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n catalysts for synergistic
enhancement of VOC gas-sensing performance of
ZnO hierarchical nanostructures

Yuwei Qu and Jun Zhang *

The synergistic effect between bonding dissimilar metals is a very effective way to improve the performance

of metal catalysts. In this work, we prepared a series of bimetallic co-doped ZnO hierarchical

nanostructures by controlling Mn and Co contents. The gas-sensing properties of the sensors based on

the bimetallic co-doped ZnO hierarchical nanostructures were studied systematically through different

volatile organic compound (VOC) vapors for the temperature range from 160 to 400 °C. In the testing of

normal butanol gas by the bimetallic co-doped ZnO sensor, its performance was tens of times higher

than that of pure zinc oxide, and the response values to other VOCs tested were very low, which also

indicates that the sensor has good selectivity. The promoted performance is attributed to the increase of

adsorbed oxygen content on the surface of the sensor material due to the bimetallic synergistic

enhancement effect. XPS spectra of O 1s region of the sensor show that the adsorbed oxygen content is

22.4%, which is higher than that of the pure ZnO (8.5%). The synergistic effect between bimetallic Mn

and Co leads to electron enrichment on the surface of ZnO. Electron enrichment can not only promote

the activation of ZnO, but also can help to improve the gas-sensing performance.
1. Introduction

At ambient temperature, a group of chemical compounds
referred to as volatile organic compounds (VOCs) readily
undergo evaporation.1 Not only are they detrimental to the
environment, but they also pose signicant risks to people's
safety and well-being. For instance, normal butanol, a vital
solvent and raw material for organic synthesis, is commonly
used in industrial settings and laboratories. However, when
normal butanol enters the human body, it can lead to
poisoning, with symptoms including dizziness, fatigue, nausea,
vomiting, headaches, and irritability.2 In severe cases, it may
even result in coma, cramps, and respiratory failure. Further-
more, prolonged exposure to normal butanol can lead to health
issues such as liver and lung damage. Regarding the maximum
allowable concentration of butanol in the air, different coun-
tries may have different regulations and standards. For
example, the U.S. Vocational Safety and Health Administration
(OSHA) sets the acceptable exposure limit (PEL) for 1-butanol to
the time weighted average (TWA) of 100 ppm (300 mg m−3). The
exposure limit (REL) recommended by Niosh is the upper limit
of 50 ppm (150 mg m−3). These values are usually used to guide
chemical management and control measures in industrial and
professional environments to ensure the safety of workers.
, Yantai University, Yantai 264005, P.R.

0369
Due to their ease of modication, high specic surface area,
and exceptional photoelectric properties, ZnO nanomaterials
have found extensive applications in catalysts, ceramics,
rubber, optoelectronic devices, and various other elds, estab-
lishing themselves as one of the most promising oxide semi-
conductors, thereby garnering considerable attention.3,4

Additionally, their prospects in sensor applications are incred-
ibly vast, owing to their wide band gap, remarkable response to
gas detection, rapid response rate, cost-effectiveness, and other
advantageous attributes.5–7

The response and selectivity of single-component ZnO gas
sensors still require further enhancement. Doping withmetal or
non-metal ions is a common approach to improve the gas
response of single-component ZnO.8 It has been demonstrated
that element doping can modify ZnO's band gap width and
crystal structure, a crucial means to enhance the material's
functionality. ZnO is particularly well-suited for doping with
main group metal or transition metal ions since Zn2+ and O2−

predominantly exist in an ionic state in ZnO.9,10 The addition of
magnetic elements such as Co, Mn, Ni, and others to ZnO has
been shown to enhance the material's photoelectric
characteristics.11–14 The synergistic effect between bonding
different metals is a very effective way to improve the perfor-
mance of sensors. However, it is very difficult to achieve synergy
between two metals with different properties. In this study,
a series of bimetallic (Mn, Co) co-doped ZnO hierarchical
nanostructures by different Mn and Co contents were synthe-
sized through CVD method. The photo-electronic and gas-
© 2024 The Author(s). Published by the Royal Society of Chemistry
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sensing properties of the resulting (Co, Mn) co-doped ZnO
hierarchical nanostructures will be thoroughly investigated.
The promoted gas-sensing performance mechanism would be
attributed to bimetallic synergistic enhancement effect.
Further, the adsorption oxygen content of O 1s fractional peak
in XPS spectra further conrmed that the synergistic effect
between bonding bimetallic Co and Mn can enrich electrons on
the surface of ZnO and improve the gas-sensing performance of
ZnO hierarchical nanostructures.
2. Experimental
2.1 Synthesis of (Co, Mn) co-doped ZnO hierarchical
nanostructures

