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In this work, copper (Cu2+) substituted zinc ferrite (CuxZn1-xFe2O4 (0 ≤ x ≤ 1)) hollow micro-nanospheres were
synthesized using a facile solvothermal and annealing technology. We investigated the eﬀects of Cu2+ substitution on morphology, structure and gas sensing properties of CuxZn1-xFe2O4 hollow micro-nanospheres. The
results conﬁrmed the successful substitution of Zn2+ with Cu2+ and the cations redistribution. In addition, the
testing results revealed that CuxZn1-xFe2O4 (0.25 ≤ x ≤ 1) based sensors showed signiﬁcantly enhanced responses to low concentration acetone vapor. Especially, Cu0.75Zn0.25Fe2O4 and CuFe2O4 displayed high responses of 2.37 and 2.43 to 0.8 ppm acetone at 125 °C respectively, while that of ZnFe2O4 was only 1.17.
Moreover, CuFe2O4 demonstrated an excellent sensor response, ultra-low limit of detection and remarkable
selectivity. The fast response speed and high stability of CuFe2O4 sensor further indicated that it was promising
to apply for practical medical diagnosis. The enhanced sensing properties of Cu0.75Zn0.25Fe2O4 and CuFe2O4
sensors were explained by the eﬀect of Cu2+ on lattice cation distribution, electron depletion layer thickness and
adsorbing capacity.

1. Introduction
Acetone (C3H6O), the simplest structured saturated ketones, is extremely volatile, chemically active and ﬂammable. It behaves toxic and
threatens human health if its concentration exceeds 500 ppm [1]. Besides, acetone is the main ingredient of ketone body resulting from the
fat metabolism process in human body [2]. Along with the continuous
improvement of residents' living standards, the amount of diabetes
patients increases worldwide. Based on the statistics reports from International Diabetes Federation (IDF), there were around 415 million
people with diabetes worldwide in 2015. At present, for the diagnosis of
diabetes, blood glucose is generally used to detect blood glucose concentration, which is an invasive and painful detection method. Moreover, these technologies also exist the problems of high cost, large size,
and complicated operation, which are not suitable for developing portable diabetes detectors [3,4]. There exists acetone vapor in human
exhaled breath, and the acetone content is positively related to the
blood ketone content [5]. Therefore, the exhaled acetone concentration
of diabetic patients (> 1.8 ppm) is higher than that of healthy people

∗

(0.39–0.9 ppm) [6]. In this view, respiratory analysis is a way to diagnose the disease by detecting the content of acetone in the human
exhaled breath, which can realize the rapid and non-invasive diagnosis
of diabetes [7,8].
Metal oxides semiconductor gas sensors, such as SnO2 [9], ZnO
[10], In2O3 [11], WO3 [12] and Co3O4 [13], possess the characteristics
of small size, low cost, simple operation, and high stability, which are
the promising candidates for fabricating portable diabetes detector.
Nevertheless, their low-concentration acetone sensing properties still
need further improvement. Ternary zinc ferrite (ZnFe2O4) with a
narrow bandgap (~1.94 eV) possesses remarkable physical properties
and chemical stability, which have been applied in gas detection. For
instance, ZnFe2O4 microspheres exhibited a fast response towards
acetone vapor at around 200 °C [14]. Porous ZnFe2O4 nanorods prepared via simple hydrothermal method exhibited ﬁne response towards
acetone [15], mainly resulting from the pore structure and high speciﬁc
surface area, but its practical detection limit was only about 1.5 ppm.
Some researchers found that the doping of noble metal elements contributed to improving acetone properties through activation or
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Fig. 1. (a) Schematic diagram of gas sensing element and (b) the whole gas sensing testing system.

