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Abstract: This work implements first-principles simulations in order to investigate the Ni-decorating
property on the ZnO monolayer and the sensing property of the Ni-decorated ZnO (Ni-ZnO) mono-
layer upon CO and HCHO molecules formed in the dry-type transformers. The results reveal that the
Ni dopant is stably anchored on the Tg site of the ZnO surface forming the Ni-Zn and Ni-O bonds
with the binding energy (E},) of —1.75 eV. Based on the adsorption energy (E,4) of —1.49 and —2.22 eV
for CO and HCHO on the Ni-ZnO monolayer, we determined the chemisorption for two such systems.
The band structure (BS) and atomic density of state (DOS) of the gas adsorbed systems are analyzed
to comprehend the electronic property of the Ni-ZnO monolayer in the gas adsorptions. Besides, the
change of bandgap and work function uncover the sensing potential of Ni-ZnO monolayer upon CO
and HCHO detections, with admirable electrical response (15,394.9% and —84.6%). The findings in
this work manifest the potential of Ni-ZnO monolayer for CO and HCHO sensing to evaluate the
operation condition of the dry-type transformers.

Keywords: Ni-ZnO monolayer; dry-type transformers; sensing property; first-principles theory

1. Introduction

Dry-type transformers are widely applied in electrical systems to transmit and trans-
form electricity [1]. In these systems, the epoxy resin, as the insulating medium, plays
a significant role in keeping the safe operation of such equipment from some insulation
defects, including partial overheat and discharge [2]. To promote the performance of
the epoxy resin, some chemical addition, such as epoxy chloropropane (ECH), would be
added to increase the burning point so as to avoid certain burning accident of the dry-type
transformers [3]. Even though inevitable defects, especially partial overheating, such in-
ner transformers would decompose the epoxy resin into several gas compounds [4]. As
reported, the dominant gas species of the epoxy resin are CO and HCHO [5], which would
be diffused around the transformer substation and pose a great challenge for maintenance
workers. Besides, the formation of these gas species indicate the deteriorated quality as
well as the weakened insulation performance of the epoxy resin, which would threaten
the good operation of the dry-type transformers [6]. Considering this, CO and HCHO
are regarded as the typical gases to reflect the operation status of the transformers and
performing their detections is an effective approach to monitor the operation condition of
the whole power system and the personal safety of the maintenance workers [7].

Gas sensing using the nanomaterials, especially the 2D buddies, has become very eye-
catching in recent years, and pronounced attention has been for their applications in many
fields [8-10]. Specifically, the past few years have witnessed great success in graphene-
based materials for gas detections [11-13]. In the meantime, scholars are making every
effort to explore graphene-like materials with similar or even more excellent properties for
gas sensing use [14]. Recently, a ZnO monolayer with a 2D one-atom-layered structured by
periodic Zn-O hexatomic rings was discovered. It was demonstrated to have admirable
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electronic properties and good chemical stability [15]. Also, there have several reports
about transition metals (TM) decorated ZnO monolayer for toxic gas detections [16-18]. In
this regard, one can assume that the TM-decorated ZnO monolayer would be a promising
material for sensing CO and HCHO in the dry-type transformers to evaluate its operation
conditions accordingly.

In this paper, we selected the Ni metal as the representative dopant to decorate the
pristine ZnO surface and to study the sensing performance of Ni-decorated ZnO (Ni-ZnO)
monolayer upon two toxic gases, namely CO and HCHO, based on the first-principles
theory. As reported, the Ni dopant can largely enhance the adsorption performance of the
2D nanomaterials therefore promote the sensing response of the whole system [19,20] due
to its desirable catalytic behavior in the gas interactions. Also, there have been several
reports concerning the admirable structural and electronic properties of Ni-decorated
ZnO [21,22]. In this aspect, it is hopeful that the Ni-ZnO monolayer can conduct satisfied
adsorption and sensing behaviors in the gas systems given its favorable sensing property
upon CpHj in the previous experimental report [23]. Therefore, we provided first-principles
calculations to further investigate the sensing mechanism of the Ni-ZnO monolayer upon
gas species, which to some extent can give guidance for exploring novel sensing materials
from an experimental point of view as well. This work aims to explore the potential of
the Ni-ZnO monolayer as a remarkable gas sensor to evaluate the working status of the
dry-type transformers via faults gas detections, which is beneficial for guaranteeing the
good operation of the power system.

