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Developing convenient, fast-response and high-performance formaldehyde detection sensor is significant
but challenging. Herein, two CeO, phases (Fm3m and P4,/mnm), three facets (Ce0,(100), CeO,(110) and
Ce0,(111)) and three adsorption sites (top, bridge and hollow) are selected as substrate to interact with
formaldehyde. Twenty-eight candidated transition metals (TM) are doped on CeO, surfaces to investi-
gate the performance of detecting formaldehyde by density functional theory. It shows that (i) CeO, in
a cubic fluorite structure with the space group Fm3m is suitable for formaldehyde adsorption compared
with P4,/mnm; (ii) TM-Ce0,(100) (TM =Au, Hf, Nb, Ta, Zr) are considered as candidated materials to
absorb formaldehyde ascribed to lower adsorption energies. The d-band center, partial density of states,
charge density difference and electron localization function are employed to clarify the mechanism of
TM-doped CeO, improving the performance of formaldehyde adsorption. It obviously displays that TM
doped Ce0,(100) changes the d orbit and rearranges electrons resulting in the superior ability to the
adsorbed formaldehyde. This work provides theoretical guidance and experimental motivation for the

development of novel formaldehyde sensor based on metal oxide semiconductor materials.
© 2022 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Formaldehyde (HCHO) is one kind of colorless poisonous
volatile organic compounds (VOC) synthesized by the oxidation of
methanol and widely used as an antiseptic, disinfectant and his-
tologic fixative [1]. It is unavoidably released from artificial build-
ing decoration materials including coatings, paints, and resins [2].
Previous reports have shown that high-dose exposure increases
the risk of acute poisoning and long-term exposure could lead to
chronic poisoning or even cancer [3]. The International Agency for
Research on Cancer (IARC) classified HCHO as a Group I carcinogen
[4,5]. In addition, the World Health Organization (WHO) set the
HCHO exposure limit as 0.08 ppm within 30 min [6]. Thus, the de-
velopment of HCHO detection technology is great of urgent to daily
life and industrial applications. The traditional techniques for the
detection of HCHO include gas chromatography [7], electrochem-
istry [8] and spectrophotomete [9]. However, these detection tech-
niques show many disadvantages, such as bulky equipment and
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complex detection steps [10]. Therefore, it is significance to de-
velop convenient, fast-response and high-performance HCHO sen-
SOT.

Compared to bulky equipment, gas sensors based on metal ox-
ide semiconductor (MOS) has recently attracted more attention
owing to small size, low cost and facile operation [11-13], such
as CeO,, SiO,, Al;03 and TiO, [14]. Among them, CeO,, featured
by remarkable redox properties associated with facile conversion
of Ce*+ to Ce?* and strong interaction with metal, is widely in-
vestigated [15]. Many researchers have reported the excellent per-
formance of CeO, in the detection of HCHO based on experiment
results. Shahid et al. [16] prepared CeO, polyhedral nanostruc-
tures with highly exposed surface area. The result was shown that
gas sensing response to HCHO is better than that of other tar-
get gasses at 150 ppm. Zhang et al. [17] provided ultra-thin CeO,
nanosheets by a simple low-temperature hydrothermal method. It
exhibited a fast response to 5-400 ppm HCHO vapor. D. S. Daniel
et al. [18] proposed doping Zn ions into CeO, films and observed
an obvious HCHO response in a lower detection (0.5 ppm) at 32 °C.
The above works have proved that CeO, is a potential metal oxide
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material for HCHO detection. However, these reports are obtained
through prolonged trial and error, bulky equipment and complex
experimental procedures. Therefore, it is of great significance to
propose a simple method to improve the ability of CeO, to detect
HCHO instead of the traditional experiment.