Chemical vapor deposition (CVD) was used to prepare
bimetallic (Co, Mn) co-doped ZnO hierarchical nano-
structure. Weigh a specic quantity of pure Zn powder along
with C4H6CoO4$4H2O, C4H6MnO4$4H2O, and C powder. The
above reagents are produced by Tianjin Huasheng Chemical
Reagent Co., Ltd. in China. Ensure that the mass ratios of
pure Zn powder to C4H6CoO4$4H2O, C4H6MnO4$4H2O, and C
powder are as well as in order, 1 : 3% : 5% : 50%, 1 : 5% : 5% :
50%, 1 : 7% : 5%: 50%, and 1 : 9% : 5% : 50%. We weigh out
1 g of ZnO and continue to weigh other samples based on this
mass ratio. Mix well aer carefully grinding in an agate
mortar. Put the combined ingredients in a ceramic vessel and
warm them in the heart of a high-temperature tube furnace.
The temperature within the high-temperature tube furnace is
quickly increased to 760 °C and then maintained there for
120 minutes using a temperature management system. The
system is free cooling to room temperature aer heating. The
experiments should be repeated under identical conditions,
and the results of the various ZnO samples with different Co
and Mn dopant ratios mentioned above should be corre-
spondingly labeled as ZC1, ZC2, ZC3, and ZC4, respectively.
In addition, under the same experimental conditions, the
pure ZnO nanostructures is named ZC0. The acquired
samples were then each individually characterized.
2.2 Characterizations of (Co, Mn) co-doped ZnO hierarchical
nanostructures

The crystal structures of ZC0, ZC1, ZC2, ZC3, and ZC4 were
measured by an X-ray diffraction (XRD; Ultima IV, Rigaku,
Japan) with a Cu Ka radiation operated at 40 kV and 40 mA in
the 2q region of 30–70° at a scan rate of 10°/min. The surface
morphology and structure of the nanomaterials were observed
using scanning electron microscopy (SEM, JEOL JSM-5610LV).
(Co, Mn) co-doped ZnO hierarchical nanostructures were
identied using X-ray photoelectron spectroscopy (XPS; Escalab
250 Xi, Thermo Scientic) to analyze the matrix's chemical
make-up. Using the Edinburgh FLS920 uorescence spectrom-
eter, the sample was excited by a 325 nm He Cd laser light
source, and the Photoluminescence (PL) spectra obtained were
used to detect the structural characteristics and physical prop-
erties of the samples.
© 2024 The Author(s). Published by the Royal Society of Chemistry
2.3 Fabrication and testing of normal butanol gas sensors
based on (Co, Mn) co-doped ZnO hierarchical nanostructures

Firstly, the prepared (Co, Mn) co-doped ZnO nanostructures
and pure ZnO nanomaterials were thoroughly ground in an
agate mortar and mixed with anhydrous ethanol to form
a suspension. Subsequently, the freshly prepared suspension
was uniformly coated onto the surface of a at ceramic
substrate. Finally, the sensors were placed in a high-
temperature tube furnace and heated at 150 °C for 300
minutes to facilitate the evaporation of the anhydrous ethanol
from the material surface and to induce sample aging.

The gas sensors were tested using the static gas allocation
method. A certain volume of n-butanol was extracted using
a syringe and evaporated into gas in the evaporator. The sensors
made under a working voltage of 2.0 V were then exposed to n-
butanol, and the resistance change was measured. The
response of the sensors at different temperatures was calcu-
lated, and the data were recorded using a photoelectric intelli-
gent gas comprehensive testing platform (CGS-MT, Beijing Elite
Technology Company).
3. Results and discussion

