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ABSTRACT: Using the first-principles theory, this paper studies the Rh-doping behavior on the ZnO monolayer and investigates
the adsorption and sensing behaviors of a Rh-doped ZnO (Rh−ZnO) monolayer to NO2 and O3 to explore its potential as a gas
sensor to evaluate the operation status of the ring main unit in the power system. The results indicate that the Rh dopant can be
stably anchored on the TO site of the ZnO monolayer with an Eb of −2.11 eV. The Rh−ZnO monolayer shows chemisorption of
NO2 and O3, with Ead values of −2.11 and −1.35 eV, respectively. Then, the electronic behavior of the Rh−ZnO monolayer before
and after gas adsorption is analyzed in detail to uncover the sensing mechanism for gas detection. Our findings indicate that the Rh−
ZnO monolayer is a promising resistance-type gas sensor with a higher response to O3 and can be explored as a field-effect gas sensor
with a higher response to NO2. Our theoretical calculations provide the basic sensing mechanism of the Rh−ZnO monolayer for gas
detection and would be meaningful to explore novel sensing materials for gas detection in the field of electrical engineering.

1. INTRODUCTION

In the power system, the ring main unit is the widely applied
equipment for electric transmission and distribution, with the
advantages of simple operation, small size, and low cost.1,2

From another aspect, safe operation plays a critical role in
ensuring the safety and stability of the whole power system.
When insulation defects such as partial discharge and partial
overheat occur, the air in the ring main unit would be
decomposed into several impurity gases wherein O3 and NO2
are the main species.3,4 As reported, the presence of these
decomposed species would impair the insulation behavior of
the filled air, thus weakening the operation status of the ring
main unit.5 In the long run, the insulation defects would be
disruptive and cause some accidents including line tripping and
power cut.6 Therefore, online monitoring of the operation
status is important to ensure daily smooth running. For this
purpose, the detection of air decomposed species, including O3
and NO2, is suggested to reflect the severity of the partial
discharge and to evaluate the operation status of the ring main
unit.7 This until now is a widely applied approach to guarantee
the safe operation of the whole power system.
The nanosensing method for gas detection is a workable

manner with advantages of rapid response, high sensitivity, and
low cost.8−10 With the exploration of novel 2D materials,
numerous candidates are proposed for gas sensing application

in many fields.11−15 Recently, the II−VI semiconductor ZnO
has attracted remarkable attention, owing to its large surface
area and electronic motion.16 Moreover, the graphene-like
ZnO monolayer is explored and has been theoretically
investigated with unique electronic and optical properties,17,18

which provides the possibility to explore the ZnO monolayer
as a potential chemical sensor for gas detection in many fields.
For example, Han and Lee19 studied the Ni-doped ZnO
monolayer as a promising gas sensor for the detection of SF6
decomposed species, wherein the Ni atom as a transition metal
(TM) is selected as the dopant, meaning to promote the
chemical reactivity of the whole system and improve the
adsorption performance of the ZnO monolayer. Therefore, the
TM-doped ZnO monolayer in our opinion would be a
promising gas sensing material for gas detection, which should
be investigated and could provide a solution for our issue.
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In this work, a Rh-doped ZnO (Rh−ZnO) monolayer is
proposed to theoretically investigate its adsorption and sensing
behaviors to two air decomposed species (NO2 and O3) based
on the first-principles theory. The Rh metal is widely applied as
a TM dopant and is well behaved in some gas interactions due
to its high catalytic property,20−22 and it is our hope that Rh-
doping can provide good performances for the ZnO system
upon gas adsorption and sensing. Section 2 analyzes the Rh-
doping behavior on the ZnO monolayer and the adsorption
behavior as well sensor exploration for the Rh−ZnO
monolayer, Section 3 puts forward the main conclusions, and
Section 4 gives the computational details of the calculations.

2. RESULTS AND DISCUSSION

2.1. Rh-Doping Behavior on the ZnO Monolayer. The
Rh-doping process is performed on the optimized structure of
a pristine 4 × 4 × 1 ZnO supercell, as plotted in Figure 1a (top
and side views) with possible doping sites. One can see that
the ZnO monolayer displays a graphene-like structure and the
Zn−O bond is measured to be 1.91 Å. Based on our
calculations, the lattice constant of the optimized ZnO
monolayer is found to be 3.30 Å in this work. These findings
are in good agreement with ref 23, indicating the good
accuracy of our calculations. In terms of Rh-doping on the
pristine ZnO surface, four possible sites are considered, traced
as TZn (on top of the Zn atom), HZn−O (on top of the
hexatomic Zn−O ring), TO (on top of the O atom), and BZn−O
(on the bridge of the Zn−O bond).
The most stable configuration (MSC) of the Rh−ZnO