cooperative eﬀect. Zhang et al. fabricated Ag-ZnFe2O4 hollow spheres
acetone sensor, exhibiting ﬁne low-concentration acetone sensing performance at 175 °C [16]. Moreover, the doping or equivalent substitution of other metal elements, such as Co, Cd, Ni, and Cu, will also
enable the corresponding gas sensors to detect gas accurately [17–19].
Mukherjee et al. investigated the sensing properties of
Cu0.5Ni0.25Zn0.25Fe2O4 and Cu0.25Ni0.5Zn0.25Fe2O4 mixed metal ferrites.
The results identiﬁed that the impact of more Cu2+ made a maximum
sensitivity for acetone, and the impact of more Ni2+ made a better
sensitivity for ethanol at room temperature [20]. In this view, combing
the cooperation of metal elements with special micro-nanostructure
may be an eﬀective strengthen strategy for spinel ferrites gas sensors
working under low temperatures.
As for the normal ZnFe2O4 crystal structure, Zn2+ and Fe3+ occupy
in tetrahedral (A) and octahedral (B) interstitial spaces formed of
oxygen ions. It is possible to generate lattice defects inside, which are in
favor of gas sensing process. Furthermore, the spinel structure of
transition metal cations inserting into anions sites shows good selectivity and ﬁne response to reducing gases [21]. As well known,
CuFe2O4 belongs to an inverse spinel with a narrow bandgap
(~1.32 eV), which could be generally depicted as the formula: [Fe3+
22+
Fe3+
α ]BO4 [22]. Inspired by the relative research, we prepared
α]A[Cu
ZnFe2O4 hollow micro-nanospheres and realized the substitution of
Cu2+ for Zn2+ and redistributed cations via a simple solvothermal
process. The micromorphology, chemical composition of CuxZn1-xFe2O4
(x = 0, 0.25, 0.5, 0.75, 1) hollow micro-nanospheres and the eﬀects of
Cu2+ on phase structure and gas sensing properties were analyzed.
CuxZn1-xFe2O4 (x = 0.25, 0.5, 0.75, 1) hollow micro-nanospheres
showed signiﬁcantly enhanced sensing properties to ppb level acetone
at 125 °C. Moreover, the gas sensing mechanism and enhanced eﬀect
were also discussed.

2. Experimental
2.1. Synthesis of CuxZn1-xFe2O4 samples
CuxZn1-xFe2O4 (0 ≤ x ≤ 1) hollow micro-nanospheres were synthesized via a solvothermal and annealing process. 30 mL isopropanol
and 8 mL glycerol were slowly added in a beaker and stirred for 1 h to
obtain homogeneous solvent. Subsequently, 0.4042g Fe(NO3)3·9H2O
and the required amounts of Cu(CH3COO)2·H2O, Zn(CH3COO)2·2H2O
were dissolved in the above solvent, then transferring it into Teﬂonlined stainless-steel autoclave (100 mL) after magnetic stirring for 1 h,
maintaining at 180 °C for 12 h. After naturally cooling down to 25 °C,
the CuZn-Fe glycolate precursors were obtained through centrifuging
and drying at 60 °C for 12 h. Ultimately, ﬁve samples were obtained
after calcined at 400 °C for 2 h: ZnFe2O4 hollow micro-nanospheres
(S1), Cu0.25Zn0.75Fe2O4 (S2), Cu0.5Zn0.5Fe2O4 (S3), Cu0.75Zn0.25Fe2O4
(S4) and CuFe2O4 (S5).

2.2. Material characterization
The phase structure of powders was identiﬁed through X-ray diffractometer (D8 Advance, Bruker) from 25° to 75° with the normal scan
speed of 5°·min−1 and slow speed of 0.1°·min−1, respectively. The
morphological and structural details were observed via Field-emission
scanning electron microscopy (S4800II, Hitachi) and Transmission
electron microscopy (JEM-2100). High-resolution TEM (HRTEM) information was obtained via ﬁeld-emission transmission electron microscope equipped with energy dispersive X-ray spectrometry (Tecnai
G2 F30 S-TWIN, FEI). The presence of oxygen vacancies is characterized by photoluminescence spectroscopy (PL, 325 nm He-Cd Lasers,
ThermoFisher). The chemical bonding state was identiﬁed using
Fourier transform infrared spectroscopy (Cary 640/670). The surface
composition was determined via X-ray photoelectron spectroscope
(Thermo Scientiﬁc ESCALAB 250Xi).
2.3. Fabrication of gas sensors and measurement
The corresponding powders (~ 2 mg) were ﬁrstly formed into slurry
through mixing with deionized water, then it was coated on the upper
side of Al2O3 ceramic substrate (C-MAC Micro Technology Company,
Belgium), the detail of gas sensor element is schematically displayed in
Fig. 1(a). CuxZn1-xFe2O4 (x = 0, 0.25, 0.5, 0.75 and 1) gas sensors were
obtained after dried and aged at 150 °C for 24 h. The measurement
system is displayed in Fig. 1(b). The required vapor concentration was
calculated by the static evaporation of acetone liquid, as Formula (1):

