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ABSTRACT: Graphene-based sensors typically fail in the selectivity of target gas detection 3
when exposed to complex and multicompound atmospheres. We have thoroughly compared the
adsorptions of various interfering gases (CO, NH;, CH,, C,H,, C,H,, CH;OH, and CH,Cl)
with target HCHO on AgG and AgOG by first-principles simulations. The results demonstrate
that AgG shows a poor selectivity for HCHO detection and an oxygen functionalized one can
improve the selectivity by enhancing the adsorption strength of HCHO and weakening those of .
other gas molecules. Moreover, the sensing properties of the AgOG sensors are evaluated by the _ 100 g
NEGF method, and the predicted HCHO sensing responses are 76 and 32% along the armchair )
and zigzag directions, respectively. The present work helps shed some light on designing

graphene-based sensing materials with high selectivity.

1. INTRODUCTION

As a simple organic aldehyde molecule, formaldehyde is one of
the important chemical products in glues, adhesives, paper
making, clothing, and rubber industry production, with an
annual output of over 46 billion pounds.' In a long period,
indoor formaldehyde is slowly and continuously released from
the above sources, which is highly irritating, toxic, and
carcinogenic and seriously endangers environmental safety
and human health.”” Formaldehyde has been identified as a
major contributor to the sick-building syndrome, which is
typically characterized by dizziness, headache, eye and throat
irritations, chest tightness, and more severe infertility,
deformity, and cancer.””> Gas sensing technology that can
detect formaldehyde in real-time and conveniently is
particularly beneficial for our life.

Nowadays, graphene-based materials have attracted tremen-
dous interest and attention in the field of gas sensors due to
their high surface area ratio, carrier mobility, and electrical
conductivity.”” Recent experiments report that Ag-decorated
graphene has been successfully prepared by different methods,
such as thermal exfoliation under protective gas® and wet-
spinning combined chemical reduction.” In our previous
calculations, we have systematically investigated the HCHO
adsorption and sensing properties of graphene sheet doped
with more than 13 transition metals (TMs). By comparing the
adsorption and sensing performance with Ag or with other
TM, we found that Ag-doped graphene is one of the most
potential candidates for HCHO sensing application with a
short response time and high sensitivity.'"" However, sensing
selectivity, which refers to the characteristics that determine
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whether a sensor can respond to a specific molecule, is another
key parameter for an excellent sensor.'' The formaldehyde
detection environment is extremely complex and always
coexists with a variety of volatile organic chemicals and
common gas pollutants.'” Coexisting gases may affect the
adsorption and sensing process of the target formaldehyde
molecule on the surface of the sensing materials, and poor
selectivity could hinder the practical application of form-
aldehyde sensors.

Conventional chemical modification of graphene might
provide a variety of possibilities for regulating its chemical and
physical properties.””> Oxygen plasma treatment is a widely
used, controllable, and effective experimental method for
regulating the surfaces, carrier densities, and electronic
structures of graphene-base materials, which could significantly
improve the sensitivity and selectivity.'*~"” In this paper, the
HCHO selective adsorption for the Ag-doped graphene (AgG)
and the oxygen plasma-treated AgG (AgOG) has been
thoroughly investigated in the framework of the density
functional theory. Various interfering gases (CO, NH;, CH,,
C,H,, C,H,, CH;0H, and CH;Cl) on their surfaces have been
involved in the simulations. The calculations demonstrate that
the adsorption of several molecules on the AgG surface is
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Figure 1. (Color online) Top and side views of the most favorable configurations for (a—h) CO, NH;, CH,, C,H,, C,H,, CH;0H, CH,C], and
HCHO molecules on the AgG substrate, respectively. The brown, silver, gray, red, green, and white balls indicate C, Ag, N, O, Cl, and H atoms,

respectively.

stronger than formaldehyde, which suggests a poor selectivity
for the sensing of formaldehyde, and oxygen functionalization
can overcome the challenge of the poor selectivity. After the
oxygen functionalization of the AgG surface, the adsorption
strength of these interfering gases is significantly decreased, but
that of formaldehyde is increased. Moreover, the two-probe
AgOG nano-sensor for HCHO detecting is built to simulate its
sensing properties. The results show that the AgOG could have
large enough HCHO sensing responses of 76 and 32% in the
armchair and zigzag directions, respectively.