As shown in Fig. 1(a)–(e), the phase components of the samples
(ZC1, ZC2, ZC3, ZC4, and ZC0, respectively) were examined by
XRD. Before and aer doping, sharp, and strong diffraction
peaks were created, showing that all samples were highly crys-
talline. The only crystal phase found is ZnO with hexagonal
wurtzite structure, and no other crystal phases corresponding to
Co and Mn or Co and Mn compounds are observed, showing
that the doped Co and Mn ions are primarily integrated into the
ZnO lattice.15–18

Using XRD data, the lattice parameter (c) of the samples
(ZC1, ZC2 ZC3, ZC4, and ZC0, respectively) was estimated using
the following formulae.

sin2
q ¼ l2

4

�
4

3

�
h2 þ hk þ k2

a2

�
þ l2

c2

�
(1)

The wavelength of Cu K radiation (l) is 1.541 Å; q is the Bragg
angle; h, k, and l are the Miller's indices.19 ZC1 = 5.20609 Å, ZC2
= 5.20575 Å, ZC3 = 5.20595 Å, ZC4 = 5.20621 Å and ZC0 =

5.20565 Å are the estimated lattice parameter. Therefore,
replacing Zn2+ with Co2+ and Mn2+ may lead to an increase in
lattice parameter. The diffraction peak in the ZnO crystal cell
changes somewhat when Co2+ and Mn2+ are doped, suggesting
that the crystal ination aer doping.20,21 The ionic radius of
Co2+ and Mn2+ are 0.75 Å and 0.83 Å, respectively, while that of
Zn2+ is 0.68 Å, supporting the conclusion.22 The shi in the
samples XRD spectra shows that the Co2+ and Mn2+ ions were
successfully incorporated into the ZnO structure at the Zn2+

site.23 Fig. 1(f) depicts the morphology of (Co, Mn) co-doped
ZnO hierarchical nanostructures (ZC2) and Fig. 1(g) depicts
the morphology of pure ZnO hierarchical nanostructures (ZC0).

Raman spectra of the samples (ZC1, ZC2 ZC3, ZC4, and ZC0,
respectively) are shown in Fig. 2(a)–(e). These samples had
RSC Adv., 2024, 14, 10358–10369 | 10359
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Fig. 1 (a–d) XRD patterns of the ZC1, ZC2, ZC3, and ZC4, respectively; (e) XRD patterns of pure ZnO nanostructures (ZC0). (f) SEM image of (Co,
Mn) co-doped ZnO nanostructures (ZC2). (g) SEM image of pure ZnO nanostructures (ZC0).

Fig. 2 (a–d) Raman spectra of the ZC1, ZC2, ZC3, and ZC4, respec-
tively; (e) Raman spectrum of pure ZnO nanostructures (ZC0).
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multi-photon Raman scattering that was observed between 200
and 700 cm −1, respectively. According to the results in the
Fig. 2(a)–(d), the four Raman characteristic peaks may be found.
It is evident that the transverse optical wave (TO) of A1 is the
10360 | RSC Adv., 2024, 14, 10358–10369
vibration mode at 378.1 cm −1, the high-frequency vibration
mode Ehigh2 of ZnO is the strongest vibration mode at 436.6 cm
−1, and the peaks at 330.4/328.8 cm −1 and 584.9/581.9 cm −1

correspond to the second order multi-phonon modes Ehigh2 −
Elow2 and E1 (LO), respectively. The Raman spectra of pure ZnO
nanostructures is shown in Fig. 2(e). A change in crystal struc-
ture will cause a shi in the peak position of the Raman spec-
trum.24,25 Compared with the Raman spectrum of pure ZnO
nanostructures, the mode E1 (LO) of (Co, Mn) co-doped ZnO
nanostructures is red-shied, and the Ehigh2 − Elow2 mode is blue-
shied. This can be attributed to the expansion of the unit cell
caused by the incorporation of Co ions and Mn ions into the
lattice sites of Zn2+. This suggests that the doping of Co and Mn
into ZnO may be successful.26