Vx =

V0 × c × M
× 10−6
22.4 × ρ × φ

(1)

Vx (μL) and V0 (L) represents the volumes of the liquid and gas
distribution box, respectively, c (ppm) is the corresponding vapor
concentration, ρ (g/mL) is the liquid density, ϕ is the liquid purity, and
M (g/mol) is the molecular weight of target gas.
The details of testing system can also be obtained in our reported
works [6,23]. In addition, the response of gas sensor was the ratio of the
resistance of sensors in air (Ra) to that in target gases (Rg). The response/recovery time is the time of 90% change in resistance.
3. Results and discussion
Fig. 2 displays the whole preparation process of CuxZn1-xFe2O4
(x = 0, 0.25, 0.5, 0.75 and 1) gas sensing element is schematically
illustrated.
3.1. Structural and morphological characteristics
To verify the phase structure of synthesized CuxZn1-xFe2O4 samples,
XRD patterns were investigated. In Fig. 3(a), the peaks of S1 and S5
were all matched well with cubic spinel ZnFe2O4 (JCPDS 22-1012) and
inverse CuFe2O4 (JCPDS 34-0425). Moreover, CuxZn1-xFe2O4 (S2, S3
and S4) also retain standard spinel phases. Upon the increase of Cu,
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Fig. 2. Schematic diagram of the prepared process of CuxZn1-xFe2O4 hollow micro-nanospheres gas sensor.

several extra peaks with low intensity presented in the patterns, indicating that there exist a small number of secondary phases (Fe2O3 or
CuO) in the CuxZn1-xFe2O4 samples. But all the main peaks were generally corresponding to the standard JCPDS cards patterns of ZnFe2O4
and CuFe2O4. In addition, to identify the substitution of Cu2+, the
ampliﬁed crystal face (311) of ﬁve samples was investigated and shown
in Fig. 3(b). Owing to the ionic radius of Cu2+ (0.72 Å) is smaller than
that of Zn2+ (0.74 Å), a lattice compression eﬀect will happen and
cause a decrease of lattice constant values [24]. Hence, these diﬀraction
peaks shift to the low 2θ angle position, which is consistent with the
reported work [24,25].
The surface morphology of CuxZn1-xFe2O4 was observed and FESEM
images are displayed in Fig. 4. The incomplete spheres demonstrated
the hollow structure of CuxZn1-xFe2O4. As illustrated in Fig. 4(a) and
(e), pure ZnFe2O4 and CuFe2O4 both presented hollow micro-nanospheres (diameter: ~1 μm) structure, which mainly made up with nanoparticles (diameter: ~30 nm). Along with Cu substitution, the uniform diameters of spheres and hollow structure hardly changed, while
the Cu-Zn mixed ferrites spheres were mainly composed of nanosheets
instead of nanoparticles, as shown in Fig. 4(b–d) and the length and
thickness of nanosheets were about 50 nm and 300 nm, respectively.
This may result from the change in surface tension as the cations were
redistributed [26]. Hence, the results indicate that the ratio of Cu to Zn
makes an eﬀect on adjusting morphological characteristics.
TEM results show further insight into structural and crystalline
details of samples. Fig. 5(a–c) shows the TEM images of CuxZn1-xFe2O4
(x = 0, 0.75 and 1), it can be observed that the sphere surface was
rough due to the assembled nanoparticles or nanosheets, and the sphere
diameter was around 1 μm, which is corresponding to FESEM results. As
for the absence of a hollow structure, it may result from the too-large
shell thickness (~200 nm, Fig. 4(f)). Fig. 5(d) displays the lattice