2. Computational Details

All of the first-principles simulations are with spin-unrestricted set within the DMol®
package [24], in which we selected the Perdew-Burke-Ernzerhof (PBE) function and the
generalized gradient approximation (GGA) to treat the exchange correlation interaction [25].
The Van der Waals force and long-range interactions were treated by the DFT-D2 method
with corrected dispersion [26]. The Monkhorst-Pack k-point mesh of 10 x 10 x 1 was
adopted for the Brillouin zone integration [27]. We defined the energy tolerance accuracy,
self-consistent loop energy, and global orbital cut-off radius to be 107> Ha, 10~® Ha and
5.0 A [28], respectively. A 4 x 4 x 1 ZnO supercell, with 16 Zn atoms and 16 O atoms,
was configured to model the pristine ZnO monolayer, and a vacuum region of 20 A was
determined to avoid the adjacent units’ interactions [29]. Moreover, the Hirshfeld method
was used to consider the charge-transfer value (Qr) of the gas species in adsorptions as
well as the atomic charge of Ni dopant in the Ni-ZnO system.

3. Results and Discussion
3.1. Analysis of Ni-ZnO Monolayer

To investigate the Ni-decorating behavior on the intrinsic ZnO surface, we select
several possible decorating sites, including To (on the top of O atom), Tz, (on the top of
the Zn atom), Bz,_o (on the bridge site of Zn-O bond), and Hz,,_o (on the top of the hollow
site of Zn—-O ring). In the meantime, the binding energy (E},) is introduced to reflect the
binding force between the Ni dopant and the ZnO monolayer, calculated by:

Ep = ENi—zn0 — Ezno — Eni 1)

wherein Eni—zn0, Ezno and Eyj indicate the energies of the Ni-ZnO monolayer, isolated
ZnO monolayer and Ni atom, respectively. By Equation (1), the final decorating site, with
the most negative Ey, is determined. The Ni-decorating process is plotted in Figure 1,
in which the charge density difference (CDD) of the determined Ni-ZnO structure and
the other possible configurations for Ni-ZnO monolayer are plotted as well. Also, we
study the Ni-embedded behavior within the ZnO monolayer by replacing a Zn atom
by the Ni atom for better comparison, which with related analyses can be found in
the Supplementary File Figure S1. Through such comparison, we finally determine the
Ni-decorating in the following calculations.
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Figure 1. Ni-decorating behavior on the ZnO monolayer (a) pristine ZnO monolayer, (b1,b2) deter-
mined structure and related CDD of Ni-ZnO monolayer, (c,d) other possible configurations f Ni-ZnO
monolayer. In CDD, In CDD, the green areas are electron accumulation while the violet areas are
electron depletion with the isosurface of 0.01 eV /A3,

In the pristine ZnO system, the Zn-O bond is obtained as 1.90 A and the constant
lattice is 3.30 A, which are in agreement with the previous report [30]. For Ni-decorating
process, it is interesting to note that after geometric optimization, the Ni dopant at the
Bzn-o site suffers somewhat displacement and moves to the T site eventually, and the To
site according to our calculations is regarded as the most preferred one for Ni-decorating
on the pristine ZnO surface. On the T site, the Ni dopant is bonded with the underlying
O atom and three neighboring Zn atoms, and the Ni-O and Ni-Zn bonds are obtained
as 1.80 and 1.54 A, respectively. Besides, the E}, for this site is calculated to be —1.75 eV,
much more negative than those on the other sites (—0.41 eV for the Tz, site and —0.82 eV
for the Hz,,_o site which suggests that the good spontaneity and chemical stability for
Ni-decorating on the ZnO surface at the top of the O atom [31]. Moreover, the vibrational
analysis further verifies the chemical stability of the Ni-ZnO monolayer, by which the
frequencies are ranging at 47.97~1353.83 cm !, without the imaginary frequency [32]. Also,
the Ni dopant is positively charged by 0.080 e, suggesting its electron-donating property
when decorating on the ZnO surface that may ascribe to its weaker electronegativity than
the O atom [33]. From the CDD, there are strong electron depletion on the Ni dopant
and electron accumulation on the Ni-O and Ni—-Zn bonds, which not only supports the
electron-releasing property of the Ni dopant form the Hirshfeld analysis but also verifies
the strong orbital interaction and binding force in the new-formed bonds which contributes
to such negative E,.