In order to describe samples and establish the oxidation
state of its constituent elements, XPS investigation from the ZC2
as example are shown in Fig. 3. XPS full scan spectrum of the
ZC2 (including ve elements Zn, O, C, Co, and Mn) is illustrated
in Fig. 3(a). The binding energy of C 1s, the internal standard, is
284.8 eV. The high-resolution Zn 2p energy spectra from the ZC2
and ZC0 samples are depicted in Fig. 3(b), respectively. The
results reveal that the spin orbit double peaks of Zn 2p1/2 and Zn
2p3/2 of the ZC2 sample have respective energies of 1021.35 eV
and 1044.40 eV, and peaks of Zn 2p1/2 and Zn 2p3/2 of the ZC0
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 (a) XPS spectra of the survey scans of the ZC2. (b) XPS spectra of Zn 2p of the ZC2 and ZC0, respectively. (c) XPS spectra of O 1s of the ZC2
and ZC0, respectively. (d) XPS spectra of Co 2p of the ZC2. (e) XPS spectra of Mn 2p of the ZC2.
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sample are energies of 1021.55 eV and 1044.60 eV. This suggests
that Zn is in the valence state of Zn2+. The typical O 1s spectra
from the ZC2 and ZC0 samples are shown in Fig. 3(c), respec-
tively. The O 1s peak of the ZC2 is located at 530.05 eV and the O
1s peak of the ZC0 is located at 530.25 eV. The results indicate
© 2024 The Author(s). Published by the Royal Society of Chemistry
that the ZC2 has 0.20 eV shi in the direction of low binding
energy compared with the ZC0. The high-resolution Co 2p
energy spectrum shown in Fig. 3(d) shows the spin orbit double
peaks of Co 2p3/2 and Co 2p1/2, as well as their satellite peaks.
The binding energy of the spin orbit double peaks of Co 2p3/2
RSC Adv., 2024, 14, 10358–10369 | 10361
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Fig. 4 (a) PL spectra of the ZC1, ZC2, ZC3, ZC4, and ZC0, respectively. (b) UV emission peaks of PL spectra of the ZC1, ZC2, ZC3, ZC4, and ZC0,
respectively. (c) Deep level emission peak of PL spectra of the ZC1, ZC2, ZC3, ZC4, and ZC0, respectively. (d) PL spectra of ZC2 and ZC1,
respectively. (e) Deconvolution of PL spectrum for the ZC2 sample.
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and Co 2p1/2, as well as their satellite peaks, are seen in the
high-resolution Co 2p energy spectrum depicted in Fig. 3(d).
The two major peaks' respective binding energies are 780.9 eV
and 795.2 eV. The existence of Co2+ is conrmed by the spin
orbit splitting at 14.3 eV.27 The high-resolution Mn 2p energy
spectrum is displayed in Fig. 3(e). At 640.9 eV and 654.6 eV,
respectively, two binding energy peaks corresponding to Mn
2p3/2 and Mn 2p1/2 were seen. Since the binding energies differ
10362 | RSC Adv., 2024, 14, 10358–10369
by 13.7 eV, the majority of Mn ions are in the Mn4+ valence.28,29

The presence of mixed valence states of Mn3+ and Mn4+ is also
indicated by full width at half peak (FWHM) > 3 eV.30,31 The
satellite peak, which appears at roughly 643.5 eV, is another
feature of Mn3+.32 The XPS spectra demonstrated that the ZnO
lattice had been doped with Co and Mn ions.

PL spectra of all samples (ZC1, ZC2, ZC3, ZC4, and ZC0,
respectively) at room temperature are shown in Fig. 4(a). The
© 2024 The Author(s). Published by the Royal Society of Chemistry
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results indicate that there are an ultraviolet (UV) emission peak
at 390–400 nm and a broad-strong green emission peak at 510–
520 nm in all samples. The UV peak is caused by the free exciton
recombination of ZnO and peak-shi occurs with different
doping concentration. As shown in Fig. 4(b), with the gradual
increase of Co doping concentration, the peak value of UV
luminescence rst shis to red and then to blue. The main
reason for this could be a change in energy band aer doping
Co and Mn. Co and Mn doping have been shown to effectively
adjust the band gap of ZnO hierarchical nanostructures.19,33 The
green peak at 510–520 nm is brought on by various contami-
nants or aws19 and the oxygen vacancy concentration is
correlated with the shi in the deep level luminescence peak as
shown in Fig. 4(c). The results show that the luminescence
intensity of doped samples is different, but the peak position
does not shi.

