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Unraveling the effect of Al doping on CO
adsorption at ZnO(1010)

D. C. Nguyen,® Thanh Khoa Phung,® Dai-Viet N. Vo, ©¢ Tu Hai Le,
Dinh Quang Khieu? and Thong Le Minh Pham @ *"

Understanding the effect of Al doping on CO adsorption at ZnO(1010) is crucial for designing a high-
performance CO gas sensor. In this work, we investigated the adsorption properties of CO on pristine
and Al-doped ZnO(1010) by performing DFT+U calculations. It is found that the doping of Al on
ZnO(1010) induces the semiconductor-to-metal transition and thus enhances the conductance of the

substrate. Compared to the pristine ZnO(1010), the adsorption energy of CO on the Al-doped surfaces is

significantly enhanced since Al doping has the effect of strengthening the adsorption bond. The bonding

analysis reveals that CO adsorbs on pristine ZnO(1010) via the sole c-dative donation between the CO
HOMO 50 and the empty states of the Zn cation while w-back donation from filled states of Zn or Al
cations to the CO 2wt* LUMO is facilitated on the Al-doped surfaces. The w-back donation also results in

the red-shift of the CO stretching frequency on the Al-doped surfaces, contrasting to the blue-shift on
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the pristine surface. The simulated results demonstrate that the doping of Al to a three-fold coordinated

site on ZnO(1010) is highly beneficial for boosting the performance of the CO gas sensor. Our

DOI: 10.1039/d0ra06844f

rsc.li/rsc-advances

1. Introduction

Zinc oxide (ZnO) is an n-type semiconducting material with
a wide bandgap and a large exciton binding energy which has
attracted a growing interest for device applications owing to its
great advantages such as earth-abundance, non-toxicity, and
cost-effectiveness.” The adsorption of small gas molecules, such
as H,, O,, CO, H,S and NH; on ZnO surfaces is one of the most
widely studied problems in surface science, not only because of
its role as a model system to understand the gas-surface
interaction but also due to its great technological importance.
ZnO has become a frequently studied material for various
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theoretical investigation provides fundamental insights into the effect of Al doping on the sensing
mechanism for CO at the ZnO(1010) surface.

important applications which involve the adsorption of CO gas.
For instance, ZnO has been used as a catalyst for chemical
conversions such as CO oxidation reaction** and methanol
synthesis from syngas (CO/H,).*® In particular, ZnO has found
a very useful application in sensing materials for chemo-
resistive CO gas sensors’ " taking advantage of its high elec-
tron mobility, its ease of fabrication, and excellent chemical and
thermal stability. For this reason, understanding the adsorption
properties of CO on ZnO surfaces is crucial for designing novel
CO gas sensors with high sensitivity, especially for the ones that
operate at ambient temperature.

ZnO nanomaterials have been synthesized, characterized,
and tested for gas sensing applications in a variety of
morphologies such as thin films, nanorods, nanowires, nano-
tubes, nanospheres, nanoparticles, etc.'* Although the gas
sensors using ZnO material have shown good sensing proper-
ties, the elevated operating temperatures is the main drawback
which limits their extensive applications. Therefore, consider-
able effort has been devoted to enhancing the sensing response
of the ZnO gas sensors at the ambient operating temperature,
and the surface modification or doping with metal cations have
been proved as a facile and effective approach.*>** Particularly,
the experimental studies have demonstrated that the sensing
response to CO of the gas sensors using ZnO nanoparticles
could be enhanced by doping with Al metal."***> The density
functional theory (DFT) studies on ZnO nanocluster'® and ZnO
nanowire’” have also confirmed the enhancement of CO
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adsorption by the effect of Al doping. In this study, we per-
formed the first-principle calculations to understand the
scientific background for the enhancement of the CO sensing
response on the Al-doped ZnO sensors. We employed the peri-
odic slab model to unravel the effect of Al doping to the
adsorption properties of CO at the surfaces of ZnO nano-
particles which is more appropriate than the cluster model
using in the prior study.* In addition, we focused on analyzing
the change in the nature of bonding between CO and ZnO
surface induced by the doping of Al. It is widely known that ZnO
nanocrystals exhibit four dominating low Miller-index surfaces
and the non-polar ZnO(1010) has been the focus of numerous
experimental and theoretical studies owing to its stable
nature."?° Our theoretical results indicate that Al doping not
only enhances the electrical conductivity of ZnO(1010) but also
strengthens the CO adsorption. Moreover, the strengthening of
the bonding of CO with Al-doped ZnO(1010) was also clarified
by analyzing the density of states (DOS), the charge density
difference (CCD), and the effective Bader charge.