Density functional theory (DFT) [19] is a computational quan-
tum mechanical modeling method used in physics, chemistry and
materials science. It is widely used to explore materials for the de-
tection of HCHO. For example, Deng et al. [20] studied the elec-
tronic properties of TM (TM =Ni, Pt, Ti, Pd) doped MoS, and the
adsorption of HCHO on these monolayer 2D structures by DFT,
shows that TM-doped can substantially improve the sensitivity to-
wards HCHO. [21] Jing et al. [22] used the density functional theory
with Hubbard U correction (DFT+U) to study the effect of Au dop-
ing CeO, on the adsorption HCHO. The authors believed that Au
doping promoted the activation of surface oxygen and promoted
the adsorption of HCHO. Hence, as a detection descriptor, adsorp-
tion can be employed to describe the performance of HCHO ad-
sorption sensor. TM-doped CeO, to improve the adsorption capac-
ity of HCHO by using DFT is considered to be an effective measure
to improve the ability to detect HCHO. However, to the best of our
knowledge, there is still a lack of relevant reports.

Inspired by above reports, two CeO, phases (Fm3m and
P4, /mnm), three facets (CeO,(100), CeO,(110) and CeO,(111)) and
three adsorption sites (top, bridge and hollow) are proposed to
elucidate stability for HCHO adsorption. Afterwards, twenty-eight
candidated TMs are doped on CeO, to simulate the adsorption
performance of HCHO. It is found that CeO, in a cubic fluorite
structure with the space group of Fm3m is favorable to HCHO ad-
sorption compared with the CeO, (P4,/mnm) base on DFT simu-
lation. TM-CeO, (TM = Au, Hf, Nb, Ta, Zr) are considered as candi-
dated materials for absorbing HCHO due to their lower adsorption
energies than the other twenty-five TM-CeO,. Finally, the d-band
center, partial density of states and charge density difference are
employed to explain the mechanism of improving the adsorption
capacity of HCHO. The simulation solid date reveals that the im-
proved performance of CeO, of adsorbing HCHO by doping TMs
ascribed to the electron rearrangement and hybridization of Ce and
TMs orbitals. The present work provides a beneficial guidance for
exploring practical applications of the transition metal-doped CeO,
as superior HCHO detection materials.

All the density functional theory calculations are carried out in
the Vienna Ab-initio Simulation Package (VASP) [23], and VASPKIT
[24] is used to post-process the data calculated by VASP. The gen-
eralized gradient approximation (GGA) is used with Perdew-Burke-
Ernzerhof (PBE) [25,26] exchange- correlation functional. The Pro-
jector augmented-wave (PAW) method is used to deal with the
core electrons, and the valence electrons are described by a plane
wave basis set with a cutoff energy of 450eV. The adsorption
energy and electronic properties are calculated by k-point grid
(1x1x1)and (4 x4 x 1) Monkhorst-Pack grids, respectively. In or-
der to avoid the interaction between periodic structures, the vac-
uum layer is set to 15A, and the convergence criteria of force and
energy are set to 0.03 eV/A and 10-5 eV, respectively.

The adsorption energy (E,4s) of HCHO adsorbed on CeO, surface
that measures the strength of the interaction between HCHO and
the surface, is calculated as

Eads = Etotal - Esubstrate - EHCHO (1)

where E;q1, Esupstrate aNd Eycyo represent the total energy of CeO,
adsorbing HCHO, the energy of CeO, substrate and the energy of
HCHO molecules in vacuum, respectively. It is be considered ad-
sorption energies below —0.5eV to be ‘strong’, or chemisorbed,
while adsorption energies above —0.5eV to be ‘weak’, or ph-
ysisorbed in this work [27].
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Table 1
C-0 bond length of HCHO adsorbed on «-CeO, and $-CeO, surfaces.

Facets Adsorption site

Top Bridge Hollow
«-Ce0,(100) 1.30233 1.33086 1.43549
«-Ce0,(110) 1.21506 1.22334 1.43392
a-Ce0,(111) 1.25446 1.42322 1.41049
B-Ce0,(100) 1.43502 1.42711 1.42614
B-Ce0,(110) 1.29739 1.32099 1.32985
B-Ce0y(111) 1.21724 1.23043 1.22616

The binding energy (Epinging) Of TMs doped CeO, is calculated
as follows:

Ebinding = Etotal - Etotal—TM —Em (2)

Among them, Eiy), Eioratv @nd Ery represent the energy of
TM doped CeO,, the energy of TM doped CeO, without TM, and
the energy of a metal atom in vacuum, respectively. The negative
value of Ey;.qi, indicates that the doping of TM is an exothermic
reaction. In general, the more negative their values are, the more
stable the adsorption is.