The band structure (BS) of the pristine and Ni-decorated ZnO monolayer as well as
the atomic density of state (DOS) of the new-bonded atoms in the Ni-ZnO systems are
exhibited in Figure 2 to understand the electronic property of the ZnO monolayer through
Ni-decorating. For the BS of the pristine ZnO monolayer, it is seen that its bandgap is
obtained as 1.867 eV, agreeing with the previous report using the PBE function [34]. In
terms of the Ni-ZnO monolayer, the bandgap in the current work is obtained as 0.896 eV,
decreased by 0.971 eV compared with the pristine counterpart (that is, the Ni dopant
induces a few novel states within the bandgap of the ZnO system, therefore narrowing its
bandgap [18], which would be beneficial to enhance the chemical reactivity and electron
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mobility of the whole system). From the atomic DOS of Ni, O and Zn atoms, one can see
that the Ni 34 orbital is highly overlapped with the O 2p orbital around the Fermi level
and is somewhat overlapped with the Zn 3d orbital at the state deep in the conduction
band. In other words, the Ni dopant has much stronger orbital interaction with the O atom
compared with the Zn atom. Overall, the Ni dopant conducts desirable binding force with
the ZnO surface through decorating at the T site, which gives rise to the good chemical
stability of the Ni-ZnO monolayer.
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Figure 2. BS of (a) pristine ZnO monolayer (b) Ni-ZnO monolayer, and (c) atomic DOS of new-
bonded atoms. In BS, the black value is the bandgap while in DOS the dash line is the Fermi level.

3.2. Analysis of Gas Adsorptions

The adsorption performance of the Ni-ZnO monolayer upon CO and HCHO molecule
would be analyzed in this section. We first establish the adsorption configurations for two
systems, in which the gas species are putting close to the Ni atom various morphologies for
appropriate 2.5 A to conduct the geometric optimizations. We define the adsorption energy
(Eaq1) to help comprehend the binding performance of the Ni-ZnO monolayer upon the
gas molecules, calculated by [35]:

Eadl = ENifznO/gas - ENifznO - Egas (2)

wherein Epq_7,0/gass EPd—zn0, and Egas indicate the energies of the Ni-ZnO/gas systems,
isolated Ni-ZnO monolayer and gas molecule, respectively. With full relaxations, the most
stable configuration (MSC) with the largest absolute value of E 4 can be determined, which
would be analyzed in terms of their geometric and electronic properties. Besides, the
adsorptions of CO and HCHO on the pristine ZnO monolayer are conducted in this work
as well, and the adsorption configurations as well as their band structures are depicted in
Figure S1 with corresponding analyses. The analyses show that the adsorption performance
of the Ni-ZnO monolayer is dramatically stronger than the pristine ZnO monolayer. There-
fore in the main body we focus on the Ni-ZnO/gas systems and to explore the sensing
mechanism of the Ni-ZnO monolayer for gas detections.