2. Computational methodology

The first-principles DFT** calculations were carried out with
spin-polarization making use of the Vienna Ab initio Simulation
Package (VASP 5.4.1).>>> In the VASP calculations, the interac-
tions between ions and electrons were described by the
projector augmented wave method.”* The generalized
gradient approximation (GGA)*®**° with the PBE exchange-
correlation functional®® was used in this study with a cut-off
energy of 450 eV for the plane-wave. A gamma-center k-point**
with a grid size of 10 x 6 x 1 was used to sample the Brillouin
zone. It is widely known that plain DFT exchange-correlation
functional is not adequate to describe the electronic structure of
ZnO material owing to the self-interaction error.*> Therefore, we
employed the DFT+U method for the calculations in this study and
the Hubbard correction U is applied only for Zn and O atoms on
Zn0(1010) surface. The chosen values of the Hubbard correction U
were 10 eV and 7 eV for Zn and O respectively, which has been
proven accurate in describing the position of Zn-3d and O-2p
bands as well as the band gap of bulk wurtzite ZnO.*

The optimized bulk lattice parameters of wurtzite ZnO are
a=3.092 A and ¢ = 4.980 A by the DFT+U calculation, showing
good agreement with the prior theoretical result*® using the
same calculation method and the experimental value (@ = 3.242
A, ¢ = 5.188 A).* The optimized ZnO unit cell was then used to
construct ZnO(1010) which was modelled as a periodic slab
consisted of 32 Zn and 32 O atoms distributed over 8 atomic
layers. We considered two positions of Al dopant on ZnO(1010),
one is three-fold coordinated Zn;. on the topmost layer and the
other is four-fold coordinated Zn,. on the second layer. The two
positions of Al dopant correspond to two Al-doped surfaces,
namely Al;--doped ZnO(1010) and Al,-doped ZnO(1010). A
vertical vacuum space of 15 A was included in the slab model to
alleviate the interactions between the repeated slabs. In the
course of geometry optimization, the atoms on the top 4 layers
were allowed to relax to their equilibrium positions while the
atoms in the bottom 4 layers were kept fixed to mimic the bulk
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behaviour. The geometry optimization of adsorbed CO on the
surface was considered to be convergent when the tolerance of
the electronic energy (10™° eV) was reached and the residue
forces on each atom were less than 0.03 eV A~*. The adsorption
energy (Eags) of CO on the surface was defined as:

Eads = (Esurface + ECO) - Esurface/CO (1)

where Egurfaces Eco and Egurface/co Were the total energy of the
clean surface, the isolated CO molecule, and the adsorbed CO
on the surface as a whole, respectively. The prior studies®~*’
have shown the importance of the dispersion correction on the
adsorption of small molecules, therefore, we also calculated the
adsorption energy of CO using the dispersion-corrected DFT-D3
method.?**°

3. Results and discussion

3.1. Effect of Al doping on the electronic structure of
Zn0(1010)

It is essential to characterize the typical properties of pristine
and Al-doped ZnO(1010) before investigating the adsorption of
CO. The intrinsic properties of ZnO(1010) have been discussed
in several experimental*®** and theoretical**** studies. There-
fore, we will be focussing on the effect of Al doping on the
geometry and electronic properties of ZnO(1010). The relaxed
structure of ZnO(1010) is depicted in Fig. 1a. It should be noted
that Zn;. and O;. on the topmost layer of the slab are under-
coordinated atoms with three-fold coordination. By contrast,
Zn,. and O, on the second layer are coordinatively saturated
atoms with four-fold coordination. The coordinative unsatura-
tion of Znz. and O;. leads to a pronounced surface recon-
struction on the topmost layer. In particular, the surface
reconstruction of the topmost layer is indicated by the
substantial contraction of Znz.—O3. bond length (from 1.892 A
to 1.741 A) and the buckling of Zn,.-0s. bond (buckling angle of
7.679°). The second layer also undergoes surface reconstruction
although it is quite negligible. Moreover, the surface recon-
struction leads to the marked difference between the bond
length of the interlayer Zn;.—O,. bond and the intralayer Zn;.—
O;. bond (1.815 A vs. 1.741 A). The Bader charges of Zn and O
atoms displayed in Fig. 1a reveals the ionic nature of Zn-O bond
where Zn is an electron donor and O is an electron acceptor. The
band gap of ZnO(1010) by our DFT+U calculation is 1.932 eV
which is closer to the experimental value (3.370 eV) than the
prior results (1.020 eV and 1.160 eV)***” by DFT+U calculations
using the same DFT package but only applying the Hubbard
correction for Zn.