monolayer is plotted in Figure 1b with the related charge
density difference (CDD) shown in Figure 1c. It is found that
among the four possible sites, the preferred Rh-doping site on
the pristine ZnO monolayer is the TO site, on which the Rh

dopant forms a tripod-like structure with three Zn atoms and is
bonded with the O atom as well. Eb for Rh-doping through the
TO site is calculated to be −1.72 eV, much larger than that
through the TZn site (−0.78 eV). Interestingly, the optimized
structures of the Rh-doping process through the HZn−O and
BZn−O sites would be equivalent to that through the TO site,
where apparently the atomic displacement of the Rh dopant
could be verified. Moreover, vibrational analysis shows that the
frequencies of the Rh−ZnO monolayer range from 43.11 to
1349.83 cm−1, which confirms its good chemical stability.24

These results show the strong binding force of the Rh dopant
with the ZnO surface, especially on the TO site that leads to
the formation of the Rh−O and Rh−Zn bonds measured to be
2.05 and 2.66 Å, respectively.
According to the Hirshfeld analysis, the Rh dopant is

positively charged by 0.029e in the Rh−ZnO system, which
indicates that the Rh dopant contributes 0.029e to the ZnO
monolayer during doping. This suggests the electron-losing
property of the Rh dopant when interacting with the ZnO
surface and agrees with those of other nanosurfaces, as
reported in refs25, 26. From the Pauling electronegativity, it is
known that the electronegativity of the Rh dopant (2.20) is
between those of the Zn and O atoms (1.65 and 3.44,27

respectively). That is, the Rh dopant is supposed to trap
electrons from the Zn atom and donate electrons to the O
atom during the formation of new bonds. Since the Rh dopant
is positively charged in the Rh−ZnO system, it could be
assumed that the Rh dopant has a stronger interaction with the
O atom compared with the Zn atom. This finding supports the
larger Eb for Rh-doping on the TO site compared with the TZn
site as well as the stronger binding force of the Rh−O bond
compared with the Rh−Zn bond. From the CDD, we can see
that the Rh dopant is mainly embraced by electron depletion,

Figure 1. Rh-doping process on the ZnO monolayer. (a) Top and side views of the pristine ZnO monolayer. (b, c) MSC of the Rh−ZnO
monolayer and the related CDD from the top and side views. In the CDD, the pink area is electron depletion, while the green area is electron
accumulation, with the isosurface set as 0.01 e/Å3.

Figure 2. (a, b) BS of the pristine and Rh-doped ZnO monolayers and (c) orbital DOS of the Rh−ZnO system. In BS, the black values are band
gaps of related systems, and in DOS, the Fermi level is set to zero.
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while the Rh−Zn and Rh−O bonds are mainly embraced by
electron accumulation. These results manifest the electron-
releasing property of the Rh dopant and the strong electron
hybridization on the Rh−Zn and Rh−O bonds that results in
their strong binding force and related Eb for the Rh−ZnO
system.
To further comprehend the Rh-doping behavior on the

electronic property of the ZnO monolayer, we calculate the
band structure (BS) of the pristine and Rh-doped ZnO
systems for comparison, as plotted in Figure 2a,b. Besides, the
orbital density of state (DOS) between the Rh dopant and O
as well as Zn atoms is plotted in Figure 2c to show their orbital
interaction during doping. Based on our calculations, the band
gap of the pristine ZnO monolayer is obtained as 1.867 eV,
which agrees with the previous reports, suggesting the good
accuracy of our calculations.18 Besides, the top of the valence
band and the bottom of the conduction band are both
localized at the Γ points, verifying its direct semiconducting
property. After Rh-doping, the band gap of the Rh−ZnO
system is narrowed to 1.391 eV and the state distribution
becomes denser, which can be attributed to the Rh-doping
behavior that induces many novel states for the Rh-doped
system and several impurity states within the band gap of the
pristine ZnO system. Apart from this, the top of the valence
band is localized at the k-point, while the bottom of the
valence band is localized at the Γ point, which manifests the
indirect semiconducting property for the Rh−ZnO system,
resulting from the impurity state induced by Rh-doping. Also,
such an indirect semiconducting property suggests the
unsuitability of the Rh−ZnO monolayer for optical applica-
tions in some fields.28 From Figure 2c where the orbital DOS
of bonded atoms is displayed, it is found that the Rh 4d orbital
is highly hybrid with the O 2p orbital at −4.5, −4.0, −0.3, and
1.4 eV, while has little hybridization with the Zn 3d orbital.
These findings verify the stronger binding force of the Rh−O
bond compared with that of the Rh−Zn bond.
2.2. Gas Adsorption Behavior. With the optimized Rh−