In order to further study the inuence of doping on emission
characteristics, ZC2 and ZC0 as shown in Fig. 4(d) are selected
for comparative study. The PL spectra of ZC2 and ZC0 have
a strong ultraviolet mission peak at 399.3 nm, respectively. The
peak shis red by 7 nm when compared to ZC0 (pure ZnO). This
is due to the sample's size, structure, material type, and other
factors changing aer it has been doped with Co and Mn.34,35

The deep level emission peak of ZC2 at 510 nm is attributed to
the emission of defects. The intensity of the deep level emission
peak of ZC2 is signicantly reduced when compared to ZC0,
implying that the concentration of oxygen vacancies related to
deep emission during the doping process is signicantly
reduced. The greater the intensity ratio of the ultraviolet emis-
sion peak to the deep level emission peak, the higher the
material's crystallinity. The ZC2 has a much higher ratio than
that of ZC0. It demonstrates that (Co, Mn) co-doping results in
fewer defects and higher crystallinity. This could be due to the
reduction of defects in the crystal caused by ZnO doping,
resulting in a reduction in the intensity of the deep level
emission peak and a slight blue shi. The experimental results
indicate that the ZC2 sample has higher crystallinity than the
ZC0 sample, has a lower carrier coincidence rate, and can
promote charge transfer. To conrm this guess, we calculate the
XRD data of sample ZC2 and ZC0. Crystallinity refers to the
proportion of crystalline regions within a polymer material at
room temperature, calculated as the ratio of the crystalline
portion to the total material (crystalline portion + amorphous
portion).

f cw ¼ Wc

Wc þWa

(2)

In the equation, W represents weight, subscript c denotes
crystalline, and subscript a denotes amorphous. By calculation,
the crystallinity of sample ZC2 is 71.63%, and the crystallinity of
sample ZC0 is 59.59%. This indicates that the crystallinity of
ZnO has increased during the doping process.

In order to detailed study of the PL emission through defects
from the ZC2, the multiple peaks Gaussian tting of the PL
spectra of ZC2 are shown in Fig. 4(e). The red line's high and
narrow peak at 399.3 nm represents the UV emission peak of
ZC2, which is brought on by the free exciton recombination of
© 2024 The Author(s). Published by the Royal Society of Chemistry
ZnO. The deep-level emission peak, which is the broad and low
peak of the green line at 505.5 nm, is brought on by aws like
oxygen vacancies. The peak of the blue line at 568.5 nm may be
the result of additional aws from Co and Mn doping ZnO.

The optoelectronic properties of the sensor based on the ZC2
under different illumination conditions: dark, 325 nm and
442 nm wavelengths of laser are shown in Fig. 5(a), respectively.
The scanning voltage range at both electrode ends is (−10 V, 10
V). This is due to the fact that when light irradiates the sensor,
the trapped electrons in the material are activated, increasing
the material's conductivity. It can be seen from the gure that
the sensor produces strong photoconductivity effect under the
irradiation of 325 nm wavelength laser and slightly weak
photoconductivity effect under the irradiation of 442 nm
wavelength laser. The real-time photocurrents of the sensor
under optical switching (illumination conditions: laser wave-
lengths of 325 nm and 442 nm wavelengths, respectively) are
shown in Fig. 5(b) and (c), respectively. The bias voltage of the
device is 2.0 V. The sensor exhibited an optical on/off current
ratio of 18 when irradiated with a 325 nm wavelength laser and
3.3 when irradiated with a 442 nm wavelength laser. The optical
conductivity of the sensor increases gradually aer light irra-
diation, and the response times of the 325 nm and 442 nm
lasers are 25 s and 18 s, respectively. Aer turning off the light,
the optical conductivity gradually decreases, the recovery time is
13 s and 12 s, and there is relaxation. It has good stability and
can be used in the eld of photoconductive switches.

