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A B S T R A C T   

Chemiresistive CO2 sensing is attractive due to low cost and ease of chip-level integration. Our previous studies 
(Yong Xia, 2021) showed the well-developed ZnO material fabricated by in-situ annealing exhibited good CO2 
sensing performance. Here, we have expanded on those studies, including CO2 cyclic tests under both dry air and 
N2 background whereby a much higher response to CO2 in N2 background was observed. Detailed density 
functional theory calculations were conducted to understand the behavior. The results indicated nitrogen doping 
is mainly responsible for the observed response. In the presence of pre-adsorbed O2, N-doped ZnO can no longer 
interact with CO2, which agrees well with the observation of higher response in N2 background. Furthermore, 
density of states analysis showed N sp2 hybridized orbital and N 2p orbital of the N dopant mixed with sp2 

hybridized orbital of C atom and 2p orbitals of C/O atoms in CO2 to form σ and π bonds, respectively. However, 
they mixed with O 2s/2p orbitals of O atom in O2 when pre-adsorbed O2 was present, hindering CO2 interaction 
with N-doped ZnO, and resulting in limited response in air. The illustrated mechanism does not only further the 
understanding of metal oxide-based CO2 sensing, but also guide the design of new functional materials for CO2 
sensing or capture.   

1. Introduction 

Carbon dioxide sensing is of great importance for indoor air quality 
control [1], green house agriculture [2], factory emission surveillance 
[3], and breath clinical diagnostics [4]. Currently, there are mainly four 
types of CO2 sensors: nondispersive infrared (NDIR) sensors [5], solid 
state electrochemical sensors [6], gravimetric sensors [7], and 

semiconductor-based chemiresistive sensors [8,9]. Among these, 
chemiresistive sensors have attracted great interests due to their simple 
structures and readout circuits, ease of fabrication and chip integration, 
as well as low cost. 

Since CO2 is chemically inert, traditional redox reaction based 
chemiresistive sensors exhibit limited sensitivity, and some researchers 
are exploring carbonation process-induced resistance change [10–12]. 
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For example, Joshi et al. synthesized Ag@CuO/BaTiO3 and achieved 
more than 6-fold higher response than the pure CuO counterparts by 
heterojunction modulation during CO2 sensing [10]. Though big pro
cesses have been made, the heterojunction structure increases the dif
ficulty in material design and synthesis. In addition, the sensing 
response needs to be further improved. 

Recent studies have shown that rare-earth oxides and oxycarbonates, 
especially La2O2CO3, can react with CO2 directly to form surface car
bonates/oxycarbonates and exhibit a high CO2 response which opens up 
a new opportunity for CO2 monitoring [8,9,13]. However, rare-earth 
materials are relatively expensive, and their ability for monitoring 
other ubiquitous gases (such as C2H5OH, H2S, CH2O, etc.) is still needed 
to be verified. The well-developed semiconducting materials, such as 
ZnO, SnO2, and WO3, though insufficient in selectivity, can serve as a 
low-cost sensing “base-material” for a variety of gases. Thus, it would be 
more preferable in industrial production to use these materials since 
similar basic properties of sensing materials would greatly simplify the 
mass production process of the gas sensors for various gases sensing. 
Therefore, developing a new material for CO2 sensing based on these 
well-developed materials is a worthwhile challenge to undertake. 

From our previous work [14], the in-situ annealed ZnO exhibited 
much higher selectivity to CO2 than the ex-situ annealed counterpart. To 
understand the CO2 sensing mechanism, here, a new in-situ annealed 
device was fabricated and the dynamic CO2 sensing properties in both 
air and N2 background were evaluated. Surface models for density 
function theory (DFT) calculation were constructed on the basis of the 
differences in the X-ray photoelectron spectroscopy results obtained on 
the in-situ annealed material and the ex-situ annealed counterpart. 
Based on the calculations, CO2 adsorption features were systematically 
studied and compared among different surface models. Finally, the CO2 
sensing mechanism of the in-situ annealed ZnO was clearly elucidated 
by combining the gas sensing results and the DFT calculations. 

2. Experiments 

2.1. Chemicals 

Chemicals of Zinc Acetate Dihydrate (Zn (CH3COO)2⋅2H2O, analyt
ically pure), 2-methylimidazolate (2-MIM, C4H6N2, 99%), and Cetyl 
Trimethyl Ammonium Bromide (CTAB, C19H42BrN, >98%) were pur
chased from Sigma Aldrich and used directly without further 
purification. 