ZnO monolayer, the adsorption of NO2 and O3 is conducted
to analyze its potential as a gas sensor. To establish the gas
adsorption systems, the gas species approach the Rh center
appropriately 3 Å in various configurations to study different
atomic interactions with the Rh dopant. With fully geometric

optimization, the MSC for gas adsorption with the lowest Ead is
portrayed in Figure 3. Also, some important adsorption
parameters are also listed in this figure for better understanding
and analysis.
For NO2 adsorption on the Rh−ZnO surface, it is seen that

the NO2 molecule is vertical to the ZnO layer and seems to be
standing on top of the Rh dopant through the O-end position,
and two O atoms of the NO2 molecule are captured by the Rh
dopant forming two Rh−O bonds with lengths of 2.03 and
2.05 Å, respectively. At the same time, the geometric structure
of the Rh−ZnO monolayer undergoes some deformations after
NO2 adsorption. In detailed, one Rh−Zn bond is broken and
the other two Rh−Zn bonds are elongated to 2.73 and 2.74 Å,
respectively; in addition, the Rh−O bond of the Rh−ZnO
monolayer is slanting slightly with an elongated length of 2.08
Å, making the Rh−O bond not vertical to the ZnO layer. Ead in
this system is calculated to be −2.11 eV, which indicates the
strong binding force between the Rh dopant and the O atom of
the NO2 molecule that causes the chemisorption for NO2
adsorption on the Rh−ZnO surface.29 According to the
Hirshfeld analysis, NO2 after adsorption as a whole accepts
0.225e from the Rh−ZnO monolayer, and the Rh dopant is
positively charged by 0.076e. These results present that the Rh
dopant transfers 0.047e to NO2, while the ZnO surface through
the Rh dopant transfers 0.178e to NO2. From the CDD, one
can find that the electron accumulation is mainly localized on
the newly formed Rh−O bonds, while the electron depletion is
mainly localized on the Rh dopant and the Rh−O and Rh−Zn
bonds of the Rh−ZnO monolayer, which agrees with the
Hirshfeld analysis, indicating both remarkable electron
redistribution and hybridization for the Rh−ZnO system
caused by NO2 adsorption.
When it comes to the O3 system, one can see that the

adsorption configuration is similar to that of the NO2 system.
However, the O3 molecule is vertical with the ZnO layer and
the middle O atom is trapped by the Rh dopant, with two O−
O bonds pointing to the vacuum region instead of the Rh
dopant. The newly formed Rh−O bond is measured to be 1.99
Å, and the Rh−O and Rh−Zn bonds of the Rh−ZnO
monolayer are elongated to 2.07 and 2.80 Å, respectively.
Besides, the Ead in this system is calculated to be −1.35 eV.
Although the chemisorption can also be identified in the O3

Figure 3. MSC and CDD for (a) NO2 and (b) O3 adsorption on the Rh−ZnO monolayer. The set in the CDD is same as Figure 1.
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system given the larger absolute value of Ead here than the
critical value (0.8 eV30), the adsorption strength is not larger
than that in the NO2 system. According to the Hirshfeld
analysis, the Rh−ZnO monolayer transfers 0.259e to the O3
molecule, and given the positively charged Rh dopant of
0.064e, a QT of 0.035e is contributed by the Rh dopant. The
significant charge transfer accounts for the electron redis-
tribution in the O3 system, as shown in the CDD wherein the
strong electron accumulation is localized on the O3 molecule
and the newly formed Rh−O bond, while the electron deletion
is on the Rh dopant and the Rh−O and Rh−Zn bonds of the
Rh−ZnO monolayer.
In short, we can conclude from the above analysis that the