information of CuFe2O4. The lattice fringes spacing marked in Fig. 5(d)
was 0.207 nm and 0.293 nm, representing (220) and (200) planes of
CuFe2O4, respectively. And SAED results in Fig. 5(e) conﬁrm the
polycrystallinity, which is consistent with XRD conclusions. The STEM
images and corresponding EDX element mappings of CuFe2O4 in
Fig. 5(f) conﬁrm the actual distribution of Cu, Fe and O in hollow
micro-nanospheres.
FT-IR results of all samples are presented in Fig. 6(a). The vibrational frequency (υ1) in the range of 600-500 cm−1 corresponds to
M2+-O2− (M = Cu and Zn) and Fe3+-O2− stretching vibrations at the
tetrahedral sites. The vibrational frequency (υ2) ranging from
480 cm−1–400 cm−1 are attributed to Fe3+-O2− and M2+-O2−
(M = Cu and Fe) at octahedral sites [27,28]. The absorption bands that
existed in around 1630 cm−1 indicate the bending mode of H2O molecule and OH groups. Upon the increase of Cu contents, there exist
weak absorption bands located at around 650 cm−1, which are attributed to the multiplication and zone folding characteristic of CuO impurities [29]. The locations of vibrational bands shifted to the higher
frequency side because of the increasing content of Cu with a smaller
ionic radius. Overall, the results conﬁrm the successful substitution Zn
with Cu and the spinel structure of CuxZn1-xFe2O4.
The element chemical states of the Cu0.75Zn0.25Fe2O4 sample were
determined via XPS to further identify the successfully obtained mixed
ferrite. The electronic core levels of Cu 2p, Zn 2p, and Fe 2p in
Cu0.75Zn0.25Fe2O4 were displayed by the high-resolution XPS spectra.
Fig. 6(b) shows the Cu 2p results, in which the obvious peaks at about
932.09 eV and 952.01 eV were ascribed to Cu 2p3/2 and Cu 2p1/2,
respectively [30]. The two core-level regions indicate the presence of
Cu2+ on octahedral sites. The peaks at around 933.21 eV and 952.21eV
represent that small amounts of Cu2+ occupied on tetrahedron sites
[31]. Moreover, the satellite peaks of Cu 2p identify copper that exists

Fig. 3. XRD patterns of (a) normal scan results of ﬁve samples and (b) slow-speed scan analysis of S1, S2, S3 and S4 from 34° to 37°.
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Fig. 4. FESEM images of CuxZn1-xFe2O4: (a) S1 (b) S2 (c) S3 (d) S4 and (e) S5, (f) high-resolution analysis of broken S5.

in +2 valence. Fig. 6(c) displays two ﬁtted peaks of 1021.82 eV and
1044.22 eV, representing Zn 2p3/2 and Zn 2p1/2 of Cu0.75Zn0.25Fe2O4,
respectively. It demonstrates Zn also exists in tetrahedron sites with the
oxidation state of +2 valence [32]. In addition, the atomic ratios of Cu
and Zn are 1.29% and 0.36%, respectively. Therefore, the contents ratio
of Cu to Zn is about 3.58:1, which approaches to the theoretical ratio of
3:1. In Fig. 6(d), due to Fe 2p1/2 possesses lower angular momentum
value than Fe 2p3/2, the former is located at a higher binding energy
region in XPS spectra of Cu0.75Zn0.25Fe2O4. The two ﬁtted by two
Gaussian peaks at around 710 eV and 723 eV are assigned to the spinorbit doublets of Fe 2p3/2 and Fe 2p1/2, demonstrating the existence

of Fe3+. The two satellite peaks of Fe 2p further identify that the iron
element exists in +3 valence [33]. In addition, the peaks located at
710.25 eV could be associated with Fe3+ in octahedral sites, while the
peaks located at 713.48 eV indicated that Fe3+ existed in tetrahedral
sites [34]. The spin-orbit doublets are normally associated with asymmetric satellite peaks, suggesting a possible presence of corresponding
ion states. Therefore, the satellite peak centered at binding energies of
715.95 eV without corresponding Fe2+ 2p3/2 peaks of FeO and Fe3O4
suggests that there generating Fe2+ by electron hopping between Fe3+
and Fe2+ in the spinel structure lattice [35]. In other words, the cations
distribution of the mixed ferrite was adjusted via the substitution of

Fig. 5. TEM images of (a) S1 and (b) S2, (c–e) HR-TEM images of S5, (f) STEM-EDX images of S5.
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Fig. 6. (a) FTIR spectra of CuxZn1-xFe2O4 samples; Elements chemical states of the Cu0.75Zn0.25Fe2O4 sample determined via XPS: (b) Cu 2p, (c) Zn 2p and (d) Fe 2p.

Zn2+ with Cu2+.