2.2. Materials synthesis and sensor fabrication 

The material synthesis and sensor fabrication process are described 
in our previous work [14]. Typically, 130 μl 4 mg/ml of CTAB aqueous 
solution was added to 5 ml 240 mg/ml of 2-MIM aqueous solution and 
mixed with 5 ml 60 mg/ml of Zn(CH3COO)2.2H2O aqueous solution in 
an iced water bath. After mixing, the solution was taken out and settled 
down for 2 h. Then, the milky solution was centrifuged and washed with 
DI water. And the obtained white material was dispersed in 1-butanol 
solution for further usage. 

The sensor was fabricated by in-situ heating the drop-casted ZIF-8 
film using a miniature heater electrode (Alite Technology Co., Ltd., 
Beijing, China) at 350 ℃ for 2 h with a ramp rate of 60 ℃/s. The sensor 
is denoted as “in-situ annealed sensor”. 

2.3. Material characterizations 

The field-emission scanning electron microscopy (FESEM, Zeiss Ultra 
55) and the transmission electron microscopy (HRTEM, JEOL 2100 F) 
was used to characterize the morphology of the materials. EDAX spec
trum was obtained using an EDAX TEAM with operating voltage 15 kV 
assembled in a FESEM (SU8010, Hitachi, Japan) to characterize ele
ments in the materials. X-ray diffraction (XRD, Bruker AXS D8 Discover 

GADDS, λCo = 0.179 nm) was used to characterized the crystal structures 
of the as-synthesized materials. The XRD spectra shown here were 
transformed into Cu Kα. Raman spectroscopy (JYHoriba LabRAM) were 
used to characterize the surface chemical states and chemical bonding 
structures of the as-synthesized materials, respectively. 

2.4. Gas sensing measurement 

The sensor packaged with a ceramic chip holder was fixed on an IC 
test socket which was covered by a home-made gas chamber (1 cm3 

volume size). CO2 (Airgas, 5.038% in N2) was mixed with dry air or N2 
(Praxair, 99.999%) with a constant total flowrate of 300 sccm and 
delivered by mass flow controllers (Bronkhurst). The lowest concen
tration that our gas delivery system can reliably deliver is 50 ppm CO2. 
The background atmospheres are denoted as “air background” and “N2 
background” when CO2 is diluted by dry air and N2, respectively. The 
gas delivery system was controlled by a home-made LabVIEW program. 
The sensor resistance was measured by a source-meter (Keithley 2602 A) 
and recorded by an open-source Java based measurement software of 
Zephyr. 

2.5. DFT calculations 

All of the calculations were performed using Vienna ab initio 
Simulation Package (VASP) [15,16]. The projector augmented wave 
(PAW) method with a cut-off energy of 450 eV was used to describe the 
interactions of electrons and ion cores. Generalized gradient approxi
mation (GGA) proposed by Perdew-Burke-Ernzerhof (PBE) [17] was 
applied to describe exchange-correlation potential of the electrons. 

The molecular CO2 was pre-relaxed in a cubic box of 20 × 20.01 ×
20.02 Å3 to avoid symmetry induced degeneration [18] and interactions 
among different image cells [19]. During CO2 molecule relaxation and 
energy calculations, only Gamma point for Brillouin zone (BZ) in
tegrations was considered. The slab models were built in the part of 
“Modeling of surfaces” in Supplementary Materials. For relaxation and 
total energy calculations of slabs and slabs/CO2 systems, the Gamma 
centered k-mesh of 3 × 3 × 1 was applied. For structure optimization, 
the convergence criterion of energy and force on each atom were 1 ×
10− 5 eV and 0.01 eV/Å, respectively. Higher convergence criterion of 
10− 6 eV/atom was used for density of state (DOS) calculations. 

To correct the long-range van der Waals force between the gas 
molecules and the slab surfaces during the surface adsorption processes, 
DFT-D3 correction proposed by Grimme et al.[20] was applied during 
calculation of CO2/slab interactions. 

The gas adsorption status was assessed by its adsorption energy Eabs, 
which can be calculated as: 

Eads = Eslab− CO2 − Eslab − ECO2 (1)  

where Eslab-CO2, Eslab and ECO2 are the energies of the slab/CO2, slab and 
CO2 systems, respectively. 