Rh−ZnO monolayer shows stronger chemisorption of NO2
than O3, leading to the larger Ead in the former system.
Meanwhile, the Hirshfeld analysis indicates that both NO2
than O3 molecules behave as electron acceptors during their
adsorption. This may be due to the larger electronegativity of
the O atom (3.44) compared with the Rh dopant (2.20),27 and
the O atom of the adsorbed NO2 or O3 would attach the
electron from the Rh dopant through the Rh−O bond. The
electron redistribution can also modify the electronic behavior
of the Rh−ZnO monolayer, which may expound the sensing
mechanism for gas detection from the microperspective, which
is further analyzed in the next section.
2.3. Electronic Behavior in Gas Systems. After the

chemisorption of NO2 and O3, the electronic behavior of the
Rh−ZnO monolayer would be somewhat modulated. To
elaborate on the electronic deformations, the BS and DOS of
the gas adsorption systems are calculated and displayed in
Figure 4 for better comprehension.
For the BS of the NO2 system, it is found that the band gap

is narrowed to 0.828 eV from 1.391 eV in the isolated Rh−
ZnO system, which can result from the states of the adsorbed
NO2 that induces some impurity states within the band gap of
the Rh−ZnO monolayer. From the total DOS, one can see that

the induced impurity states are mainly localized at −8.1, −6.9,
and 0.8 eV. Besides, the DOS curves of the NO2 system are
rightshifted compared with the pure Rh−ZnO system, which
results from the electron-accepting behavior of NO2 that
reduces the energy of the Fermi level. A similar but not
identical phenomenon can be found in the O3 system as well.
The band gap for the O3 system is obtained as 0.569 eV,
further smaller than the NO2 system, implying the stronger
deformation in the electronic behavior of the Rh−ZnO
monolayer. This, to the best of our knowledge, may be due
to larger QT that causes more efficient electron redistribution
in the O3 system. The total DOS illustrates that the states of
the adsorbed O3 are mainly localized at −8.6, −8.1, −2.2, −0.8,
and 0.4 eV. Since the total DOS of the gas adsorbed system
would be largely impacted by the state contributions of the
adsorbed gas species, the DOS distribution in the O3 system is
thus tuned by the adsorbed O3, especially by those states
around the Fermi level. Given that the induced states around
the Fermi level of the O3 system are denser than those in the
NO2 system, it is predictable that the tuned electronic property
of the Rh−ZnO monolayer would be stronger in the O3

system, thus causing the larger decline in the band gap.
For the orbital DOS of the NO2 and O3 systems, one can

observe that the orbital hybridizations between the Rh 4d and
O 2p orbitals are mainly localized at −8.1, −6.9, −3.1, −2.1,
0.8, and 2.0 eV for the NO2 system and −8.7, −8.1, −1.7,
−0.8, and 0.4 eV for the O3 system. Such state overlaps
manifest the strong orbital interaction between the Rh dopant
and the O atom of the adsorbed gas species, thereby leading to
the formation of new chemical bonds and large Ead in the two
systems. In addition, the larger overlapped area between the
DOS states of the Rh dopant and the O atom in the NO2

system suggests the stronger binding force and supports the
larger Ead than that in the O3 system. All these electronic
analyses agree with the analyses of adsorption parameters well.

Figure 4. BS and DOS of gas adsorption systems. (a1−a3) NO2 system and (b1−b3) O3 system. In BS, the black values are band gaps of related
systems, and in DOS, the Fermi level is set to zero.
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2.4. Exploration of the Gas Sensor. The change of band
gap in the Rh−ZnO monolayer after gas adsorption accounts
for the change of its electrical conductivity, which illustrates
the sensing mechanism for NO2 and O3 detection and its
potential to evaluate the operation status of the ring main
units. It is well known that the electrical conductivity (σ) of
materials is related to their band gap as31

σ ∝ −e B kT( /2 )g (1)

where Bg is the related band gap, k is the Boltzmann constant,
and T is the temperature. One can infer from this formula that
large Bg would accord with smaller electrical conductivity, and
the increase of Bg can lead to the decrease of electrical
conductivity. Therefore, the electrical conductivity of the Rh−
ZnO monolayer would be increased after adsorption of NO2
and O3. Besides, the changing rate of the band gap in the NO2
and O3 systems are calculated to be −40.5 and −59.1%,
respectively. Therefore, it can be presumed that such obvious
changes of the band gap in the Rh−ZnO monolayer after the
adsorption of the two gases can lead to an admirable change of
electrical resistance and then cause a detectable electrical
response for sensitive measurement by resistance-detecting
devices. In other words, the Rh−ZnO monolayer is of great
potential to be explored as a resistance-type gas sensor for the
detection of NO2 and O3, which provides a workable method
to evaluate the operation status of the ring main unit in a
simple manner. Note that in the single gaseous atmosphere,
the Rh−ZnO monolayer can show a higher sensing response to
O3 compared with NO2 as a resistance-type gas sensor.
Given the apparent change of the band gap for the Rh−ZnO

monolayer for gas detection, we assume it would also be a
good candidate for exploration as a field-effect transistor gas
sensor by which the gas sensitivity would become much higher
and the sensing response can be modulated by modifying the
input gate voltage.32 To this end, the work functions (WFs), a
parameter to evaluate the difficulty to release electrons from
the surface to the vacuum level, of the Rh−ZnO monolayer
before and after gas adsorption are calculated, as exhibited in
Figure 5.
One can see from Figure 5 that the WF of the isolated Rh−