Figure 3 plots the MSC and related CDD of the gas adsorbed systems. In the CO
system, it can be seen that the CO molecule is somewhat parallel, keeping a small slope
with the ZnO monolayer. The C and O atoms are both captured by the Ni dopant, forming
the Ni-C and Ni-O bonds with bond lengths of 1.87 and 1.97 A, respectively. In the
meantime, the C—O bond length of the CO molecule is prolonged to 1.20 A from that of
1.14 A in its gas phase while the Ni-O and Ni-Zn bond lengths of the Ni-ZnO monolayer
are prolonged to 1.83 and 2.66 A from those of 1.80 and 2.54 A in its isolated structure.
These bond deformations indicate the geometric activations of the Ni-ZnO surface and
the adsorbed CO molecule in the gas interactions [36]. Combined with the formed new
bonds between them, one can assume that Ni-ZnO monolayer has desirable adsorption
performance upon CO molecule. Such an assumption can be verified by the calculated E,4
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(—1.49 eV) in this system, whose absolute value is much larger than the critical value of
0.8 eV [37] to identify a chemisorption for this system. Based on the Hirshfeld analysis,
the CO molecule is charged by —0.096 e and the Ni dopant is charged by 0.045 e. These
findings indicate the electron-accepting property of the CO molecule and the Ni dopant
in this system that withdraw 0.096 and 0.035 e, respectively. On the other hand, the ZnO
surface behaves as an electron-donator releasing 0.131 e in the CO adsorption. These
charge-transfer can cause the electron redistribution in the CO adsorbed system, deforming
the electronic property of the Ni-ZnO monolayer accordingly [38]. From the CDD, the C-O
bond of the CO molecule is surrounded by the electron depletion while the new-formed
Ni-C and Ni-O bonds are surrounded by the electron accumulation, which manifests the
weakness of the C-O bond accounting for its prolongation and the strong binding force of
the Ni-C and Ni-O bonds accounting for their formations [39].

(a2) (a3)

dNi—C =1.87 A

dNi-O =1.97 A i %
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Figure 3. MSC and CDD of (al-a3) HCHO system and (b1-b3) C,H3Cl system. In the CDD, the
definitions are the same as Figure 1.

In terms of the HCHO system, the adsorption configuration is somewhat similar with
that of the CO system. One can see that the HCHO molecule is basically parallel with the
ZnO surface and the C and O atoms are trapped by the Ni dopant as well, with the formed
Ni-C and Ni-O bonds measured to be 1.93 and 1.84 A, respectively. It is worth noting
that the Ni-C and Ni-O bond lengths in two systems are just reversed. Specifically, the
Ni—C bond in the HCHO system is longer than that in the CO system while the length
of the Ni-O bond in CO system is longer than that in the HCHO system. These may be
attributed to the stronger chemical activity of the O atom in the HCHO molecule than
that in the CO molecule [40], thus leading to the nearer atomic distance in the HCHO
system. At the same time, the Ni-O and Ni—Zn bonds of the Ni-ZnO system are elongated
to 1.84 and 2.64 A, respectively, in comparison with those of 1.80 and 2.54 A in the isolated
Ni—ZnO monolayer. The E,q in the HCHO system is calculated to be —2.22 eV, much
more negative than that of the CO system implying the stronger interaction between
Ni-ZnO monolayer and HCHO molecule. Also, the chemisorption can be determined as
well here. From the Hirshfeld analysis, the HCHO molecule and Ni dopant are charged
by —0.121 and 0.097 e, respectively. In comparison with the charged value of Ni dopant
(0.080 e) in the isolated Ni-ZnO monolayer, one can deduce that the Ni dopant loses 0.017 e
while the ZnO monolayer loses 0.104 e in the HCHO adsorption, which are all accepts by the
HCHO molecule indicating its strong electron-accepting property. From the CDD, it is seen
that the C-O and C-H bonds of the HCHO molecule are embraced by the electron depletion
while the new-formed Ni-C and Ni—-O bonds are embraced by the electron accumulations.
Such phenomena are similar to that in the CO system confirming the weakened binding
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force inside the HCHO molecule and the strong binding force between the Ni dopant and
the HCHO molecule.

From the above analysis, one can find that the Ni-ZnO monolayer possesses desirably
strong interactions with the CO and HCHO molecules, especially upon HCHO since in its
adsorbed system the |E,4| and |Qr| are both larger than that in the CO system. Therefore,
we presume that the deformation in the electronic property of the Ni-ZnO monolayer
would be much more obvious in the HCHO system, thereby causing stronger sensing
response for its detection. These analysis would be covered in the following sections. In
the meanwhile, we find that compared with the previous report of Cu-decorated ZnO
(Cu-ZnO) monolayer by Ma et al. [2], Ni-ZnO monolayer conducts weaker performance
upon CO adsorption than Cu-ZnO monolayer with E,q of —2.04 eV, but stronger perfor-
mance than Cu-ZnO/HCHO system in which the E,q is calculated as —1.66 eV.

