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Abstract 

Monitoring carbon dioxide (CO2) levels is extremely important in a wide range of 

applications. Although metal oxide-based chemoresistive sensors have emerged as a 

promising approach for CO2 detection, the development of efficient CO2 sensors at low 

temperature remains a challenge. Herein, we report a low temperature hollow nanostructured 

CeO2-based sensor for CO2 detection. We monitor the changes in the electrical resistance 

after CO2 pulses in a relative humidity of 70% and show the high performance of the sensor at 

100°C. The yolk-shell nanospheres have not only two times higher sensitivity but also 

significantly increased stability and reversibility, faster response times, and greater CO2 

adsorption capacity than commercial ceria nanoparticles. The improvements in the CO2 

sensing performance are attributed to hollow and porous structure of the yolk-shell 

nanoparticles allowing for enhanced gas diffusion and high specific surface area. We present 

an easy strategy to enhance the electrical and sensing properties of metal oxides at a low 

operating temperature that is desirable for practical applications of CO2 sensors. 
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1. Introduction 

The concentration of polluting, toxic, and harmful gases in the atmosphere has increased 

in the last years due to human activities, which has huge impact on the environment. Carbon 

dioxide (CO2) emissions, in particular, have huge impact on global warming and climate 

change because CO2 is the main greenhouse gas, and its concentration has been drastically 

increasing since pre-industrial times.1 CO2 also presents toxicity in humans for being an 

asphyxiant and inhalation toxicant,2 which causes numerous deaths in confined spaces, 

according to the Occupational Safety and Health Administration (OSHA).3 Hence, much 

effort has been directed to develop CO2 sensors to monitor air quality and improve human 

well-being in indoor and outdoor environments. The levels of CO2 are commonly measured 

using sensors based on spectroscopic techniques, such as non-dispersive infrared (NDIR),4 

and electrochemical methods.5,6 However, these kinds of sensors have some drawbacks, 

including high costs, power consumption, complex operation conditions, and limitation of 

miniaturization.7,8  

An alternative approach to detect CO2 is the use of chemoresistive sensors due to their low 

cost, easy to use, simplicity in operation, small size, and reliability.9 In this sense, there has 

been an increased number of researches on CO2 sensors composed of pure metal oxides and 

their composites, including La2O2CO3,
10 NdO2CO3,

11 CuO,12 ZnO,13 SnO2,
9 CuO/CuFe2O4,

14 

Ag@CuO/ZnO,15 Ag@CuO/BaTiO3.
16 Yet, most of these sensing materials present low 

sensitivity toward CO2 given the CO2 inertia regarding reduction or oxidation reactions,12,17 or 

the sensors require elevated temperature usually above 200 °C to achieve the best operating 

conditions.9,12,13,15,18 The inorganic-organic composites provide viable alternative to sense 

CO2 at low temperature, however they are suffering from very slow recovery time.19–21 Thus, 

it is necessary to explore strategies to improve the working temperature and recovery time of 

sensors.  

The design of metal oxide-based sensors in a suitable morphology can significantly 

improve their gas-sensing performance. Thus, hollow nanostructured materials have attracted 

much attention as gas sensors due to their potential for sensitivity, response and recovery 

times, and stability of sensors for CO,22 H2S,23 H2,
24 ethanol,25 and triethylamine.26 Hollow 

structures differ from bulk materials in terms of increased specific surface area, porous shells, 

permeability to gas adsorption, gases access from inside and outside, effective and fast gas-

diffusion.22,27,28 Albeit the reports cited beforehand, few studies have been carried out to study 
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the effects of hollow nanostructured materials on the CO2 sensing performance of metal 

oxides. 