In order to simulate the sensitivity of selected TM-«-Ce0,(100)
(TM = Au, Hf, Nb, Ta, Zr), characteristics between sensor response
and the current-voltage are calculated based on the nonequilib-
rium Green’s function formalism of the SMEAGOL package [28].
The double-zeta basis with a cut off energy of 600 Ry and
generalized gradient approximation of Perdew—Burke—Ernzerhof
were used. The Brillouin zone is set on 1x8 x 10 and 1 x 10 x 10
Monkhorst-Pack k-meshes in the electrode and transport calcula-
tions, respectively.

Two Ce0O, phases, noted as «-CeO, and S-CeO,, are employed
to simulate. As shown in Fig. S1a (Supporting information), «-
Ce0, in a cubic fluorite structure with the space grouping Fm3m
[29]. Ce is surrounded by eight nearby O, while O is surrounded
by four nearby Ce. The lattice parameters are a=b=c=>5.411A4,
o = B=y=90° As shown in Fig. S1b (Supporting information,
B-Ce0, with the space group is P4,/mnm and the lattice constant
is a=b=5.135A, c=3.636A, o = B=y=90° in order to com-
pare with «-Ce0,. The low index surfaces of CeO, are Ce0,(100),
Ce0,(110) and CeO,(111) [30,31]. The surfaces of «-CeO, and
B-Ce0, before and after optimization are demonstrated in Figs.
S1c-f (Supporting information) and Figs. S1g-1 (Supporting infor-
mation), respectively. According to previous report, the most favor-
able configuration for HCHO adsorption over stoichiometric oxides
is normal to the surface with the oxygen bound to the metal cation
[32]. The three sites (top, bridge and hollow) of HCHO adsorbed
vertically on «-CeO, and B-CeO, surfaces above Ce atom are se-
lected in Fig. S2 (Supporting information).

After structural optimization, eighteen stable models are ob-
tained. The adsorption energies and C-O bond length (d) of HCHO
are used to evaluate the adsorption stability of HCHO on three
facets. As describe in Table 1 and Figs. 1a and b, the lowest
adsorption energies of HCHO on «-Ce0,(100), «-Ce0,(110), «-
Ce0,(111), B-Ce0,(100), B-Ce0,(110), B-CeO,(111) are —2.99eV,
—149eV, -1.56eV, —3.67eV, —1.50eV and —1.35eV, respectively.
It is considered that adsorption energies below —0.5eV is to be
‘strong’, or chemisorbed [27]. All of them are lower than —0.5eV,
indicating that the adsorption of HCHO on CeO, belongs to chem-
ical adsorption. It is worth noting that their corresponding bond
lengths are longer than the other two adsorption sites. For in-
stance, adsorption energies of «-Ce0,(100) on three sites are hol-
low (—2.99eV) > bridge (—1.51eV) > top (—1.12eV). Their corre-
sponding C-0 bond length are hollow (1.44A) > bridge (1.33A) >
top (1.30A). The more negative adsorption energy and the longer
bond distance with interacting of CeO, surfaces and HCHO indi-
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Fig. 1. Adsorption energies of HCHO at three adsorption sites (top, bridge and hollow) of (a) «-CeO, and (b) B-CeO,. Binding energies of TM doping at two sites of (c) «-
Ce0,(100) and (d) B-Ce0,(100). Yellow and green spots indicate that TMs are doped on anchoring site and doping site, respectively. Adsorption energies of HCHO adsorbed
by (e) TM-«-CeO; and (f) TM-B-Ce0, (TM =Sc, Ti, V, Cr, Mn, Fe, Co, Ni, Cu, Zn, Y, Zr, Nb, Mo, Ru, Rh, Pd, Ag, Cd, Hf, Ta, W, Re, Os, Ir, Pt, Au, Hg).

cate higher performance to adsorb HCHO. Therefore, the orders
of adsorption capacity of HCHO on CeO, are «a-Ce0,(100) > «-
Ce0,(111) > «-Ce0,(110) and B-Ce0,(100) > B-Ce0,(110) > B-
Ce0,(111). The hollow site for HCHO of «-Ce0,(100) and the top
site for HCHO of B-Ce0,(100) are employed in the following sim-
ulation.