The calculated total energies show that Al,.-doped
Zn0(1010) is thermodynamically more stable than Al;.-doped
Zn0(1010) by 1.090 eV. Therefore, the substitutional doping of
Al to Zn,. is energetically more favourable than to Zn;.. In other
words, Al dopant prefers to stay at a bulk-like position than
a surface-like one which is consistent with the finding from the
prior DFT investigations.*®*® The relaxed structures of the Al-
doped surfaces are depicted in Fig. 1b and c. The doping of Al
causes slight alterations in the surface geometry, and the most

This journal is © The Royal Society of Chemistry 2020
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Fig. 1 Relaxed structure of: (a) ZnO(1010), (b) Alu.-doped ZnO(1010), (c) Als.-doped ZnO(1010). The insert numbers in black and yellow colors

are the values for the bond length and the effective Bader charge.

noticeable changes are the bond lengths around the doping
positions. For instance, Al;.—O3. bonds of Al;.-doped ZnO(1010)
and Znz.—O3. bonds of Al,-doped ZnO(1010) are shorter than
the corresponding bonds of the pristine surface. The total DOSs
of the studied surfaces in Fig. 2a exhibit non-magnetic prop-
erties of the studied surface. Moreover, the doping of Al to
Zn0(1010) induces the semiconductor-to-metal transition, thus
enhances the electrical conductivity of the substrate. The
metallic property of Al-doped surfaces is demonstrated by the
bands crossing the Fermi levels. We also calculated the Bader
charge of each atom on the surfaces, and the results for Al;. and
Al are 1.951e and 2.437e respectively. Therefore, the valence
electrons residing on Al;. and Al,. are 1.049e¢ and 0.563e
respectively. These valence electrons occupy the originally
empty states in the band gap of ZnO(1010) and thus causing the
metallic property of the Al-doped surfaces. Besides, the doping
of Al results in the upward shift of the Fermi level into the
conduction band as the Fermi energy of ZnO(1010), Al;.-doped
Zn0(1010), and Al,.-doped ZnO(1010) are —2.513 eV, —0.312 eV,
and 0.187 eV respectively. The enhancement of the electrical
conductivity of Zn0O(1010) by Al doping is consistent with the
experiment result.'* The projected DOS in Fig. 2b shows
a number of Al;. states in the vicinity of the Fermi level,
therefore, it is likely that the electrical conductivity of Als.-
doped ZnO(1010) is better than Al,.-doped ZnO(1010). Ulti-
mately, Al doping is an effective method for tuning the
conductance of ZnO(1010) and the effect of Al doping on the
electronic structure of Zn0O(1010) is similar to that of graphene-
like ZnO monolayer.*

This journal is © The Royal Society of Chemistry 2020

3.2. CO adsorption on ZnO(1010)

The adsorption properties of CO on the pristine Zn0O(1010) will be
presented serving as the reference point for assessing the effect of
Al doping on CO adsorption. The topmost layer of ZnO(1010)
exposes pairs of coordinately unsaturated Zn;. and Oz, acting as
the active sites for the adsorption of CO. Experimental studies by
ultraviolet photoelectron spectroscopy found that CO adsorbs on
Zn0(1010) via the bonding between C and Znj. cation.”®™ The
adsorption of CO on ZnO(1010) through Znz—C bond was also
later confirmed by the theoretical investigations.”>* We also per-
formed the geometry optimization for different orientations of CO
towards Zn0O(1010) and found that the adsorptive structure with
downward C bound to the top of Zn;, is the most stable one. The
relaxed structure of CO adsorbed on Zn0O(1010) is illustrated in
Fig. 3a and the adsorption properties are summarized in Table 1.
As shown in Fig. 3a, CO adsorbs on ZnO(1010) in a tilted geometry,
and the molecular axis of CO makes with the surface normal an
angle of 33.239°. It should be stressed that the tilted angle found
by our DFT calculations agrees very well with the experimental
value (30°).* We also calculated the C-O bond length and CO
stretching frequency of free and adsorbed CO in order to assess
their changes by the adsorption. The calculated results show that
the C-O bond length is slightly reduced by 0.003 A and the CO
stretching frequency is blue-shifted by 29 cm™" by the adsorption
on Zn0(1010) which agrees well with the experimental result™
(26 cm ™). It should be stressed that the blue-shift of CO stretching
frequency also occur on the surface of other transition metal
oxides such as TiO, (ref. 37 and 55) and CeO,.* The adsorption of
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Fig. 2 (a) Total DOS of ZnO(1010), Aly.-doped ZnO(1010) and Alz.-doped ZnO(1010). (b) Projected DOS of Zns., Znae, Alzc and Alye. The Fermi
levels (Ef) were shifted to O eV and indicated by the gray dashed lines.

