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Figure 1 (Color online) Schematic illustration of the formation of
C03;04/Ce0, hybrid materials
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Figure 2 (Color online) XRD patterns of as-prepared samples
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Figure 3 SEM images and TEM images of different samples. (a) ZIF-67 templates; (b) samples with a molar ratio of ZIF-67 template to Ce(NO3); of
4:1 (b), 2:1 (¢), and 1:2 (d)
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Figure 4 (Color online) Structural characterizations of Co;04/CeO, hybrid materials. (a) SEM images; (b) HRTEM images; (c) elemental mapping
images
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Figure 5 (Color online) Characterization of CO gas sensitivity performance. (a, b) Temperature-dependent gas-sensing responses. (¢, d) The variation
of sensing response of composite materials under different CO concentrations (0—100 ppm). (e) The relationship between CO gas response and Ce
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Simple-controlled synthesis of hollow porous Co;0,/CeQO,
nanocages as p-n junction hybrid materials for enhanced
CO gas sensitivity

Linlin Su, Yang He, Hangsong Liu, Long Lu, Chao Chen, Min Xu, Gang Yang & Lulu Long’

College of Environmental Sciences, Sichuan Agricultural University, Sichuan 611130, China
* Corresponding author, E-mail: lululong@sicau.edu.cn

Over the past few decades, with the continuous enhancement of environmental awareness, environmental safety issues have
received widespread attention. Carbon monoxide (CO), a colorless, tasteless, and odorless gas, exerts toxic biological effects
on various tissues and organs. This common harmful gas is emitted in large quantities during the cold start phase of
automobiles and can easily lead to serious environmental pollution problems. Therefore, conducting research on CO gas
detection is crucial to address environmental issues and ensure environmental safety. Cerium oxide (CeO,), as a highly
promising CO gas sensing material, still faces two major technical bottlenecks in practical applications: insufficient response
sensitivity and poor selectivity. To improve the sensitivity and selectivity of gas sensors, researchers have developed various
methods to enhance the performance of semiconductor sensing materials. First, rational structural design is one key approach.
It is well-known that hollow structures not only provide abundant active sites but also facilitate rapid gas adsorption and
diffusion, enabling more efficient and faster electron transfer compared to bulk materials. Furthermore, constructing porous
structures is also an effective strategy for boosting gas sensing performance. On the other hand, forming a p-n heterojunction
by compositing n-type CeO, with a p-type semiconductor is another effective method. Co;O,4, as a typical p-type
semiconductor, has been demonstrated to be well-suited for sensor applications due to its electron transport properties between
Co*" and Co™. Recent studies have shown that composites of p-type Co;0, and n-type CeO, exhibit excellent performance in
the field of gas sensing. When n-CeO, comes into contact with p-Co30y, a built-in electric field is formed, generating a
depletion layer. In air, due to the ionization of adsorbed oxygen species, the hole concentration on the Co;04 surface increases
while the electron concentration on the CeO, surface decreases. Upon exposure to CO gas, CO molecules are rapidly oxidized,
and electrons are transferred from the gas molecules to the composite material. Due to the band bending effect, the resistance
of the Co30,4/CeO, composite undergoes significant changes, making the Co30,/CeQO, p-n heterojunction an effective solution
for enhancing CO gas sensing performance. However, current synthetic methods for simultaneously constructing hollow
porous Co;0,/CeO, structures and p-n heterojunctions are often complex and cumbersome, severely limiting their practical
application. Therefore, developing a simple method to achieve the synchronous construction of hollow porous structures and
p-n heterojunctions is particularly important. This work proposes a novel strategy for preparing uniform-sized p-n type Co;0,/
CeO, hollow porous nanocage composite materials via a one-step ion-exchange reaction. Using the typical cobalt-based MOF
material (zeolitic imidazolate framework-67, ZIF-67) as a sacrificial template, hollow porous structured Co3;04/CeO,
nanocages were successfully prepared through a simple reflux method. Notably, by adjusting the concentration of cerium
nitrate, a controllable transformation of the internal material structure from a core-shell structure to a hollow structure was
achieved. During this process, Co3;04 and CeO, form a solid solution and establish a p-n heterojunction. Experimental results
demonstrate that the gas sensing performance of these hollow porous Co;0,/CeO, nanocages is significantly superior to that
of pure-phase Co;0,, CeO,, and Co;0,/CeO, nanoparticles. This performance enhancement is primarily attributed to two key
factors: (1) The hollow porous structure provides a larger specific surface area and more efficient gas diffusion channels. (2)
The optimized p-n heterojunction effectively regulates interfacial charge transfer behavior. This preparation strategy offers a
new design concept for materials in the field of chemical and biological sensing, and is expected to promote further
development in related fields.
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