Herein, we demonstrate that designing hollow and porous materials can be an efficient 

strategy to improve the CO2 sensing properties of metal oxides. To this end, we explore the 

synthesis of yolk-shell CeO2 nanospheres via a simple microwave-assisted solvothermal 

method and their subsequent application as a CO2 sensor under humid conditions. The CO2 

sensing tests reveal the highest sensitivity at the low temperature of 100 °C in 70% relative 

humidity (RH). The yolk-shell CeO2 nanospheres-based sensors exhibit two times higher 

sensor signal and more than 10 faster response and recovery time than the sensor based on 

commercial CeO2 nanoparticles at the same operating conditions. Our experiments suggest 

that unlike for CeO2 used for catalysis at elevated temperatures, the improvement of sensing 

performance at 100°C is purely due to the unique morphology and not to surface reduction 

and oxidation of ceria. 

2. Experimental Section 

2.1. Materials 

 Ce(NO3)3.6H2O (>99% trace metals basis), urea (99.0–100.5% purity), citric acid 

monohydrate  (≥ 98% purity), ethylene glycol (≥ 99% purity), and CeO2 powder (< 5 μm, 

99.9% trace metals basis) were supplied by Sigma-Aldrich and H2O2 (30%) by Vetec. The 

chemicals were used as received without further purification. 

2.2. Synthesis of yolk-shell CeO2 

 To fabricate the yolk-shell CeO2 nanospheres, we adapted a formerly reported 

method.29 In a typical synthesis, of Ce(NO3)3·6H2O (282.67 mg, 0.651 mmol), urea (40.18 

mg, 0.669 mmol) and citric acid monohydrate (68.59 mg, 0.326 mmol) were dissolved in a 

mixture 56  mL of Milli-Q ultrapure water with a resistivity of 18.2 MΩ·cm at 25 °C and 8 

mL of ethylene glycol, and stirred for 20 min. Then, H2O2 (400 μL) was added, and the 

mixture was stirred for 5 min. The mixture was then transferred to a 100 mL Teflon container, 

sealed in a Teflon® autoclave with a stainless-steel seal and placed in a microwave-system30  

(2.45 GHz/800 W) for 90 min at 160 °C. After cooling, the precipitate was centrifuged, washed 

with deionized water (5x), ethanol (1x), and dried in an oven at 85 °C. The schematic illustration 

for the synthesis of yolk-shell CeO2 nanospheres is shown in Figure 1. 
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Figure 1. Schematic illustration of the microwave-assisted solvothermal synthesis of the yolk-shell CeO2 nanospheres. 

2.3. Experimental methods 

Powder X-ray diffraction (PXRD) patterns were measured on a Rigaku MiniFlex 300 

powder diffractometer using Cu Kα radiation (λ=1.5418 Å), operated at 30 kV and 10 mA. 

Transmission electron microscopy (TEM) and high-resolution TEM (HRTEM) images were 

taken on JEOL JEM 2100 microscope operated at 200 kV of acceleration voltage. Field-

emission scanning electron microscopy (FESEM) and energy-dispersive X-ray spectroscopy 

(EDS) were conducted on a JEOL JSM-7500F microscope operated at 2 and 10 kV for the 

respective analyses.  Attenuated total reflection Fourier transform infrared (ATR-FTIR) 

spectroscopy was performed on a PerkinElmer Spectrum Two™ spectrometer. Raman 

spectrum was recorded using a HORIBA T64000 triple grating spectrometer with a laser 

excitation of 633 nm. X-ray photoelectron spectroscopy (XPS) was carried out on a Thermo 

Scientific K-Alpha Spectrometer using Al Kα X-ray source (1486.6 keV). The binding 

energies were calibrated taking the C 1s peak at 284.8 eV. N2 adsorption isotherms were 

measured at 77 K using a Micromeritics' Gemini® VII 2390 surface area analyzer. The specific 

surface areas were determined by the Brunauer-Emmet-Teller (BET) method. 