The gas sensors based on the ZC1, ZC2, ZC3, ZC4, and ZC0
will be tested by CGS-MT, respectively. The bias voltage is also
2.0 V and test the corresponding strength of ZC1–ZC4 and ZC0
to 200 ppm normal butanol at the operating temperature of
160–400 °C. Response (S) refers to the sensor's response
strength to the gas to be measured, which is dened as: S = Ra/
Rg, where Ra is the sensor's resistance in air and Rg is the
sensor's resistance in the gas to be measured. As shown in
Fig. 6(a), ZC2 is the most sensitive to normal butanol gas.
Normal butanol gas needs to react with the oxygen ion on the
sensor surface at a suitable temperature to improve the activa-
tion energy. The chemical activation of sensing materials by test
gas is minimal at lower temperatures, producing a very minimal
response. While the adsorbed gas molecules would escape
before their reaction if the operating temperature were too high
due to their higher activation, which would decrease the
response proportionally. The response to gas response reaches
a maximum of 151.8 when ZC2 is at 300 °C. Under the same
conditions, the optimal working temperature of the ZC0 is 400 °
C, and the response is 6.47. At the optimum temperature, the
response and recovery diagram of normal butanol gas with
sensor degree of 200 ppm is shown in Fig. 6(b) and (c). The
response intensity of the ZC2 sensor to normal butanol gas is
approximately 151.8, with response and recovery times of 23 s
and 10 s, respectively. The response strength of the ZC2 sensor
is increased by 23.5 times when compared to the ZC0 sensor,
and the optimal operating temperature is reduced by 100 °C,
which is more energy-saving in practical production applica-
tions. The experiment shows that doping Co and Mn can
signicantly improve ZnO sensor response, and the gas sensor
RSC Adv., 2024, 14, 10358–10369 | 10363
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Fig. 5 (a) The I–V curves of the sensor based on the ZC2 under
different illumination conditions: dark, 325 nm, and 442 nm wave-
length of laser, respectively. (b) Under a 2 V bias, the real-time
photocurrent curves (I–t) of the sensor based on the ZC2 under the
light switching on and off (325 nmwavelength of laser). (c) Under a 2 V
bias, the real-time photocurrent curves (I–t) of the sensor based on the
ZC2 under the light switching on and off (442 nmwavelength of laser).
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has reversible response to normal butanol gas with high
response intensity and fast response recovery.36 Fig. 6(d) and (e)
depicts the response–recovery diagram of four-cycle tests per-
formed at 300 °C and 200 ppm normal butanol gas. It can be
concluded that the sensor has good stability and can quickly
return to its initial value.
10364 | RSC Adv., 2024, 14, 10358–10369
The relationship between the sensitivity (S) of the gas sensor
and the concentration (C) of normal butanol gas can be
described by a specic formula:

S = 1 + K$[C]b (3)

In formula (3), S represents the sensitivity of the gas sensor, C
represents the concentration of n-butanol gas (ppm), K repre-
sents the rate constant of the gas–solid reaction, and its recip-
rocal (K−1 = [C]) represents the sensitivity threshold of the
sensor to normal butanol gas. b is a constant related to the type
of oxygen ion, which can be determined by the slope of the
relationship between the sensitivity of the sensor and the
concentration of normal butanol under double logarithmic
coordinates.

We tested the response values of the ZC2 sensor at normal
butanol concentrations of 50 ppm, 100 ppm, 200 ppm,
300 ppm, 400 ppm, 600 ppm, 800 ppm, and 1000 ppm, as shown
in Fig. 6(f). By performing double logarithmic linear tting on
the experimental data, we can further test the detection limit of
the sensor. Because S-1 should ideally be greater than 1, further
extrapolating the tting curve to S = 3, we can obtain the
detection limit of sensor ZC2 for n-butanol gas. By calculation,
the detection limit of sensor ZC2 is found to be 10.2 ppm. This
result further demonstrates the superiority of the ZC2 sensor in
the eld of low-concentration gas detection.

According to the literature, Zou et al.'s research group
synthesized ZnO nanocrystals using a low-temperature solvent
thermal method.37 At the optimal operating temperature of
340 °C, their sensor exhibited a response of 145 to 500 ppm n-
butanol. In contrast, our ZC2 sensor showed improved perfor-
mance, with the optimal operating temperature being 300 °C. At
this temperature, the sensitivity reached 151.8 even at a lower
concentration of 200 ppm n-butanol gas.

The ZC2 gas sensor is exposed to 200 ppm of normal
butanol, methanol, and acetone gases at 300 °C, respectively, to
examine the selectivity of the sensor. The sensor's response to
normal butanol gas is substantially higher than its responses to
the other three VOCs gases (methanol, acetone, and ethanol), as
seen in Fig. 7(a), demonstrating the sensor's strong selectivity
for normal butanol gas. It can effectively detect the concentra-
tion of normal butanol gas in VOCs with high sensitivity.