The charge density difference (CDD) was also calculated and visu
alized by VESTA code [21] to exhibit the charge distributions after gas 
adsorptions. The CDD can be determined by following equations: 

Δρ = ρslab− CO2
− ρslab − ρCO2

(2)  

where ρslab-CO2, ρslab, ρCO2 are charge density of the slab/CO2, slab and 
CO2 systems, respectively. 

In addition, the Bader charge [22] was calculated to evaluate the 
charge transfer between the slabs and CO2 molecule using the method 
developed by Henkelman group [23], where the positive value indicates 
the slab obtain electrons from CO2 molecule. 
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3. Results and discussion 

3.1. Material characterization 

The morphology of the as-synthesized ZnO material is shown in  
Fig. 1. The material appears as a porous network consisting of connected 
nanoparticles, as shown in Fig. 1(a). The transmission electron micro
scopy (TEM) image in Fig. 1(b) shows that the nanoparticles are solid 
particles and tightly connected with each other. The high resolution 
TEM image along with a diffraction pattern in the insets of Fig. 1(b) 
show two main lattice spacings of 0.260 nm and 0.248 nm in the particle 
connecting areas which correspond to (002) and (101) facets of hexag
onal ZnO, respectively. The EDX spectrum of the material in Fig. 1(c) 
indicates the material contains elements of C, N, O and Zn, with the 
concentration of nitrogen being small agrees with our previous results 
[14]. 

The crystal structure of the as-synthesized material is shown in Fig. 2 
(a). Apart from Al2O3 peaks from the ceramic substrate and Au peaks of 
the sensing electrodes, the diffraction pattern clearly shows the as- 
synthesized material is hexagonal wurtzite ZnO. 

To understand the chemical bonding and defect states of the as- 
synthesized ZnO, Raman spectroscopy was used with representative 
results shown in Fig. 2(b). The peaks at 333 and 438 cm− 1 Raman shift 
are attributed to the combination mode (E2(high)-E2(low)) and to the 
E2(high) mode of hexagonal ZnO, respectively [24]. The broad peak at 
580 cm− 1 is attributed to “Quasi-LO” mode consisting of A1(LO) and 
E1(LO) modes. This mode is attributed to inter-band Frohlich interaction 
in non-ideal ZnO, and its appearance usually indicates donor defects, e. 
g., oxygen vacancy (VO), and interstitial Zn (Zni) of ZnO [25]. Addi
tionally, the peak at 235 cm− 1 is probably attributed to a kind of defect 
mode since it is not visible in an ideal ZnO crystal [26]. 

The material characterization above indicates the as-prepared ma
terial is well-connected ZnO nanoparticle network with donor defects, 
which is similar as our previous work [14]. Therefore, the chemical 
nature of the surface is also believed to be similar to that studied in our 
previous work (shown in Fig. S1). 

3.2. Gas sensing performance in dry air and N2 background 

To understand the CO2 sensing mechanism, the sensor was first 
tested under N2 background. The result is shown in Fig. 3(a, b). Inter
estingly, the sensor resistance upon CO2 exposure during this stabiliza
tion period is almost constant, while the baseline is changing quickly, as 
indicated by 2 horizontal lines of “100 ppm” and “500 ppm” in the Fig. 3 
(a). The CO2 sensing ability in N2 background indicates the CO2 response 
mechanism is independent of pre-adsorbed O2 which is different from 
most recently developed CO2 sensing materials [8,27,28]. Fig. 3(b) is 

CO2 cycling result after N2 purging for 90 min at which point the 
baseline becomes relatively stable. It is shown the sensor exhibits 
reasonable responses to different concentrations of CO2. The response 
behavior is stable and reproducible. 

Fig. 3(c) shows the sensor response to CO2 exposure cycles under air 
background where the gas sensing performance is commonly evaluated. 
Similar to N2 background, the response to CO2 in the air background is 
also stable and reproducible. The baseline resistance in the air back
ground is 20x larger than in the N2 background. The higher resistance 
can be attributed to O2 adsorption induced electron depletion in the air 
background, which exhibits n-type semiconductor behavior of the 
sensing material. The adsorbed oxygen species are estimated as O2- and 
O- with the O2- being dominant, according to the log-log plot shown in 
Fig. S4. 