3.2. Gas sensing characteristics
The sensor response of CuxZn1-xFe2O4 to 1 ppm acetone was tested
under diﬀerent temperatures ranging from 100 °C to 225 °C. Fig. 7(a)
shows that the operating temperature signiﬁcantly aﬀected all gas
sensors, resulting from the heating eﬀect on surface activation energy of
the sensing layer and gas-solid phase reaction [36]. Once the temperature increased further to be higher than the optimum temperature,
it will cause fast gas desorption. Hence, all response curves as a function
of temperature show a “rise - peak value - reduce” tendency. The results
demonstrated the introduction of Cu lowered optimum operating temperature from 150 °C to 125 °C, and CuFe2O4 (S5) exhibited the highest
value (2.53) at 125 °C, indicating the substitution of Cu2+ played a vital
role in improving sensing properties of CuxZn1-xFe2O4 hollow micronanospheres sensors.
Aiming to study the dynamic acetone sensing performance, S1, S4,
and S5 gas sensors were fabricated and tested at 125 °C. Fig. 7(b)
showed that all the sensors exhibit reversible resistance change along
with the recycling process of air in and acetone in. The detailed relationship between response values and acetone concentrations is

plotted in Fig. 7(c). The response of S4 and S5 sensors both show clearly
higher values than that of S1 sensor. As for the best CuFe2O4 acetone
sensor, the response towards 10 ppm acetone (9.92) is around 5.9 times
higher than that of ZnFe2O4 (1.68). Additionally, it is interesting that S4
and S5 both exhibit ideal responses to 0.8 ppm acetone, which are 2.37
and 2.43, respectively. However, upon the increasing acetone concentration, the response of S4 is much lower than that of S5 gas sensor.
Hence, we chose CuFe2O4 (S5) gas sensor to investigate further corresponding sensing properties.
Linearity is an important property factor of high-performance gas
sensors, which is also one of the criteria for evaluating whether rapid
quantitative analysis can be achieved. Fig. 8(a) depicts the dual logarithmic linear ﬁtting data of pristine ZnFe2O4 and CuFe2O4 versus
various concentrations of acetone. The linear coeﬃcients of correlation
between two gas sensors are R12 = 0.8823 and R52 = 0.9499, respectively. We can ﬁnd that the full substitution of Cu2+ contributes to
obtaining better sensor linearity. According to medical diagnostic literature, the acetone concentration in normal human exhaled breath
ranges from 0.39 to 0.9 ppm. Hence, as another important parameter
representing the sensing properties, limitation of detection (LOD) of
both gas sensors were assessed. Owing to the limitation of the gas
sensing testing system, we got the LOD values through theoretical

Fig. 7. (a) Sensor responses of CuxZn1-xFe2O4 to 1 ppm acetone at 100–225 °C; (b) Dynamic sensing performance of S1, S4 and S5 gas sensors to 0.8–10 ppm acetone
at 125 °C, (c) response values versus acetone concentration.
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Fig. 8. (a) Dual logarithmic linear ﬁtting data of ZnFe2O4 and CuFe2O4 versus 0.8–10 ppm acetone, (b) response/recovery time curves of both sensors to 1 ppm
acetone at 125 °C, (c) Selectivity of ZnFe2O4 and CuFe2O4 to 1 ppm target gases at 125 °C, (d) Response of CuFe2O4 to 1 ppm acetone at 125 °C gas sensor in 30 days.

calculation. The gas response of resistance-type metal oxide semiconductors sensor can be depicted as the following:
S = Atg (Ptg)

β

(2)

where S is the response deﬁned as Ra/Rg, Atg is the prefactor, Ptg denotes the partial pressure of target gas, β represents the exponent [37].
As a result, through the logarithm process for Formula (2), there exists a
linear relation between logarithm response values (log S) with logarithm acetone concentration (log C, ppb), which can be expressed as
Formula (3) [38], A'g is the intercept value, and β will become the
slope. The practical linear relationship had been shown in Fig. 8(a).
Log S = A'g + βLog (C)

(3)

LODppb = 3 RMSnoise/k

(4)

According to the IUPAC deﬁnition, the theoretical LOD could be
calculated via Formula (4) [39], in which RMSnoise (0.0089) is the gas
sensor noise calculated via root-mean-square deviation processing on
the 15 baseline data taken exposure to air in Fig. 8(a), k is the slopes of
corresponding linear ﬁtting curves, which are 0.14 and 0.52 for
ZnFe2O4 and CuFe2O4. So that, the LOD value of ZnFe2O4 and CuFe2O4
sensors is extrapolated to be around 0.19 ppb and 0.051 ppb, respectively, indicating that the substitution of Cu2+ help obtaining higher
sensitivity and lower limitation of detection.
Fig. 8(b) exhibits the response/recovery curves of S1 and S5 sensors
towards acetone of 1 ppm under 125 °C. The response/recovery time of
CuFe2O4 sensors is 66 s and 136 s, which are smaller than that of
ZnFe2O4 sensors (110 s and 146 s). It also proves that the enhanced
eﬀect of Cu2+ on sensing properties. As summarized in Table 1, compared with previously reported spinel ferrites based gas sensors,
Cu0.75Zn0.25Fe2O4 and CuFe2O4 hollow micro-nanospheres showed excellent low-concentration acetone sensing properties at a lower temperature.
High selectivity and stability are the challenges of the practical gas
sensor, especially for detecting the ultra-low concentration target gas.
Therefore, acetone, ethanol, formaldehyde, and acetic acid, four target