We also conducted long-term stability tests on the ZC2
sensor. Aer storing it for 300 days, we tested its response to
200 ppm of n-butanol gas under the same experimental condi-
tions. As shown in Fig. 7(b), the sensitivity of the annealed ZC2
sensor was 157.7. Compared to when it was rst prepared, there
was almost no change in sensitivity and response recovery time,
demonstrating the ZC2 sensor's excellent long-term stability. As
a result, the ZC2 sensor has high stability, repeatability,
response strength, fast response, and fast recovery.

Bimetallic (Co, Mn) co-doped ZnO hierarchical nano-
structures do not agglomerated, which is conducive to the rapid
ow of gas molecules and sufficient contact with materials.
During the reaction, (Co, Mn) co-doped ZnO hierarchical
nanostructures continuously adsorb O2 and react with it to
produce O2−, O2

−, and O−.38,39 When the sensor is immersed in
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 (a) Response of the gas sensors based on the ZC1, ZC2, ZC3, ZC4, and ZC0 to 200 ppm normal butanol gas at different temperatures,
respectively. (b) Resistance of ZC2-based gas sensor for response time (sres) and recovery time (srec) to 200 ppm n-butanol gas at 300 °C. (c)
Response of ZC2-based gas sensor for response time (sres) and recovery time (srec) to 200 ppm n-butanol gas at 300 °C. (d) Resistance of ZC2-
based gas sensor tested for stability to 200 ppm n-butanol gas at 300 °C. (e) Response of ZC2-based gas sensor tested for stability to 200 ppm n-
butanol gas at 300 °C. (f) Response of ZC2-based gas sensor at an operating temperature of 300 °C with different concentrations of normal
butanol gas.
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normal butanol gas, normal butanol and oxygen ions on the
material's surface undergo oxidation–reduction reactions.
When the sensor is in a reducing gas such as normal butanol,
the normal butanol gas has a redox reaction with the oxygen
© 2024 The Author(s). Published by the Royal Society of Chemistry
ions on the surface of the material, the concentration of oxygen
ions decreases, the electron concentration increases, and the
resistance decreases. The reaction equation is as follows:
RSC Adv., 2024, 14, 10358–10369 | 10365
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O2(gas) 4 O2(ads) (4)

O2(ads) + e− 4 O2
−(ads) (5)

O2
−(ads) + e− 4 2O−(ads) (6)

O−(ads) + e− 4 O2
−(ads) (7)

12O−(ads) + CH3(CH2)3OH / 4CO2 + 5H2O + 12e− (8)

12O2
−(ads) + CH3(CH2)3OH / 4CO2 + 5H2O + 24e− (9)

The gas sensing mechanism of normal butanol gas adsorbed
on the (Co, Mn) co-doped ZnO nanostructures surface is shown
in Fig. 8(a). The conductivity of gas sensors is determined by the
concentration of carriers and the mobility of electron–hole
pairs. When the temperature rises, oxygen ions are adsorbed on
the surface of ZnO, which reduces the electron concentration on
the sensor surface and forms a high-resistance depletion layer.
When the sensor is in the environment of normal butanol gas,
the redox reaction between normal butanol gas and oxygen ions
releases electrons, thereby reducing the resistance value of the
Fig. 7 (a) Response of ZC2-based gas sensor selective response to
200 ppm different gases (normal butanol, methanol, acetone, and
ethanol, respectively) at 300 °C. (b) Resistance of ZC2-based gas
sensor for response time (sres) and recovery time (srec) to 200 ppm n-
butanol gas at 300 °C after 450 days.

Fig. 8 (a) Diagram of the gas sensing mechanism. (b) O 1s multi-peak
fitting curve of the sample ZC2. (c) O 1s multi-peak fitting curve of the
sample ZC0.