Fig. 3(d) is the plot of sensor response versus CO2 concentration 
when testing in air and N2 background. The results indicate higher re
sponses are obtained when testing in the N2 background than in the air 
background. The higher responses in N2 background indicates that far 
from accelerating CO2-sensing material interaction, O2 in the air inhibits 
the process. 

To explore how the sensing material changes during CO2 exposures, 
the material was characterized ex-situ with XRD before and after a cyclic 
test of 5000 ppm CO2 at 250 ◦C (air background). The results shown in 
Fig. S5 exhibit similar peaks as the spectrum in Fig. 2, which indicates 
the materials, as probed by XRD, are the same. No obvious peak dif
ferences are found after CO2 sensing which indicates no major changes 
happen to the base ZnO material. Therefore, the following discussions 
focus on the surface interactions. 

3.3. DFT calculations 

3.3.1. CO2-surfaces interactions 
To investigate various possible chemical states of the sensing mate

rial, a series of surface slabs, including stoichiometric wurtzite ZnO(101) 
(denoted as ZnO(101)), oxygen vacancy defective ZnO(101) (denoted as 
VO-ZnO(101)), nitrogen doped ZnO(101) (denoted as N-ZnO(101)), N2 
substitution on oxygen sublattice of ZnO(101) (denoted as (N2)O-ZnO 
(101)) and oxidized N species on ZnO(101) (denoted as O-N-ZnO(101)) 
were built and calculated as shown in the "Modeling of surface" section 
of Supplementary Materials. The result indicates (N2)O-ZnO(101) is not 
stable. Therefore, only ZnO(101), VO-ZnO(101), N-ZnO(101) and O-N- 
ZnO(101) will be considered in the following study of CO2 adsorption. 

To gain insight into the CO2 sensing mechanism, CO2 adsorption on 
these slabs was studied. The most energetically favorable adsorption 
structures for each slab are shown in Fig. 4(a–d). Only the 1st layer of the 
slab is shown for better observation of surface interactions. After 
adsorption, it is found that the CO2 conformation remains linear in all 

Fig. 1. Morphology of the sensing material. (a) Scanning electron microscopy image of the sensing material; (b) TEM image of the sensing material. The insets are the 
correspondingly enlarged parts and calculated diffraction pattern, respectively. (c) EDX spectrum of the material. 
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cases except on N-ZnO(101), where the O-C-O bond angle is 124.29◦. In 
addition, the nearest distance between the CO2 molecule and the slab is 
the C-N distance of 1.35 Å, which is the similar length of C-N bonds in 
acrylic amide [29]. This indicates that CO2 on N-ZnO(101) is chem
isorbed (at a nitrogen site), while on ZnO(101), VO-ZnO(101) and 
O-N-ZnO(101), it is physisorbed since the nearest distances between CO2 
and the slabs are far larger than the Zn-O bond length of 2.01 Å [30]. 

To understand the interactions between the slabs and CO2, the 
charge difference density (CDD) upon CO2 adsorption was studied. and 
shown in Fig. 4(e-h). For clarity, only the 1st layer and the 1st two layers 
of the slabs are shown in the top views and side views, respectively. 

The charge density of ZnO(101) changes little upon CO2 adsorption, 
and charge density isosurface is only seen on CO2 molecule, as shown in 
Fig. 4(e), which indicates weak interactions. However, in the cases of 
CO2 adsorption on VO-ZnO(101), N-ZnO(101) and O-N-ZnO(101), the 
charge accumulation (in light yellow color) and depletion (in cyan 
color) regions overlap which indicate strong interactions between the 
slabs and CO2 molecule. The charge isosurface regions show up far away 
from CO2 molecule which indicates there exists a big charge re- 

construction upon CO2 adsorption on these slabs. 
To further evaluate the interactions between the four slabs and CO2 

molecule, adsorption energy, Bader charge and electronic density of 
state (DOS) were calculated. The results of gas-slab interfacial distance 
(dgas-slab), adsorption energy (Eads), and Bader charge (ΔQ) are tabulated 
in Table 1. It is shown that N-ZnO(101) has the highest adsorption en
ergy of − 1.61 eV, in agreement with its chemisorption features. In 
addition, the charge transfer from CO2 to N-ZnO is positive. It is worth 
noting that N-ZnO(101) is the only instance of positive charge transfer 
among the four slabs studied here. This feature agrees with the experi
mental observation of decrease in resistance when the sensor is exposed 
to CO2 (see Fig. 3(b)). 