2. COMPUTATION AND METHOD DETAILS

The Vienna ab initio simulation package code,'®"” is employed

to solve the Kohn—Sham equations in the projector-
augmented wave basis set in this paper. The PBE exchange—
correlation functional®® is used, which is based on the
generalized gradient approximation. The valence electron
configurations in the states of 1s for H, 2s 2p for C, N, and
O, 3s 3p for Cl, and 4d Ss for Ag are chosen. The plane-wave
basis set with a kinetic energy cutoft of 500 eV is employed.
The geometry optimizations are performed using the conjugate
gradient algorithm until the self-consistent energy convergence
threshold and the Hellman—Feynman forces are smaller than
107> eV and 0.01 eV/A, respectively. A semiempirical
Grimme’s DFT-D2”' correction is employed to describe the
van der Waals interaction in the optimizations and electronic

structure calculations. The monolayer graphene sheet is
modeled with a (4 X 4) unit cell and a vacuum spacing of
15 A is added to avoid the interaction between adjacent
periodic cells. The reciprocal space of the graphene sheet is
sampled with a (5§ X § X 1) and (15 X 15 X 1) k-point grid
automatically generated by the Monkhorst—Pack method*” for
atomic relaxations and electronic structure simulations,
respectively. The optimized lattice constant of graphene is
2.45 A, which is in good agreement with the experimental
value.”

The charge transfers Aq based on the Bader charge
analysis®* are calculated to analyze the interaction mechanisms
of gas molecules absorbed systems. A positive Aq indicates that
electrons transfer from the graphene substrate to gas
molecules, and vice versa. The adsorption energy of gas
molecules on the substrate is calculated through the correction
of zero-point energy (ZPE)* of gas molecules by using the
following equation

AEads =Eq — Egp — Epq + AEZPE (1)
where E,, E;, and E_ represent the total energies of the
relaxed gas molecule on the substrate, the substrate and the
isolated gas molecule, respectively. AE,pg is the ZPE change of
gas molecules between adsorbing upon the substrate and the
free phase. A negative value of AE 4 corresponds to a stable
adsorption structure.
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Table 1. Summary for Various Gas Absorbates Adsorbed on the AgG Substrate”

absorbates CcoO NH; CH, C,H, C,H, CH;0H CH,Cl HCHO
d/A 2.01 222 257 2.18 223 228 251 2.14
Ag/e 0.11 —0.16 —0.02 0.07 0.02 —0.07 —0.09 0.29
AE;pp/eV 0.0 0.11 0.01 0.02 0.06 0.07 0.03 0.06
AE, 4/eV —1.10 -1.08 —0.20 -1.07 -1.17 —0.89 —0.52 —0.88

“The shortest distance between the Ag dopant and the gas molecule, the Bader charge gain Aq of various gas molecules from the substrate, the ZPE
correction of gas molecules before and upon adsorption, and the gas adsorption energy with the ZPE correction are presented.
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Figure 2. (Color online) (a) Shortest adsorption distance between the AgG substrate and the absorbates, (b) the Bader charge gain Aq of various
gas molecules from the substrate, and (c) the adsorption energy of various gas molecules adsorbed on the AgG substrate.

@

- Top view (b) Top view (© . Top view

“~ougSide view Q ° ﬁ Side view 9 _Cide view

(g) — —— Top view ,(h) . Top view

‘ Sdc vic

Figure 3. (Color online) Top and side views of the most favorable configurations for (a—h) CO, NH;, CH,, C,H,, C,H,, CH;0H, CH,Cl, and
HCHO molecules on the AgOG substrate, respectively. The brown, silver, gray, red, green, and white balls indicate C, Ag, N, O, C], and H atoms,
respectively.
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Table 2. Summary for Various Gas Absorbates Adsorbed on the AgOG Substrate”

absorbates Cco NH, CH,
d/A 2.99 2.24 2.28
Ag/e 0.017 —0.178 0.005
AEpp/eV 0.02 0.10 0.03
AE,/eV -0.15 —-0.61 —0.17

C,H, C,H, CH,0H CH,Cl HCHO
2.10 225 2.36 2.16 1.39
0.011 —0.005 0.004 0.002 —0.341
0.02 0.03 0.03 0.02 0.03

-0.35 —0.23 -0.33 —0.34 ~1.16

“The shortest distance between the Ag dopant and the gas molecule, the Bader charge gain Aq of various gas molecules from the substrate, the ZPE
correction of gas molecules before and upon adsorption, and the gas adsorption energy with the ZPE correction are listed.
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Figure 4. (Color online) (a) Shortest adsorption distance between the AgOG substrate and the absorbates, (b) the Bader charge gain Aq of various
gas molecules from the substrate, and (c) the adsorption energy of various gas molecules adsorbed on the AgOG substrate.