In order to explore the favorable adsorption sites to TMs dop-
ing on CeO,, 28 candidate TMs (TM =Sc, Ti, V, Cr, Mn, Fe, Co, Ni,
Cu, Zn, Y, Zr, Nb, Mo, Ru, Rh, Pd, Ag, Cd, Hf, Ta, W, Re, Os, Ir, Pt,
Au, Hg) are designed to investigate their binding energies at an-
choring site and doping site of CeO,. The structural models are
displayd in Fig. S3 (Supporting information). According to the com-
parison of binding energies (Figs. 1c and d), it is show that (i) for
TM-«-Ce0,(100), most of TMs are apt to be doped at the doping
site, while Pt and Au are more squint towards be doped at the
anchoring site. For TM-£-Ce0,(100), TMs before the VIB group of
the elements periodic table are apt to be adsorbed at the doping
site. However, the TMs after the VIIB group of the elements peri-
odic table are more inclined to be adsorbed at the anchoring site
(except Fe); (ii) TMs doping is an exothermic reaction in virtue of
their binding energies below 0eV (except for IIB group TMs since
they with no incomplete d shell and their electronic properties
are not active). In the following simulation, doping site for TM-«-
Ce0,(100) is employed to adsorb HCHO. As for TM-f-Ce0,(100),
we use sites that TMs are more inclined to doping.

To explore the adsorption capacity of TM doped «-Ce0O,(100)
and B-Ce0,(100) to with HCHO, their adsorption energies and
electronic properties are calculated. The calculated results of ad-
sorption energies are displayed in Figs. 1e and f. Among them,
the adsorption energies of five TM doped «-Ce0O,(100) are lower
than «-Ce0,(100). They are Zr-o-CeO, (—3.70eV), Nb-w-CeO,
(=3.47 V), Hf-a-Ce0, (—3.23eV), Ta-a-Ce0, (—3.09eV) and Au-
o-Ce0, (—3.07eV), respectively. It indicates that the adsorp-
tion capacity of CeO, for HCHO is slightly enhanced owing to
five TMs doped. However, the adsorption energies of TM doped
B-Ce0,(100) are higher than B-Ce0,(100), indicating that o-
Ce0,(100) is more suitable for adsorbing HCHO. The transition
states and the structural parameters of HCHO adsorb at TM-«-
Ce0,(100) (TM = Au, Hf, Nb, Ta, Zr) are displayed in Figs. S4 and S5
(Supporting information), respectively. The d(Ce-O) and A(H-C-H)

of TM-«-Ce0,(100) are smaller than «-CeO,(100). It is consistent
with the result of adsorption energies.

Partial density of states (PDOS) and d-band center are used to
further explain the mechanism that TM doped «-Ce0O,(100) in-
creases the CeO, adsorption capacity of HCHO. As shown in Fig. 2a,
the d orbitals of TMs and the d orbitals of Ce hybridized obviously
from —6eV to —4eV. The d orbitals of Ce have obviously changed
indicating that TM doped changes the d orbit of Ce, rearranges the
electrons of the Ce, result in TMs can be stably doped on the sur-
face of CeO,. According to above results, it is concluded that the
adsorption performance of HCHO on «-Ce0,(100) is stronger than
HCHO on B-Ce0,(100).

The d-band center of Ce is calculated using the following
method (Eq. 3):

S= nq(e)ede

4= /2, ng(e)de

In general, the shift of d-band center away from the Fermi level
will increase the filling of the antibond state, thus weakening the
adsorption of the adsorbent, otherwise it will enhance the adsorp-
tion of the adsorbent [33]. In our results, the d-band of TM-«-
Ce0,(100) (TM = Au, Hf, Nb, Ta, Zr) are closer to the Fermi level
than «-Ce0,(100), illustrating that TM doped increases the bond-
ing state and led to the enhancement of the interaction between
Ce and HCHO. Similarly, we find that the fermi level of HCHO ad-
sorbed TM-«-Ce0,(100) (TM = Au, Hf, Nb, Ta, Zr) have a red shift
(Fig. 2b). Therefore, TM doped decreases the free energy of -
Ce0,(100), resulting in more stable structure [34].