The calculated DOSs of different CO2 adsorption systems are shown 
in Fig. 5. The local density of states (LDOS) of adsorbed CO2 (CO2

ads) on 
ZnO(101), VO-ZnO(101) and O-N-ZnO(101) are discrete peaks (such as, 
the lowest unoccupied molecular orbital, HOMO; the highest unoccu
pied molecular orbital, HOMO), corresponding to the molecular orbitals 
of CO2 and indication of weak interactions between the molecule and 
the slabs. Still, the LDOS peaks of CO2

ads on O-N-ZnO(101) and LUMO of 

Fig. 2. Crystal structure and bonding characterizations of the sensing material. (a) X-ray diffraction pattern; (b) Raman spectrum.  

Fig. 3. Sensor response to cyclic CO2 exposure at 250 ◦C. (a) under N2 background as CO2 is introduced; (b) under N2 background after baseline resistance stabilizes; 
(c) under air background; (d) Response value vs. CO2 concentration plot both in air and N2 backgrounds. 
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CO2
ads on VO-ZnO(101) are broadened, and all of the orbitals shift to 

lower energy compared to the case of ZnO(101). All of these results 
indicate the interactions between CO2 and corresponding slabs (VO-ZnO 
(101) and O-N-ZnO(101)) are larger than with ZnO(101). 

In the case of N-ZnO(101), the LDOSs of HOMO and LUMO of CO2
ads 

are broadened and deeply mixed with the DOS of N-ZnO(101) slab, 
which are not easily discriminated. Instead, there exists a broad DOS 
around the Fermi energy, which is helpful in narrowing the bandgap of 
the slab and increasing the charge transfer probability [31]. The DOS 
results agree well with adsorption energy and Bader charge analysis, i.e., 
the interaction between CO2/N-ZnO(101) is the strongest, CO2/VO-ZnO 
(101) and CO2/O-N-ZnO(101) are moderate, while CO2/ZnO(101) is the 
weakest. 

In combine with the discussion above, considering that the in-situ 
annealed ZnO has higher concentration of N-Zn-O bond (~398.6 eV, 
Fig. S1), we thus believe the N-ZnO content in the in-situ annealed ZnO 
sensing materials is responsible for the CO2 response features of the 
sensing material. 

3.3.2. CO2-surfaces interactions with pre-adsorbed O2 
To explain why the in-situ annealed ZnO showed higher responses in 

N2 environment compared with air background, a comparative study of 
CO2/N-ZnO(101) surface interactions with pre-adsorbed O2 was 
conducted. 

The optimized structure of O2 pre-adsorbed N-ZnO(101) with the 
most preferable energy is shown in Fig. 6(a). One of the O atom in O2 is 
close to the doped N atom, which is similar to the CO2 adsorption 
structures shown in Fig. 4(c). The configuration of CO2 adsorption on O2 
pre-adsorbed N-ZnO(101) is shown in Fig. 6(b), the bottom graph. It is 
clearly visible that after O2 pre-adsorption, CO2 can no longer approach 
the N-ZnO(101) surface. It is noted from the electron localization 
function (ELF) in Fig. 6(b, c) that both O2 and CO2 are chemisorbed on 
N-ZnO(101) at the site of doped N since shared electrons are found there 
[32]. 

To further understand the interaction features of CO2 in the presence 
of O2, the adsorption energy and Bader charge transfer of corresponding 
systems (O2 adsorption on N-ZnO(101) and CO2 adsorption on N-ZnO 
(101)-O2) were calculated and the results, along with the data of CO2 
adsorption on N-ZnO(101) for comparison, are tabulated in Table 2. It is 
shown that O2 has much higher adsorption energy than CO2 on N-ZnO 
(101) (− 3.50 eV vs. − 1.61 eV), and the charge transfer amount is an 
order of magnitude bigger (− 0.382 e vs. 0.019 e). Furthermore, when 
O2 pre-adsorbed on N-ZnO(101), the CO2 adsorption energy and charge 
transfer drop to − 0.22 eV and − 0.001 e, respectively. 