gases of 1 ppm were tested at 125 °C. Fig. 8(c) demonstrates clearly that
the acetone selectivity of CuFe2O4 sensor becomes signiﬁcantly better
than ZnFe2O4 sensor. It may result from the lowest bond dissociation
energy of target gases (acetone, 52 kJ/mol; ethanol, 462 kJ/mol; formaldehyde, 368 kJ/mol and acetic acid, 685 kJ/mol) and improved
adsorption capacity of CuFe2O4, in other words, the reaction between
chemisorbed oxygen anions and acetone molecules is easier and preferable [45,46].
Furthermore, CuFe2O4 sensor was exposed to 10 ppm acetone for a
month to check the performance stability. Fig. 8(d) depicts that the
sensor response values maintain at around 9.9, displaying excellent
long term stability of CuFe2O4 gas sensor.
3.3. Acetone sensing mechanism
The gas sensing mechanism can be illustrated by the commonly
accepted n-type semiconductor resistance change resulting from the
adsorption/desorption and reaction of surface gas molecules [47]. Once
exposure to air under 125 °C, oxygen molecules subsequently adsorb on
the surface and transform to oxygen ions (O2−
(ads)) through capturing
free electrons from conduction band of CuxZn1-xFe2O4 hollow micronanospheres (Formula (6)). Subsequently, there will generate an electron depletion layer and lead to increased resistance. After injecting
acetone liquid, the oxygen species will react with acetone molecules to
generate carbon dioxide and water molecules (Formula (7)). Meanwhile, electrons will be released back and resistance will decrease at the
time. When the resistance level becomes stable, air will be introduced
again to recover.
O2 (gas) → O2 (ads)
e

−

(5)

(CuxZn1-xFe2O4) + O2 (ads) →

CH3COCH3 + 4O2

−

O2−

(ads)

(ads) → 3CO2 + 3H2O + 4e

(6)
−

(7)

The improved gas sensing performance of CuxZn1-xFe2O4 (x = 0.25,
0.5, 0.75 and 1) than ZnFe2O4 can be ascribed to the eﬀect of Cu2+ on
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Table 1
Comparisons of various metal oxides based acetone sensor.
Materials

Micromorphology

Temperature (oC)

Concentration (ppm)

Deﬁnition of response

Response

Ref.

ZnFe2O4
NiFe2O4
CuFe2O4
CoFe2O4
0.25 wt% Ag-ZnFe2O4
0.5% Pt-CuFe2O4
Cu0.5Ni0.25Zn0.25Fe2O4
4 wt% Ce-CoFe2O4
Cu0.75Zn0.25Fe2O4
CuFe2O4

macroporous spheres
nanocubes
nanspheres
nanoparticles
hollow spheres
nanotubes
nanocrystalline
nanocrystalline
Hollow micro-nanospheres

275 °C
160 °C
250 °C
225 °C
175 °C
300 °C
25 °C
225 °C
125 °C
125 °C

3.22
1
1
5
0.8
5
500
100
0.8
0.8

Ra/Rg
Rg/Ra
Ra/Rg
Ra/Rg
Ra/Rg
Ra/Rg
Ra/Rg
Rg/Ra*100%
Ra/Rg
Ra/Rg

1.20
1.90
1.90
3.20
1.40
3.80
1.77
177%
2.37
2.43

[40]
[41]
[22]
[42]
[16]
[43]
[20]
[44]
This work
This work

Fig. 9. Gas sensing enhanced mechanism of the CuxZn1-xFe2O4 hollow micro-nanospheres gas sensor.