Total X-ray scattering measurements were carried out at beamline P07 at PETRA III at 

Deutsches Elektronen-Synchrotron DESY, Hamburg, Germany. A Kapton capillary with 

inner diameter 1.024 mm was filled with the powder, placed inside a chamber filled with He 

and then measured at a photon energy of 98.2 keV (λ = 0.1263 Å). The 2D diffraction patterns 

were collected using a PerkinElmer XRD1621 detector (2048 x 2048 pixels) with an exposure 

time of 1 s and 60 summed exposures. The pyFAI software31 was used for calibration of 

sample to detector distance, beam center and non-orthogonality of the incident beam and the 

detector plane using a LaB6 standard, and for the azimuthal integration of the 2D diffraction 



 
 

5 

 

patterns. The pair distribution function (PDF) was obtained from the integrated pattern using 

the PDFgetX3 software.32 Before the Fourier transform, the integrated data were corrected for 

background by subtracting the scattering data of an empty Kapton capillary measured at the 

same conditions. The Qmax parameter, i.e., the finite data range used in the Fourier transform 

step,33 was set to 18.1 Å-1. The obtained PDF was refined applying PDFgui,33 and Qbroad and 

Qdamp were determined as 0.016 and 0.025 Å-1, respectively, from calibration with LaB6.  

2.4. Sensor fabrication 

 The powder of yolk-shell CeO2 nanospheres was mixed with ethylene glycol using a 

pestle and mortar to form a paste, which was deposited into alumina substrate containing 

interdigitated Pt electrodes on the front side for the resistance measurements, and a Pt heater 

on the backside. The substrate containing the film was annealed at 400 °C for 1 h at a heating 

rate of 10 °C min-1 to remove the ethylene glycol and stabilize the sensing layer. The same 

method was employed to prepare the reference sensor based on commercial CeO2 

nanoparticles. 

2.5. Gas-sensing performance  

 The CO2 sensing tests were conducted with sensors placed in a continuous-flow 

Teflon® chamber. The temperature of the measurement was adjusted using a DC power 

supply. A gas-mixing system was used to adjust the CO2 concentrations and the relative 

humidity (RH) at a constant flow of 200 mL min-1 in synthetic air. Before the first CO2 pulse, 

the sensors were conditioned in humid air flow for several hours until a stable baseline was 

achieved.  To monitor the variations of the resistance of the sensors during the exposure to 

CO2 pulses, a programmable electrometer (Keithley model 617) was used. The sensor signal 

was defined by the ratio RCO2/R0, where RCO2 is the resistance measured at the end of the gas 

exposure and R0 is the resistance in synthetic air without the target gas. The response and recovery 

times are defined, respectively, as the time to reach 90% of the maximum resistance change after 

the CO2 exposure and to recovery 90% of the initial baseline resistance after the CO2 pulse.  

2.6. CO2 adsorption measurement 

 The CO2 adsorption properties of the materials were assessed by 

thermogravimetric34,35 (TG) analysis in a Perkin-Elmer TGA-4000 thermogravimetric 

analyzer. Before the adsorption measurements, ~10–15 mg of the sample was heated at 400 

°C (the temperature of the sensor preparation) in 20 mL min-1 N2 flow until obtaining a stable 

weight and then cooled down to 100 °C. The temperature of 100 °C was maintained constant 
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in an N2 flow for 10 minutes; then the flow was changed to 100 mL min-1 of pure CO2 for 5 

minutes. The capacity of CO2 adsorption was determined by the weight gain of the sample 

after the CO2 exposure.  

3. Results and discussion 

We investigate the morphology and particle size of the sample with FESEM and TEM, 

as shown in Figure 2. The sample is composed of nanoparticles agglomerated in a spherical 

shape as shown in Figure 2a. The TEM images in Figure 2b,c and Figure S1a reveal that the 

nanospheres are yolk-shell structured, which have an inner core and a porous outer shell with 

a hollow space between them, and each nanosphere is composed of small nanoparticles. We 

measure the diameter of the CeO2 nanospheres in a series of TEM images and obtain the size 

distribution shown in Figure S1b, resulting in an average nanosphere diameter of 190 ± 20 

nm. The diffraction rings in the selected area electron diffraction (SAED), shown in Figure 

2d, are typical of polycrystalline materials, and the broad rings indicate the nanosized sample. 

