit for acetone could reach 1 ppm.
The anti-humidity property of Pr10Zn40Co50 result from the
reverse reaction of Pr to water poisoning, which weakens the
reaction of water molecules on the surface of the material to
generate hydroxyl groups. Compared with Pr10Co90 containing
only Pr addition, the sensitivity of Pr10Zn40Co50 is also
enhanced, which depends on the increase of adsorbed oxygen
on the surface and the adjustment of the potential barrier by the
p–n heterojunction. This work shows that synergistic effects of
each material in hybrid material can improve the gas sensing
properties.
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