The Charge density difference (CDD) is employed to further
clarify the electron transfer mechanism of HCHO adsorbed on TM-
«-Ce0,(100), it is calculated by Eq. 4.

(3)

(4)

In the formula, pPTM.ce02-HCHO, PTM-ce02 and pPpcho are the
charge densities of HCHO adsorbed on TM-«-CeO,(100), «-

Ce0,(100) and isolated HCHO molecule, respectively. As displayed
in Fig. 2¢, the yellow and cyan areas denote the charge accumu-
lation and loss, respectively. It reveals that the C atom of HCHO
obtains electrons from two Ce atoms of «-Ce0,(100). After doping
TM, the C atom with HCHO is inclined to obtain electrons from TM

P = PTM-Ce0,—HCHO — PTM-Ce0, — [PHCHO
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Fig. 2. (a) PDOS of HCHO adsorb at TM-o-Ce0,(100) (TM = Au, Hf, Nb, Ta, Zr). 0eV represents Fermi level. The black lines represent the D-band of Ce in HCHO adsorb at
TM-a-Ce0,(100) (TM = Au, Hf, Nb, Ta, Zr). (b) The DOS of HCHO adsorb at TM-a-Ce0,(100) (TM = Au, Hf, Nb, Ta, Zr). (c) The charge density difference of TM-x-Ce0,(100)

(TM = Au, Hf, Nb, Ta, Zr).
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Fig. 3. Electron localization function of HCHO adsorb at TM-¢-Ce0,(100) (TM = Au,
Hf, Nb, Ta, Zr). The white arrow points to the adsorption site of CeO, surface and
HCHO, and the connection of TMs to HCHO indicates strong adsorption capacity.
The saturation value is 0.1.
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Fig. 4. Current—voltage characteristics along the TM-a-Ce0,(100) (TM = Au, Hf, Nb,
Ta, Zr) directions for sensing responses of HCOH.

result in forming covalent bonds of C of TM. Additionally, electron
localization function (ELF) maps confirm that HCHO has a strong
bonding with TM-a-Ce0,(100) (TM = Au, Hf, Nb, Ta, Zr) but a weak
interaction with «-Ce0,(100) (Fig. 3). Hence, the TM doped pro-
mote the adsorption of HCHO on TM--Ce0,(100).

Fig. 4 shows the current—voltage characteristics along the TM-
a-Ce0,(100) (TM =Au, Hf, Nb, Ta, Zr) after the adsorption of a
HCHO molecule. When a voltage of 0.4V is applied, the sensing

response is the highest for HCHO for all of transport directions. As
an applied voltage increases, the sensing response follows the or-
der, Au >> Zr > Nb > Hf > Ta > substrate. Therefore, at an applied
voltage of 0.4V, it is concluded that Au-«-Ce0,(100) shows excel-
lent sensitivity performance than other TM-¢-CeO,(100) sensor.

In conclusion, we proposed two CeO, phases (Fm3m and
P4, /mnm), three facets (CeO,(100), Ce0,(110) and CeO,(111)) and
three adsorption sites (top, bridge and hollow) as substrate mod-
els. DFT calculation reveals that (i) The hollow site for HCHO of
«-Ce0,(100) and the top site for HCHO of B-Ce0,(100) are con-
sidered to be suitable for the adsorption of HCHO by comparing
adsorption energies; (ii) TM-a-Ce0,(100) (TM = Au, Hf, Nb, Ta, Zr)
are screened as candidate materials to absorb HCHO on account of
TM doped improves the performance of adsorbing HCHO; (iii) TM
doped changes the d orbit, rearranges the electrons of Ce, causes
«-Ce0,(100) with lower free energy result in TM doped improves
the performance of w-Ce0,(100) for adsorbing HCHO; (iv) C atom
gets electrons and forms covalent bond with TM contribute to im-
prove the performance of surfaces for adsorbing HCHO. These find-
ings would provide a route to design HCHO sensor materials with
superior performance.
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