Therefore, the weaker CO2 response in air background can be 
explained as follows. When in the air background, O2 preferentially 
adsorbs on N-ZnO(101) and saturates the lone pair electron of the ni
trogen dopant. As a consequence, CO2 has few bonding sites available, 
and thus the sensing response is lower than without background O2. The 
large charge transfer difference between O2 and CO2 (− 0.382 e vs. 0.019 
e) could also explain why the “response resistance” is almost constant to 
the same concentration CO2 pulses while the baseline decreases quickly 

Fig. 4. CO2 adsorption structures (a-d) and CDD (e-h) on different slabs with top views and side views. (a, e) CO2 adsorption on ZnO(101); (b, f) CO2 adsorption on 
VO-ZnO(101); (c, g) CO2 adsorption on N-ZnO(101); (d, h) CO2 adsorption on O-N-ZnO(101). Isosurface levels are set 2.6 × 10− 2 e/Bohr3 for ZnO(101)-CO2, 
4.5 × 10− 4 e/Bohr3 for VO-ZnO(101)-CO2, 2.5 × 10− 3 e/Bohr3 for N-ZnO(101)-CO2, and 1.4 × 10− 4 e/Bohr3 for O-N-ZnO(101)-CO2. The default coordination above 
is the coordination in (a, e). The charge accumulation and depletion areas are shown in yellow and cyan, respectively. The red, gray, brown and white spheres 
correspond to O, Zn, C and N atoms, respectively. For clarity, only the 1st layer in the top views and the 1st layer or the 1st two layers in the side views are shown. 

Table 1 
Calculated gas-slab interfacial distance (dgas-slab), adsorption energy (Eads), and 
Bader charge of CO2 adsorption on different slabs. Positive values of ΔQ 
represent CO2 as an electron donor. All the adsorption energy and charge 
transfer values are calculated per CO2 molecule.  

Model dgas_slab (Å) Eabs (eV) ΔQ (e)a 

ZnO(101)  2.96  0.01  -0.010 
VO-ZnO(101)  2.49  -0.60  -0.003 
N-ZnO(101)  1.35  -1.61  0.019 
O-N-ZnO(101)  3.01  -0.50  -0.017  

a The higher resolution is applied due to small values. 
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during N2 purge, as shown in Fig. 3(a). 

3.3.3. Bonding analysis of CO2 adsorption on N-ZnO(101) 
To further illustrate the interaction between CO2 and N-ZnO(101), 

the detailed DOS of N-ZnO(101) slab during CO2 adsorption was 
calculated. The system before CO2 adsorption is denoted as “isolated 
system” while the system after CO2 adsorption it is denoted as “adsorbed 
system”, respectively. The corresponding density of states of the two 
systems are shown in Fig. 7(a). The discrete CO2 nonbonding orbitals of 
1πg, 2πu and 5πg [33] become invisible and the density of states of the N 
dopant overlaps with the density of states of CO2

ads after CO2 

Fig. 5. Density of states analysis of CO2 adsorption on different surfaces. For clarity, the DOSs of CO2
ads and doped N are enlarged.  

Fig. 6. Adsorption configurations of O2 on N-ZnO(101) surface and CO2 on O2 pre-adsorbed N-ZnO(101) and their corresponding ELF maps. (a) O2 adsorption on N- 
ZnO; (b, c) ELF maps of CO2 adsorption on N-ZnO(101) with and without O2 pre-adsorption, respectively. The bottom side views are corresponding adsorption 
structures. The red, gray, brown and white spheres correspond to O, Zn, C and N atoms, respectively (For interpretation of the references to colour in this figure 
legend, the reader is referred to the web version of this article). 

Table 2 
Calculated gas-slab interfacial distance (dgas-slab), adsorption energy per gas 
molecule (Eads), and Bader charge transfer per molecule on N-ZnO(101) slab and 
N-ZnO(101) slab pre-adsorbed with O2.  

Model Adsorbate dgas_slab (Å) Eabs (eV) ΔQ (e)1 

N-ZnO(101) CO2  1.35  -1.61  0.019 
N-ZnO(101) O2  1.28  -3.50  -0.382 
N-ZnO(101)-O2 CO2  6.22  -0.22  -0.001  

1 The higher resolution is applied due to small values. 
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adsorption, which indicates strong interactions between the slab and the 
CO2 molecule. 