3.3. Electronic Property Analysis

In order to comprehend electronic property of the Ni-ZnO monolayer upon gas
adsorptions, Figure 4 exhibits the BS and atomic DOS of the CO and HCHO systems.
From the BS of two gas adsorbed systems, one can see that their bandgaps are obtained as
1.155 and 0.800 eV, respectively. That is, the bandgap of the Ni-ZnO monolayer is increased
by 0.259 eV (28.9%) in the CO system and decreased by 0.096 e V (10.7%) in the HCHO
system. Such remarkable change of Eg could lead to significant change in the electrical
resistance of the Ni-ZnO monolayer, thereby causing large enough sensing response for
detection [41]. From this aspect, one can assume that Ni-ZnO monolayer can be explored as
a promising sensing candidate for gas detection based on the change of electrical resistance.
Detailed calculations about the sensing response can be found as follows.

(al) e - (a2)

4 Ni 3d !
24 —cC 2 ;
| 5 o2 :{
%, 11556V o A s /L
g VNV VvV E \//
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Figure 4. BS and atomic DOS of (al,a2) CO system and (b1,b2) HCHO system. In BS, the black value
is the bandgap while in DOS the Fermi level is set as 0.

From the atomic DOS of bonded atoms in CO system, it can be seen that the Ni 3d
orbital is highly overlapped with the C 2p orbital around the Fermi level (—4.3, —0.9, —0.6
and 2.5 eV) while is overlapped with the O 2p orbital at the areas deep in the valence band
(=7.3 and —6.4 eV). At the same time, the Ni 3d orbital at the HCHO system is highly
overlapped with the O 2p orbital at around —0.1, —1.0, —2.2 (which are close to the Fermi
level) whereas it is overlapped with the C 2p orbital at —7.2 eV and 1.5 eV (which are far
away from the Fermi level). Considering the fact that the states around the Fermi level can
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exert much stronger impact on the electronic property of the surface than those deep at the
conduction band and valence band [42], one can presume that the orbital interaction of the
Ni-C bond is much stronger than the Ni-O bond in the CO system while the Ni-O bond
has stronger binding force than Ni-C bond in the HCHO system. These findings verify the
above analysis about the binding force of Ni-C and Ni—-O bonds in two systems from the
aspect of bond lengths.

The work function (WF) is another parameter which reveals the material’s performance
to liberate an electron from its surface [43], which has a great influence on the surface dipole,
charge transfer, and orbital localization of gas adsorption systems [44]. In this work, the
WEF of the pure Ni-ZnO system and the Ni-ZnO/gas systems are presented in Figure 5.
It is found that the WF of the pure Ni-ZnO monolayer is obtained to be 4.35 eV, while
those for the CO and HCHO systems are increased to be 4.84 and 4.46 eV, respectively. In
other words, the WF of the Ni-ZnO monolayer undergoes pronounced increase by 0.49 eV
(11.3%) and 0.11 eV (2.5%) after adsorptions of CO and HCHO molecule, and the change of
WEF in the CO system is great larger than the HCHO system, in agreement with the larger
change of Eg in the former system. Therefore, we can infer that the Ni-ZnO monolayer can
conduct much stronger sensitivity upon CO detection than HCHO based on the change
of WF.

4.8
s
2
g
2 4.
g 45 4.46
=
£
< 4.35
=
=
3

4.2

Ni-ZnO Ni-ZnO/CO Ni-ZnO/HCHO

Figure 5. WF of pure Ni-ZnO monolayer and Ni-ZnO/ gas systems.

3.4. Gas Sensor Explorations

It is concluded that the bandgap and WF of the Ni-ZnO monolayer are dramatically
modulated after gas adsorptions, which provides the possibility for its exploration as a
chemical gas sensor based on resistance or WF change in terms of CO or HCHO detection.

We first focus on the exploration of resistance-type gas sensor. As reported, the sensing
response (S) of a resistance-type gas sensor is calculated by Equation (3) [45], wherein the
electrical resistance () of the sensing material can be calculated by Equation (4) which
reveals its dependence with the bandgap (Bg). Besides, in Equation (4), the A is a constant,
k is the Boltzmann constant, and T is the temperature.