ZnO monolayer is calculated to be 4.90 eV. Besides, the WF of
the pristine ZnO monolayer according to our calculations is
obtained as 5.44 eV. These findings exhibit that Rh-doping can
largely reduce the WF of the pristine ZnO monolayer, thus

decreasing the electron affinity of the ZnO system, which
would be beneficial for the Rh−ZnO monolayer to release
electrons from its surface and enhance the charge transfer
when interacting with impurity species.33 After gas adsorption,
the WF of the Rh−ZnO monolayer increases to 5.42 and 5.36
eV in the NO2 and O3 systems, respectively. That is, the
adsorption of NO2 can exert a larger impact on the WF of the
Rh−ZnO monolayer, even though QT in this system is not as
large as that in the O3 system. Therefore, the following two
findings could be identified: (i) the Rh−ZnO monolayer is a
promising candidate for application as a field-effect transistor
gas sensor with desirable sensing responses for NO2 and O3
detection and (ii) the Rh−ZnO monolayer can show much
higher sensitivity upon NO2 detection compared with O3.

3. CONCLUSIONS
In this work, we use the first-principles theory to investigate
the potential of the Rh−ZnO monolayer as a gas sensor for the
detection of NO2 and O3 to evaluate the operation status of
the ring main unit. The Rh dopant is stably anchored on the
TO site of the pristine ZnO surface with an Eb of 1.72 eV. The
chemisorption is identified for NO2 and O3 adsorption with Ead
values of −2.11 and −1.35 eV, and QT values of −0.225e and
−0.259e, respectively. In terms of the potential of the Rh−ZnO
monolayer for NO2 and O3 detection, the BS analysis suggests
its exploration as a resistance-type sensor with a higher
response to O3, while the WF analysis suggests its exploration
as a field-effect transistor sensor with a higher response to
NO2. Our calculations would be beneficial for proposing novel
sensing materials for application in the field of electrical
engineering to guarantee the safe operation of the power
system.

4. COMPUTATIONAL DETAILS
In this project, we employed the DMol3 package to perform
the whole first-principles calculations,34 wherein the spin-
polarized calculations were employed with a self-consistent
loop energy of 10−6 Ha, a global orbital cutoff radius of 5.0 Å,
and a smearing of 0.005 Ha to ensure the good accuracy of the
obtained energy.35 The Perdew−Burke−Ernzerhof (PBE)
functional within the generalized gradient approximation
(GGA) was adopted to deal with the electron exchange-
correlation terms.36 The DFT-D2 method developed by
Grimme was used to consider the van der Waals force and
long-range interactions.37 Double numerical plus polarization
(DNP) was selected as the atomic orbital basis set.38 A
Monkhorst−Pack k-point mesh of 10 × 10 × 1 was sampled
for supercell calculations of geometric optimization and
electronic properties.39 The energy tolerance accuracy,
maximum force, and displacement were set as 10−5 Ha, 2 ×
10−3 Ha/Å, and 5 × 10−3 Å, respectively.40

We established a 4 × 4 × 1 supercell for the ZnO monolayer
with a vacuum region of 15 Å to perform simulations to
prevent the possible interaction between the adjacent units.41

The binding energy (Eb) was defined to reflect the binding
strength between the Rh dopant and the ZnO surface as
follows

= − −−E E E Eb Rh ZnO ZnO Rh (2)

where ERh−ZnO, EZnO, and ERh represent the total energy of the
Rh−ZnO monolayer, pristine ZnO monolayer, and isolated Rh
atom, respectively. Besides, the adsorption energy (Ead) wasFigure 5. WF of the Rh−ZnO monolayer upon gas adsorption.
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defined to evaluate the adsorption strength between the Rh−
ZnO surface and the gas species as follows

= − −− −E E E Ead Rh ZnO/gas Rh ZnO gas (3)

where ERh−ZnO/gas, ERh−ZnO, and Egas represent the total energies
of the gas adsorbed system, isolated Rh−ZnO monolayer, and
gas molecule, respectively. Moreover, we applied the Hirshfeld
method to analyze the charge of the Rh dopant (QRh) in the
Rh-doping process and the charge of the adsorbed gas (QT) in
the gas adsorption systems.42
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