The SAED pattern can be indexed to the cubic fluorite-type CeO2. Moreover, the 

nanoparticles are highly crystalline, and their size is about 5 nm as shown in HRTEM Figures 

2e-f. The lattice fringes with a d-spacing of 0.31 nm correspond to the (111) lattice plane of 

cubic CeO2. The phase purity of the sample is confirmed by PXRD analysis as shown in 

Supporting Information, Figure S2. The complementary characterizations of the composition 

and surface species by means of EDS, ATR-FTIR, Raman, and XPS are presented in 

Supporting Information, Figure S3-S6.  
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Figure 2. (a) FESEM image (b) TEM image, (c) TEM image showing a single nanosphere, (d) SAED pattern, and (e,f) 

HRTEM images of yolk-shell CeO2 nanospheres. 

 
 To obtain a deeper understanding of the crystal structure of yolk-shell CeO2 

nanospheres, we perform the PDF analysis. The experimental PDF (G(r)) of the sample is 

fitted in the r range of 1.5 Å < r < 50 Å applying the crystallographic data of cubic CeO2 (a = 

5.4124 Å) from Inorganic Crystal Structure Database [ICSD]: 72155,36  as shown in Figure 3. 

For the PDF fit, we refine the unit cell parameter a, scale factor, two anisotropic atomic 

displacement parameters, one for cerium and one for oxygen, the quadratic atomic correlation 

factor δ2, and spherical particle diameter (sp-diameter). Modeling the data against a single 

phase of CeO2 results in significant and systematic deviations in the PDF peak intensities. We 

use two phases of cubic CeO2 with the same parameters for refinement, except for scale factor 

and sp-diameter, and obtain good agreement reflected by the weighted residual (Rw) of 

0.1139. The refined parameters are given in Table S1. The sp-diameter parameters refine to 

82 Å (fraction of 64%) and 23 Å (fraction of 36%). Instead of a strictly bimodal size 

distribution, we interpret the result as indicative of a wider size distribution of coherent 

domains within a span of approx. 10–100 Å. Moreover, the predicted (Table S2) and 

measured (Figure S7) unit cell parameters and the atom pair distances for the first 
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coordination shells in the fluorite structure are consistent, ruling out the presence of oxygen 

vacancies in ambient conditions.  

 

Figure 3. Fit between experimental and calculated G(r) using two identical phases of cubic CeO2 

structure with different sp-diameter and scale factor parameters. 

We evaluate the CO2 sensing performance of yolk-shell CeO2 nanospheres by 

monitoring the change in the resistance upon exposure to CO2 pulses from 150 to 2400 ppm. 

First, we assess the CO2 sensing performance at room temperature and 30% RH as shown in 

Figure S8. At such conditions, the sensor already presents great sensitivity to CO2; however, 

the resistance does not completely return to the initial R0 value between the CO2 pulses. Thus, 

to overcome this drawback, we study the CO2 sensing performance of the yolk-shell ceria 

nanospheres applying heat. The resistance changes at 70% RH in the temperature range of 

100–250 °C (Figure S9) confirm that even the mild heating at 100 °C is enough to achieve the 

reversibility of the sensor. Figure 4a presents the sensor signals for all CO2 concentration at 

70% RH as a function of the operating temperature. Notably, the sensor signals reach the 

highest values at 100 °C and decrease with increasing the operating temperature for the whole 

CO2 concentration range. The signal to 2400 ppm CO2 at 100 °C is almost two times higher 

than those at higher temperatures. The great sensitivity at the low operating temperature of 

100 °C seems promising for real applications because so far the best CO2 sensors exhibit the 

highest CO2 sensor signal at temperatures above 200 °C.11,14 To illustrate the advantages of 

our sensor, Table S3 presents a summary of the CO2 sensing performance of different 

chemoresistive sensors.  