the electron depletion layer thickness, as shown in Fig. 9. According to
the XPS results of Cu 2p, the substituted Cu2+ insert the tetrahedron
and octahedral sites of ZnFe2O4 crystal structure. Due to the forbidden
bandwidths of CuFe2O4 and ZnFe2O4 are ~1.32 eV and ~1.94 eV, respectively, it may narrower the forbidden bandwidth of mixed ferrites,
resulting in an improvement of electrons freedom [48]. Hence, it will be
more easily for adsorbed oxygen to capture the electrons in the conduction bands of CuxZn1-xFe2O4, which causes an increase of the electron depletion layer thickness and O2− content on the surface of
CuxZn1-xFe2O4. Simultaneously, Formula (7) will more eﬃciently occur
and the sensing properties will also be improved.
In addition, the substitution of Cu2+ also adjusts the cations distribution of spinel CuxZn1-xFe2O4 lattice. As analyzed in XPS section,
the electron hopping between Fe3+ and Fe2+ ions belongs to a kind of
n-type conduction: Fe3+ ↔ Fe2+ + e−. This may cause enhancement of
the surface activity to oxygen molecules [49]. Furthermore, the copper
incorporated in spinel crystal lattice could act as an electroactive dopant to improve the electronic characteristic [50]. Hence, the presence
of Cu2+ and Fe2+ contributes to increasing oxygen adsorption capacity
of ferrites which in turn results in a better sensing property.
The oxygen species and vacancies in samples are investigated to
explain the improved sensing properties through PL and XPS. In
Fig. 10(a), two peaks observed in the visible region in emission spectra
of all the samples correspond to the presence of defects and oxygen
vacancies. The ﬁrst peak observed at 612 nm may correspond to direct
band edge transition. Due to the limited instrument detection range, the
absolute second peak cannot be observed, it should be observed at a
lower wavelength, which conﬁrms the presence of defects states (such
as oxygen vacancies, interstitials, etc.) in the forbidden energy gap
[51]. The presence of large oxygen vacancies can oﬀer more electrons
for the chemical adsorption of oxygen, increasing the eﬃciency of
electrons transfer and sensitivity [40]. As shown in Fig. 10(b), the O1s
spectra of S4 are ﬁtted with three regions centered at 529.63 eV (OL),
531.21 eV (OV) and 532.25 eV (OC). OL peak is mainly assigned to

lattice oxygen of S4 [40]. OV peak is related to the oxygen defect in the
spinel crystal. OC peak is ascribed to the surface chemisorbed oxygen
ions [52]. In Fig. 10(c), the O1s spectra of S5 are also ﬁtted with three
peaks located at similar binding energies: 529.63 eV (OL), 531.13 eV
(OV) and 532.41 eV (OC). We can ﬁnd that CuFe2O4 sample obtained
larger amounts of chemisorbed oxygen, resulting in a further reduction
of electron concentration, which is also favorable for the gas-solid
phase reaction. Furthermore, the unique hollow structure also contributes to providing enough active sites. Thus, the sensor response of
CuFe2O4 is higher than that of Cu0.75Zn0.25Fe2O4.
4. Conclusion
CuxZn1-xFe2O4 (0 ≤ x ≤ 1) hollow micro-nanospheres were synthesized using a facile solvothermal and annealing technology. The
results conﬁrmed the successful substitution of Zn2+ with Cu2+ and the
cation redistribution. The mixed ferrites sensors showed higher responses to 1 ppm acetone at 125 °C than pristine ZnFe2O4. Moreover,
Cu0.75Zn0.25Fe2O4 and CuFe2O4 displayed high responses of 2.37 and
2.43 to 0.8 ppm acetone at a low temperature (125 °C), while that of
ZnFe2O4 was only 1.17. Apart from the excellent sensing performance
towards acetone ranging from 0.8 to 10 ppm, CuFe2O4 sensor also demonstrated an ultra-low limit of detection, remarkable selectivity and
stability. The enhanced sensing properties of Cu0.75Zn0.25Fe2O4 and
CuFe2O4 sensors were illustrated by the eﬀect of Cu2+ on lattice cation
distribution, electron depletion layer thickness and adsorbing capacity.
Hence, CuFe2O4 hollow micro-nanospheres gas sensor is promising to
apply for practical medical diagnosis.
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Fig. 10. (a) PL spectra of CuxZn1-xFe2O4 (0.5 ≤ x ≤ 1); O1s spectra of (b) Cu0.75Zn0.25Fe2O4 (S4) and (c) CuFe2O4 (S5).
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