CO with C-down configuration on ZnO(1010) is characterized by =~ DFT calculations, and the adsorption energy reported by the DFT-
the adsorption energy of 0.378 eV. The CO adsorption becomes D3+U calculations is 0.575 eV. The adsorption energy of CO on
more stable when the dispersion correction was included in the ZnO(1010) by our calculations is consistent with the experimental

40666 | RSC Adv, 2020, 10, 40663-40672 This journal is © The Royal Society of Chemistry 2020
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Fig. 3 Relaxed structure of adsorbed CO on: (a) ZnO(1010), (b) Aly.-doped ZnO(1010), (c) Alz.-doped ZnO(1010). The insert numbers in black,
green and yellow colors are the values for the selected bond length, the bond angle and the effective Bader charge respectively.

value (about 0.52 eV)***® and the prior theoretical results.***-* The adsorption of CO on ZnO(1010) makes the Znz.~Ojs.
It is worth mentioning that the interaction of CO with the bond become less buckled since the Zn;, is pulled outwardly by
pristine ZnO(1010) is weak, and the adsorption is essentially the interaction with CO. The outward movement of Zn;, in
physisorption. turn, causes a slight elongation of the Zn;.—O bonds, thus

Table 1 Adsorption properties of CO on the pristine and Al-doped ZnO(1010): the adsorption energy (E.qs). the binding distance (d(Zn(Al)-C)),
the C-0O bond length (d(C-0)), the CO stretching vibrational frequency (#(C-0)), shift of the CO stretching vibrational frequency (A»(C-0)) with
respect to that of free CO, and charge on adsorbed CO (Qco). The calculated C-O bond length and CO stretching vibrational frequency of free
CO are 1.144 A and 2124 cm™, respectively

d(Zn(Al)-C) WC-0)  AY(C-O)

Surface Adsorption site DFT method Eqqs (eV) N d(c-0) (A) (em™) (em™) Qco (€)

ZnO Top of Zn DFT+U 0.378 2.127 1.141 2153 +29 +0.046
DFT-D3+U 0.575 2.124 1.141 — — —

Aly-doped ZnO Top of Zn DFT+U 0.482 1.988 1.163 1977 —147 —0.147
DFT-D3+U 0.711 1.985 1.163 — — —

Al;-doped ZnO Top of Al DFT+U 1.118 1.998 1.171 1964 —160 —0.470
DFT-D3+U 1.271 1.989 1.173 — — —

This journal is © The Royal Society of Chemistry 2020 RSC Adv, 2020, 10, 40663-40672 | 40667
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results in a small change in the surface geometry around the and CO-adsorbed ZnO(1010) in Fig. 4a. It could be noticed that
adsorption site Zn;.. To understand the effect of CO adsorption CO adsorption has a small influence on the electronic structure
on the electronic structure, we compared total DOSs of clean of the surface, and the appearance of new electronic states at
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Fig. 4 Total DOS of the surface before and after CO adsorption: (a) ZnO(1010), (b) Aly.-doped ZnO(1010), (c) Alz.-doped ZnO(1010). The Fermi
levels (Ef) were shifted to 0 eV and indicated by the gray dashed lines.
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around —5.6 eV in the valence band is the most notable feature
although the intensity of these states is tiny. Moreover, the band
gap of Zn0O(1010) is enlarged by 0.011 eV by the adsorption of
CO which results in a slight decrease in the electrical conduc-
tivity. The Bader charge analysis indicates that CO acts as an
electron donor and transfers 0.046e to ZnO(1010) in the
adsorption. The electronic structure and the capability towards
CO adsorption explain why high-performance CO gas sensor is
difficult to achieve on the pristine ZnO(1010). It is also the
reason why a great research effort has been put into improving
the sensing performance of ZnO material by doping with metal
elements such as Al.