The sensing properties have been evaluated using the
Nanodcal package which combines the DFT method with
nonequilibrium Green’s function (NEGF).***” The basis set is
adopted with a double-{ plus polarization and the energy
cutoff of the real-space grid is taken as 100 Ha. The current
flow through the transport model is defined by the Landauer—
Biittiker formula®®

H
1=G, [ 'T(E, V,)dE
Hy

2)

in which Gy is the quantum conductance unit. T(E,V;,) is the
transmission coefficient. pi;  is the chemical potential of the
left or right electrode. Vj, is the bias voltage defined as the
electrochemical potential difference between the left and right
electrodes.

3. RESULTS AND DISCUSSION

3.1. Gas Adsorption on the AgG Substrate. The AgG
structure can be obtained by replacing one carbon atom with
an Ag atom. The surface composition of Ag in the doped
graphene is about 3 at %, and the parameter of the relaxed AgG
structure (dyg_c = 2.20 A, hy, = 1.90 A) is consistent with
previous research studies.”””° Before the study of the
adsorption processes, all interfering gases (CO, NH;, CH,,
C,H,, C,H,, CH;0H, and CH,Cl) and target HCHO are fully
relaxed, and their geometry parameters are corresponding well
with the results listed in the CRC handbook.”" The Ag dopant
can cause the local bending of the graphene surface and always
plays as an active site to adsorb gas molecules. Therefore, the
gas molecule is placed around the Ag dopant in relatively
different positions and orientations to build initial adsorption
models. Figure 1 shows the most stable adsorption geometries
of different gases adsorbed on the AgG substrate. Their
corresponding shortest distance between the dopant atom and
the gas molecule, the Bader charge gain Ag of HCHO
molecule from the substrate, the ZPE correction of difference
gas adsorbates before and upon adsorption, and the adsorbate

17998

adsorption energy with the ZPE correction are all summarized
in Table 1 and presented in Figure 2.

From Table 1 and Figure 2, the adsorption characteristics of
interfering gases and target HCHO absorbed onto the AgG
can be compared. At first, we can see that some molecules,
such as CO, NH;, C,H,, C,H,, and CH;O0H have higher
adsorption energies ranging from —0.89 to —1.17 eV with
shorter adsorption distances between 2.01 and 2.28 A. CH,
and CH;Cl have lower adsorption energies (—0.20 and —0.52
eV) with larger adsorption distances of 2.57 and 2.51 A,
respectively. Those molecules (CO, NH;, C,H,, C,H,, and
CH;0H) having stronger interaction than HCHO could
preferentially occupy the activity sites of the AgG and directly
interfere with the adsorption behavior and sensing perform-
ance of the target gas, which could be detrimental to the
properties of the sensing materials. The charge transfer results
of gas adsorbates in Figure 2 demonstrate that CO, C,H,,
C,H,, and HCHO act as charge acceptors which gain electrons
from the AgG substrate, while NH;, CH,, CH;OH, and CH;Cl
are charge donors. Among all gas molecules, the amount of
transfer charge between the HCHO molecule and the AgG
substrate is the largest (0.29 e), which is consistent with the
reported large sensing response to formaldehyde.'” In general,
due to the interference of other gases, the AgG substrate might
miss in selective adsorption for the target HCHO molecule
and the accuracy and precision of the gas sensor could be
seriously impeded.