10366 | RSC Adv., 2024, 14, 10358–10369
sensor. The doping of transition metals will provide more active
adsorption sites, which will adsorb normal butanol gas at
a given temperature. Next, the sites of Co and Mn in the ZnO
lattice may support the catalytic conversion of normal butanol
gas to its oxidation products.40,41 As a result, when compared to
pure ZnO, the gas response of (Co, Mn) co-doped ZnO nano-
structures is higher, indicating that Co and Mn doping provides
more active adsorption sites. Bimetallic synergistic effect
should play a leading role. Therefore, the mechanism of the
promoted gas sensing performance would be attributed to the
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 1 The contents of different oxygen species (Olatt, Oads, and
OH2O) in materials ZC1, ZC2, ZC3, ZC4 and ZC0

Olatt (%) Oads (%) OH2O (%)

ZC1 70.0 12 18
ZC2 76.3 22.4 1.3
ZC3 77.5 7.5 15
ZC4 75.8 8.4 15.8
ZC0 73.6 8.5 17.9
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bimetallic synergistic enhancement effect. The interaction
between Mn and Co sites not only affects the chemical coordi-
nation environment, but also promotes the activity of reduction
reaction.

For resistor-type gas sensors such as ZC1–ZC4 and ZC0, the
content of chemisorbed oxygen on the material surface plays
a crucial role in determining its gas sensing performance. To
provide support for the signicance of chemisorbed oxygen on
gas response, the multiple peak tting of the O 1s XPS spectrum
for the ZC2 sample is investigated and compared it with the XPS
data of ZC0. As shown in Fig. 8(b), the O 1s spectrum of ZC2 was
tted into three distinct diffraction peaks. These peaks are
associated with oxygen originating from the ZnO lattice (Olatt,
peak-1), oxygen adsorbed onto the material from the ambient
air (Oads, peak-2), and oxygen adsorbed from water vapor in the
air (OH2O, peak-3). Similarly, Fig. 8(c) depicts the O 1s spectrum
of material ZC0, which was also tted into three peaks corre-
sponding to lattice oxygen, adsorbed oxygen, and water vapor
oxygen. By calculating the peak areas, we determined the
contents of different oxygen species in the materials, as
summarized in Table 1. In material ZC2, the content of lattice
oxygen was found to be 76.3%, adsorbed oxygen was 22.4%, and
water vapor oxygen was 1.3%. For material ZC0, the content of
lattice oxygen was 73.6%, adsorbed oxygen was 8.5%, and water
vapor oxygen was 17.9%. A comparison reveals that the
proportion of adsorbed oxygen in ZC2 is much higher than that
of in ZC0. We also performed XPS measurements for ZC1, ZC3,
and ZC4, and by comparing the results with ZC0, we found that
ZC2 exhibits the highest content of adsorbed oxygen. By inte-
grating these ndings with the gas response test results, it
becomes evident that the gas response of the materials
increases with higher contents of adsorbed oxygen. The
increase of adsorbed oxygen content can be attributed to the
synergistic enhancement effect through the interaction between
bimetallic (Co, Mn), which leads to electron enrichment on the
material surfaces and helps to improve the gas sensing perfor-
mance of sensors. The analyzed results of O 1s fractional peak
in XPS spectra further conrm that the bimetallic synergistic
effect can enrich electrons on the surface of materials. Electron
enrichment on the surface of the material can not only enhance
the activity of the material, but also improve the gas-sensing
properties of the material.
4. Conclusion

In this paper, (Co, Mn) co-doped ZnO hierarchical nano-
structures were prepared by controlling the doping ratio of Co
© 2024 The Author(s). Published by the Royal Society of Chemistry
and Mn. The structural properties, photoelectric properties and
gas-sensing properties of the synthesized materials were
studied and analyzed. The results showed that Co ions and Mn
ions successfully replaced Zn ions during the doping process.
PL spectra demonstrate that (Co, Mn) co-doped ZnO hierar-
chical nanostructures have higher crystallinity than pure ZnO.
(Co, Mn) co-doped ZnO hierarchical nanostructures exhibit
strong photoconductivity under different illumination condi-
tions. The gas sensor based on the (Co, Mn) co-doped ZnO
hierarchical nanostructures has a stronger response to normal
butanol gas compared to a pure ZnO sensor and has high
stability, high selectivity, good repeatability, a high response
intensity, a quick reaction time, and other characteristics. The
experimental results show that the optoelectronic and gas-
sensing properties of (Co, Mn) co-doped ZnO hierarchical
nanostructures can be signicantly improved. The improve-
ment of the sensor's performance is attributed to the increase of
adsorbed oxygen content on the surface of the sensor material
due to the bimetallic synergistic enhancement effect.
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