3.3. CO adsorption on Al-doped ZnO(1010)

Herein, the adsorption properties of CO on Al-doped surfaces
will be discussed. Fig. 3b displays the relaxed structure of CO
adsorbed on Al,.-doped ZnO(1010). The replacement of Zn,. by Al
does not alter the way CO interacts with the surface, and CO
remains adsorbed on top of Zn;. in the C-down configuration.
However, there are some changes in the adsorptive structure, and

30 — free_ CO
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the most important is the decrease of Zn;.—C bond from 2.127 Ato
1.988 A, indicating stronger adsorption of CO on Al,-doped
Zn0(1010) compared to the undoped surface. In fact, the adsorp-
tion energy of CO is increased by 0.104 eV (0.136 eV by DFT-D3+U)
when Zn,, is replaced by Al dopant. By contrast to the adsorption
on Zn0O(1010), the C-O bond length undergoes an elongation by
0.019 A on Al,.-doped ZnO(1010) which results in a red-shift of CO
stretching frequency by 147 cm ™.

On Alz-doped ZnO(1010), Als. cation replaces the role of
Zn;. cation as the most adhesive site for CO, and the length of
the adsorption bond Al;.~C was found to be 1.998 A. The tilted
angle displayed in Fig. 3c (17.685°) demonstrates that adsorbed
CO on Al;.-doped ZnO(1010) is in the least inclined geometry
among the adsorptive structures. The C-O bond length on Al;.-
doped Zn0O(1010) is significantly elongated to 1.171 A and the
CO stretching frequency is red-shifted by 160 cm™'. Conse-
quently, the adsorption energy of CO on Alz.-doped ZnO(1010)
was found to be 1.118 eV (1.271 eV by DFT-D3+U) and is the
largest adsorption energy on the studied surfaces.

Fig. 4b and c show the total DOSs of Al,.-doped ZnO(1010)
and Alz.-doped ZnO(1010) before and after CO adsorption.
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Fig. 5 Projected DOS for: (a) free CO, (b) adsorbed CO on ZnO(1010), (c) adsorbed CO on Aly.-doped ZnO(1010), (d) adsorbed CO on Als.-
doped ZnO(1010). The Fermi levels (Ef) were shifted to 0 eV and indicated by the gray dashed lines.
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Overall, the vicinity of the Fermi level experiences slight
changes caused by CO adsorption, particularly the appearance
of the partially filled electronic states contributed from adsor-
bed CO. By contrast to the pristine surface, Al-doped counter-
parts are electron donors in the adsorption of CO. In particular,
the Bader charge analysis reveals that Al,.-doped ZnO(1010) and
Alz-doped ZnO(1010) transfer 0.147e and 0.470e to CO respec-
tively. It is worth noting that the electron transfer to CO from
Al;-doped ZnO(1010) is mainly from Al cation while that from
Al,-doped ZnO(1010) is originated from the surface ions near
the adsorption site Znj..

3.4. Discussion

As have been discussed above, the adsorptions of CO on
Zn0(1010) and Al-doped ZnO(1010) occur via the bonding with
Zns. or Als. cation. The striking contrast in the adsorption
properties is CO stretching frequency which is blue-shifted on
the undoped surface but is red-shifted on the Al-doped coun-
terparts. The adsorption of CO on ZnO(1010) is occurred by
chemical interactions, however, it has been suggested that the
blue-shift of CO stretching frequency is attributed to the elec-
trostatic interaction of CO with the electric field induced by the
surface ions (the Stark effect) which results in a polarization of
CO molecule.******> The projected DOSs of free and adsorbed CO
were plotted in Fig. 5 to shed light on the nature of chemical
interactions between CO and the surfaces. Fig. 5a clearly
demonstrates that non-bonding 5c¢ is the highest occupied
molecular orbital (HOMO) and anti-bonding 27* is the lowest
unoccupied molecular orbital (LUMO). Fig. 5b shows small
hybridizations between the projected DOSs of CO HOMO 5c
and Zn;. and the downward shift of CO HOMO 5c after the
adsorption on ZnO(1010). Moreover, the Bader charge analysis
has shown that CO donates 0.046e to ZnO(1010) in the
adsorption. These characteristics in combination reveal the o-
dative bond between CO HOMO 50 and the empty states of
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Zn;.. Besides, the degeneracy of CO LUMO 27t* is lifted after the
adsorption which is most likely due to the polarization of CO
molecule on ZnO(1010). It is worth mentioning that the energy
level of CO LUMO 27t* is considerably higher than the Fermi
energy of ZnO(1010), thus the m-back donation from the
undoped surface to CO 27t* LUMO is not likely to occur and the
adsorption bond is solely the o-dative bond. The CDD analysis
for CO adsorbed on Zn0O(1010) in Fig. 6a further validates the
point. As shown in the two-dimensional CDD contour plot, the
shape of the accumulation region between CO and Zn0O(1010)
exhibits the characteristics of the o-dative bond.