S= (U—gasi1 - U—pureil)/o—purei1 3)

o = A-el~Bg/2kT) 4)

Using Equations (3) and (4), it is calculated that the sensing response of Ni-ZnO mono-
layer upon CO or HCHO detection is 15,394.9% and —84.6%, respectively. These findings
manifest the desirable sensing responses of the Ni-ZnO monolayer in the CO or HCHO
environment, especially for CO. Besides, these amounts of electrical responses, according
to the previous report, can be feasibly detected by a electrochemical workstation [46]. In
this respect, we presume that Ni-ZnO monolayer has strong potential to be applied as
a resistance-type gas sensor in the electrical substation to detect CO or HCHO and to
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reflect the working operation of the dry-type transformers. Moreover, the selectivity can
be realized using the Ni-ZnO monolayer for detection of CO and HCHO in the single
gas environment, especially for CO gas giving a much larger electrical response in the
CO system.

Also, the recovery time (7) should be considered as well to show the reusability of
Ni-ZnO monolayer for gas detections, which is calculated by the van’t-Hoff-Arrhenius
expression [47] as displayed in Equation (5):

T= Aile(fEad/KBT) (5)

wherein A is the attempt frequency (1012 s—1 [48,49)), T is temperature, and Kp is the
Boltzmann constant (8.318 x 1073 kJ/(mol-K)). One unfortunate thing is that the recovery
time of the Ni-ZnO monolayer to desorb CO or HCHO molecule from its surface are
1.55 x 10'3 and 3.39 x 10% s, respectively, at room temperature (298 K). Although the
improvement of the temperature can sharply decrease the recovery time, those for the CO
and HCHO systems at 498 K are obtained as 1.18 x 10® and 2.87 x 10'° s, respectively. On
the one hand, the recovery time can guarantee good interactions for the gas species staying
on the Ni-ZnO surface to gain the good sensitivity for their detections [50,51]. On the other
hand, such extremely long recovery time cannot make it realistic to reuse the sensor for gas
detections. In other words, the Ni-ZnO monolayer can only be applied as a one-shot gas
sensor for CO or HCHO detection with high sensitivity. Even considering the admirable
sensing response of the Ni-ZnO monolayer upon CO or HCHO detection, we deem that
the Ni-ZnO monolayer is a workable sensing material to evaluate the operation condition
of the dry-type transformers through typical gas analysis.

Furthermore, according to the apparent changes of WF in the Ni-ZnO/gas systems in
comparison to the isolated Ni-ZnO system, one can assume that the Ni-ZnO monolayer
can also be applied in the Kelvin Probe system that works at WF detection [52] to reflect
the existence of the CO or HCHO in the environment. In this regard, the sensitivity for
CO detection is also higher than that of HCHO, due to the much higher WF in the CO
system than HCHO system. Therefore, the selective detection of two such gases can also
be realized, which provides another approach to evaluate the operation condition of the
dry-type transformers.

4. Conclusions

In this work, the Ni-ZnO monolayer is proposed based on the first-principles calcula-
tions to study its sensing potential upon CO and HCHO in order to evaluate the operation
condition of the dry-type transformers. The main conclusions are as follows:

(i) The To site is identified as the most preferred site for Ni-decorating on the pristine
ZnQO surface, with the E, of —1.75 eV;

(i) Chemisorption is determined for CO and HCHO systems given the admirable E,4 of
—1.49 and —2.22 eV for their adsorption on the Ni-ZnO surface;

(iii) BS and WF analysis reveal the potential of Ni-ZnO monolayer as a resistance-type or
Kelvin Probe gas sensor for CO and HCHO detection with high sensitivity and selectivity.

The findings of our theoretical calculations shed light on the ZnO-based gas sensor for
application in the dry-type transformers, which can pave the way for toxic gas detections
in many other fields.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/chemosensors10080307/s1, Figure S1: Morphology of Ni-embedded ZnO monolayer,
Figure S2: Adsorption configurations and band structure of ZnO/CO (al,a2) and ZnO/HCHO
(b1,b2) systems. In Band structure, the black value is the bandgap.
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