To study the effect of humidity on the yolk-shell CeO2 nanospheres-based sensor, we 

carry out the CO2 sensing experiments at 100 °C changing the humidity from 30 to 70% RH 

as shown in Figure 4b. The electrical resistance of the sensor decreases with increasing the 
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humidity level, which is explained either due to the electron donation from adsorbed water to 

the semiconductor,37 or the interaction of water with ionosorbed oxygen species that releases 

electrons to the semiconductor.38 Although the resistance of the sensor decreases with 

increasing the RH, the quality of the measurement remains unaffected in terms of baseline 

stability, ability to reach a stable response and recovery to the initial resistance after each CO2 

pulse. Moreover, the increase of RH does not significantly change the response and recovery 

times, which is advantageous but unusual behavior for chemoresistive sensors.39 The values 

of the response and recovery times for each CO2 concentration are summarized in Table S4. 

Figure 4c shows the sensor signal at 100 °C versus CO2 concentration and indicates an 

enhancement in the signal as increasing RH from 30 to 70%. These observations suggest the 

positive influence of humidity on the CO2 sensing performance of yolk-shell CeO2 

nanospheres. The curves of the logarithm of the sensor signal versus the logarithm of the CO2 

concentration at 30–70% RH are presented in Figure S10 and exhibit great linear fitting.  

 

Figure 4. CO2 sensing performance of yolk-shell CeO2 nanospheres. (a) Sensor signal to the CO2 concentration range of 150-

2400 ppm as a function of the operating temperature at 70% RH. (b) Resistance changes of the sensor during CO2 pulses in 

the concentration range of 150-2400 ppm in humid air (at 30, 50, and 70% RH). (c) Sensor signal as a function of CO2 

concentration at 30–70% RH at 100 °C. 
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 To investigate the role of the yolk-shell structure on the CO2 sensing performance, we 

compare the sensing properties of the yolk-shell CeO2 nanospheres with those of commercial 

CeO2 powder (FESEM images shown in Figure S11) at 100 °C and 70% RH, as displayed in 

Figure 5. The response curves for both sensors evidence the distinct behavior between them; 

on the one hand, the yolk-shell CeO2 nanospheres show improved baseline stability and 

reversibility, on the other hand, commercial CeO2 nanoparticles present long response times, a 

drift of the baseline resistance, and a poor reversibility after the CO2 pulses, i.e., the resistance 

does not fully recover to the initial value as shown in Figure 5a. At the highest CO2 

concentration of 2400 ppm, yolk-shell CeO2 nanospheres present an almost 20-fold faster 

response time than commercial CeO2 nanoparticles (Figure 5b,c) and a recovery time of 4.08 

min, which is better than the irreversibility of the commercial powder. Furthermore, the yolk-

shell CeO2 nanospheres have superior sensitivity: the sensor signals reach values 1.8–2.9 

times higher than those for commercial CeO2 nanoparticles, as shown in Figure 5d.  

 We hypothesize that the higher stability, faster response and recovery times, and 

reversibility of yolk-shell nanospheres are due to their unique hollow and porous structure. 

This kind of structure allows for effective and rapid gas diffusion through the whole material 

even into the inner part of the nanospheres. Not only the analyte gas effectively diffuses 

toward the sensing film, but also the carrier gas, enhancing the recovery of the sensor after 

CO2 pulses. On the other hand, commercial ceria nanoparticles are bigger, denser, and 

impermeable, which result in poor gas diffusion in the sensing film.40 Consequently, 

commercial CeO2 presents long response times and ineffective desorption of CO2 species 

from the surface as suggested by the irreversibility of the sensor. This partial recovery also 

promotes a significant drift in the baseline resistance between the CO2 pulses, which we 

propose to be attributed to the remaining adsorbed species on the surface.41,42  
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Figure 5. Comparison of the CO2 sensing performance of yolk-shell CeO2 nanospheres and commercial CeO2 nanoparticles 

at 70% RH and 100 °C. (a) Resistance changes of the sensors upon CO2 exposures in the concentration range of 150-2400 

ppm. (b) Response and recovery times to 2400 ppm of the yolk-shell CeO2-based sensor. (c) Response time to 2400 ppm of 

commercial CeO2 nanoparticles.  (d) Sensor signal of the sensors as a function of CO2 concentration.  