The adsorption energy of CO on the Al-doped surfaces is
significantly larger than on the undoped counterpart, therefore
it is obvious that Al doping has a profound effect on the nature
of the adsorption bonds. The degree of the downward shifts of
CO HOMO 50 in Fig. 5b-d reveal the relative strength of the o-
dative bond between CO and the surfaces: ZnO(1010) < Al
doped ZnO(1010) < Als-doped ZnO(1010). It is also worth
recalling here the fact that the Fermi energy of the Al-doped
surfaces is tuned upwards into the conduction band, making
it closer to the energy level of CO LUMO 27t*. Thus, the m-back
donations from the Al-doped surfaces to CO 2m* LUMO are
facilitated, leading to the elongation of C-O bond length and
the red-shift of CO stretching frequencies. The m-back dona-
tions are also demonstrated by the partial occupations of CO
LUMO 2m* and the splitting of the projected DOSs after the
adsorptions as shown in Fig. 5c and d. Moreover, the two-
dimensional CDD contour plots in Fig. 6b and c also exhibit
the characteristics of the m-back donations from the Al-doped
surfaces to CO. The amount of charge transfer from the Al-
doped surfaces to CO in the adsorption indicates that the -
back donation to CO from Al;-doped ZnO(1010) is notably
stronger than from Aly.-doped ZnO(1010) owing to a larger
number of valence electrons residing on Al;. than on Zn;.. The
relative strength of the m-back donations also demonstrates why

©)

Fig.6 Two-dimensional charge density difference contour plot for: (a) adsorbed CO on ZnO(1010), (b) adsorbed CO on Aly.-doped ZnO(1010),
(c) adsorbed CO on Alz.-doped ZnO(1010). The solid red line and dashed blue line represent an electron accumulation and an electron depletion

respectively.
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C-O bond length on Al;.-doped ZnO(1010) is longer than on
Aly-doped ZnO(1010). Moreover, the 7-back donation domi-
nates the o-dative bond in the adsorption of CO on Al;.-doped
Zn0(1010), making the big difference in the adsorption energy
of CO on Al;-doped ZnO(1010) and ZnO(1010). It is interesting
to note that the enhancement of CO adsorption by the effect of
Al doping is also found for ZnO nanoclusters,*® ZnO nanowire’
and graphene-like ZnO monolayer.*

4. Conclusions

By performing the DFT+U calculations, we have investigated the
adsorption properties of CO on pristine and Al-doped
Zn0O(1010) in an effort to understand the effect of Al doping
on the sensing mechanism of CO at ZnO(1010). Two Al-doped
surfaces corresponding to two doping positions of Al, three-
fold coordinated site on the topmost layer and four-fold coor-
dinated site on the second layer, were considered in this study.
The electronic structure analysis reveals the metallic property of
the Al-doped surfaces and thus the doping of Al to ZnO(1010)
enhances the electrical conductivity of the substrate. The
adsorption of CO is stabilized on the Al-doped surfaces since Al
doping has the effect of strengthening the adsorption bond. The
adsorption of CO on the pristine surface is driven by the sole o-
dative bond between CO HOMO 5¢ and the empty states of Zn
cation while the 7-back donation from the surface cation to CO
27* LUMO is facilitated by the effect of Al doping. The m-back
donation is also responsible for the red-shift of CO stretching
frequency on the Al-doped surfaces. Our simulated DFT results
indicate that the Al dopant at the three-fold coordinated site
produces more beneficial effects on the performance of the CO
gas sensor than at the four-fold coordinated site.
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