To understand the interactions between CO2 and N dopant, the 
projected density of state (PDOS) of N and CO2

ads are calculated and 
shown in Fig. 7(b). Oatom1 and Oatom2 denote the oxygen atoms, in O2, 
further and closer to the surface, respectively. One can see that in the 
lower energy range, i.e. ~ − 7 eV vs. Fermi energy (Ef), the 2 s/ 2p 
orbitals of C, O and N mix together to form sp hybrid orbitals. The planar 
structure of these four atoms (shown as insets) indicates the hybridiza
tion is sp2 hybridization [34]. The partial charge decomposed from the 
calculated total wave function at − 7.08 eV is shown in Fig. 7(c) where a 
σ bond is seen to form between N/O and C atoms. It is probably the σ 
bonds of C-O and C-N that reshapes the structure of the CO2 molecule 
after adsorption. The DOS overlapping peak at − 6.48 eV below Ef is the 
result of hybridization of N 2p, C 2p, Oatom1 2p, and Oatom2 2p orbitals, 
which appears as a new peak after CO2 adsorption compared to the 
original DOS in Fig. 7(a). The corresponding partial charge density is 
shown in Fig. 7(d), which indicates there is a π bond among these 4 
atoms. In the range near the Fermi energy, the N 2p orbital overlaps with 
two O 2p instead of the closest C atom. The corresponding partial charge 
density shown in Fig. 7(e) exhibits N dopant sharing positive and 
negative charges with two O atoms, respectively. It is probably an an
tibonding orbital of the π bond. 

When pre-adsorbed with O2, the N 2s/ 2p orbitals of N dopant in N- 
ZnO(101) mix with O 2s/2p of O2 and the lone pair of the N dopant is 
saturated by adsorbed O2. As a consequence, N 2s/2p of the N dopant are 
no longer able to interact with CO2 (no overlapped DOS peaks can be 
found), as shown in Fig. S6. 

Therefore, the N dopant, with the lone pair, acting as the Lewis acid, 
can interact with CO2 (Lewis base) and form a σ bond (overlap of sp2 

hybrid orbitals) and a π bond (overlap of 2p orbitals). During orbital 
mixing, the occupied 1πg orbital of CO2 shares electrons with N 2p 
orbital to achieve charge transfer. 

4. Conclusion 

In summary, we have synthesized the well-connected ZnO nano
particles network and confirmed crystal structures as well as surface 
chemical status. CO2 gas sensing test has been performed in both N2 and 
air background, exhibiting good short-term stability and reproducibility. 
Additionally, the response in N2 background is significantly larger. 

DFT calculations show N-doped ZnO(101) has the highest CO2 
adsorption energy among the four slabs examined (ZnO(101), VO-ZnO 
(101), N-ZnO(101) and O-N-ZnO(101)). It is the only system where CO2 
serves as an electron donor during adsorption process, in agreement 
with the negative sensor response feature upon CO2 exposure in the N2 
background. However, with pre-adsorbed O2, CO2 can no longer 
approach the surface of N-ZnO(101) (dgas-slab = 6.22 Å), which is 
believed to be the cause of the lower response in air background. 
Therefore, in combine with the higher CO2 selectivity of the in-situ 
annealed material than the ex-situ counterpart, N doping is believed 
to be responsible for the CO2 responses. 

Further study concerning the CO2 adsorption on N-ZnO(101) shows 
that CO2 acts as a Lewis base while the N dopant acts as a Lewis acid 
during the adsorption process. The N sp2 hybridized orbitals and N 2p 
orbitals mix with sp2 hybridized orbital of C atom and 2p orbitals of C/O 

Fig. 7. DOS analysis of CO2 adsorption on N-ZnO(101). (a) Local density of states. The insets are corresponding models of the calculated system. (b) LDOS of 
adsorbed CO2, projected DOS of N dopant, and C and O of CO2. The highlighted atoms in insets are corresponding atoms of the plotted PDOS. (c-e) Partial charge 
densities at the energies of − 7.08, − 6.48, and − 1.5 eV vs. Ef, respectively. The red, brown and white spheres correspond to oxygen, carbon and nitrogen atoms, 
respectively. 
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atoms in CO2, and form σ bonds and π bonds, respectively, which are 
responsible for chemisorption. When pre-adsorbed with O2 for mea
surements in air, N 2s/ 2p orbitals mix with O 2s/ 2p orbitals of O2 and 
CO2 can no longer interact with the surface. 

This contribution will not only expand the knowledge of CO2 
sensing, but also will guide design of new functional materials for CO2 
sensing or capture. 
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