  

 To test this hypothesis and understand the clear differences seen in the CO2-sensing 

performance between yolk-shell CeO2 nanospheres and commercial CeO2 nanoparticles, we 

evaluate their respective specific surface areas and CO2 adsorption capacities. The BET 

specific surface area of yolk-shell CeO2 nanospheres is 85 m2 g-1, which is sixteen times 

higher than that of commercial CeO2 powder (5.4 m2 g-1).  At 100 °C the weight gain after 

CO2 exposure reveals a stronger interaction of CO2 with the yolk-shell CeO2 nanospheres than 

with the commercial CeO2 powder as shown in TG curve in Figure 6. The yolk-shell CeO2 

nanospheres can adsorb 10.36 mg of CO2 per 1g of the sample, whereas the commercial CeO2 

powder only adsorbs 4.73 mg g-1. The improved CO2 adsorption capacity can be due to the 

higher surface area and porosity of the yolk-shell nanospheres that enhances the gas diffusion 

inside the nanoparticles. Thus, supporting our hypothesis that the enhanced sensing 

performance of the yolk-shell nanospheres is related directly to the morphology of the sensing 

film.  
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Figure 6. TG curves of adsorption of CO2 on yolk-shell CeO2 nanospheres and commercial CeO2 nanoparticles 

at 100 °C. 

 This is also in line with previous in situ X-ray spectroscopic synchrotron studies on 

rare-earth materials. For example, it was shown that CeO2 and La2O2CO3 are not reduced 

under H2O2 or CO2 exposure at low temperatures, but instead, they act as an “electron 

sponges”. A possible explanation of the CO2 sensitivity is the formation of metal carbonate-

related species on the surface, which changes the density of states at rare-earth metal and 

results in changes of the resistance of the sensor. The TG analysis revealed that the yolk-shell 

morphology of our ceria nanospheres gives rise to higher number of active sites at the surface 

for CO2 adsorption, which likely result in a greater probability of forming carbonate-related 

species. Indeed, we observe various carbonate stretching vibrations of CO3
2- in the IR spectra 

of yolk-shell sample as shown in Supporting Information, Figure S4. However, the type of 

carbonate species changing upon exposure to CO2 can be only determined in further in situ 

mechanistic studies, which exceeds the scope of the contribution. 

4. Conclusions 

In summary, we present a simple strategy to fabricate a high-performance chemoresistive CO2 

sensor based on yolk-shell CeO2 nanospheres that operates at temperature of 100 °C in humid 

air. We show that the yolk-shell CeO2 nanospheres-based sensor is much more sensitive to 

CO2, stable, reversible, and faster than the sensor based on commercial CeO2 nanoparticles. 

Moreover, our CO2 adsorption measurement evidences the high adsorption capacity of yolk-

shell nanospheres compared with the commercial nanoparticles. Thus, the design hollow 

nanostructured metal oxides with a high specific surface area and porous shells can be an 

efficient alternative to develop sensitive CO2 sensors for practical applications. To meet the 

requirements of a real sensor, nonetheless, further improvements are needed. The response 
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and recovery times of the yolk-shell CeO2 nanospheres-based sensor are in the order of 

minutes. Therefore, in addition to the inherent porosity of an individual nanosphere that 

allows for gas diffusion, the increase and acceleration of gas diffusion through the whole 

sensitive film can be used to overcome such drawbacks. For instance, inkjet-printing of the 

metal oxide can be explored to produce hierarchical porous film and reach even faster 

response and recovery times.43   
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