3.2. Gas Adsorption on the AgOG. For the optimized
AgOG systems, the Ag—O bond is 1.83 A and the Ag—C bond
is slightly compressed by an average of 0.09 A. A similar
geometric structure of the Si-doped graphene functionalized
with oxygen was also employed in the previous paper.”” The
gas absorbates adsorbed on the AgOG substrate have also been
thoroughly investigated. The final stable adsorption geometries
of various gases adsorbed on the AgOG substrate are shown in
Figure 3, and the related properties for these gases after
adsorption are summarized in Table 2 and also presented in
Figure 4.

https://doi.org/10.1021/acsomega.2c01383
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Compared with the AgG substrate, the adsorption behaviors
of these gas molecules on the AgOG substrate have been
dramatically changed. For the adsorption of CO, CH,, C,H,,
C,H,, CH;0H, and CH;CI, the geometries of the molecules
remain essentially unchanged. Their adsorption energies are in
the range from —0.15 to —0.35 eV, and their charge transfers
are between —0.05 and 0.17 e. Weak adsorption strength
combined with small charges transfer indicates that CO, CH,,
C,H,, C,H,, CH;0H, and CH;CI are physisorbed upon the
AgOG substrate. As for NHj, its adsorption energy is also
reduced to —0.61 eV, but higher than other interfering gases
mentioned above. However, when bonded to the AgOG
substrate, the HCHO molecule forms a C—O bond of 1.39 A
as shown in Figure 3h. A strong C—O bond means that it is
difficult for the HCHO molecule to desorb from the AgOG
substrate, thus affecting its recovery time and working
temperature. In experiments, pretreatment methods such as
heating or ultraviolet radiation are often used to accelerate the
recovery of sensors.”> The charge transfer results demonstrate
that the HCHO molecule changes from the largest electron
acceptor (0.29 e) on the AgG substrate to the largest electron
donor (—0.341 e) on the AgOG substrate. The change of the
bonding environment makes the adsorption energy of HCHO
upon the AgOG substrate increase to —1.16 eV, which can also
be verified by the shortest adsorption distance. The medium
adsorption strength (—0.80 to —1.2 eV) could be more
conducive to the desorption of the measured gas on the sensor,
which is favorable for reducing the recovery time in industrial
application.'”** With the lowest adsorption energy, the target
HCHO could be most easily and selectively adsorbed to the
AgOG substrate. Moreover, with a larger amount of charge
transfer in the adsorption process, it may be expected that the
sensing response of the HCHO molecules on the AgOG
sensing material would be the highest.

3.3. Electronic Structures. We choose C,H, and HCHO
molecules to study the interaction in the process of adsorption.
The charge density difference maps between the molecules and
the AgG or AgOG substrate are plotted to quantitatively
analyze the electron distribution, which is defined as Ap = p,,
= Psib = Pmo Here, piy Pery and pp denote the charge
densities of the gas molecule absorbed on the substrate, the
substrate and the isolated gas molecule, respectively. There is
significant electron gain or loss in the region between the AgG
or AgO substrate and the C,H, or HCHO adsorbate from
Figure Sa,b,d, which imply strong orbital hybridization during
the adsorption. For C,H, adsorption on the AgOG substrate in
Figure S, the electron interaction is rare, which confirms the

(a) o8 (b)

AgG-C,H, E E AgG-HCHO @
(© (d) £\(\\
¢ % AgOG-HCHO gzg)j
Figure 5. (Color online) Charge density difference maps for C,H,
and HCHO on the AgG (a,b), and AgOG (c,d) substrates. The cyan

or yellow iso-surface (0.003 e/A® iso-surface level) represents electron
accumulation or depletion.

weak physisorption between the molecule and the substrate.
Also, we can see the yellow iso-surface in Figure Sa,b are
mainly distributed around C,H, and HCHO adsorbates,
demonstrating that the gas molecules gain electrons from the
AgG substrate, which is consistent with the results of the Bader
charge analysis above. Interestingly, it is expected that the
introduction of an oxygen atom makes the substrate turn to be
an electron acceoptor from an electron donor. Based on our
previous study,'’ the change induced by HCHO adsorption
could increase the conductivity of the AgOG substrate.

Furthermore, the densities of states (DOSs) have also been
plotted in Figure 6 to understand the underlying orbital
interactions between the AgG or AgOG substrate and the
C,H, or HCHO molecule. From Figure 6¢,d, we can find that
the electron states of these molecules are distributed
throughout the entire energy scope, even with some electron
states across the Fermi level. It means that there is strong
orbital hybridization between the C,H, or HCHO molecule
and the Ag dopant, and thus, the C,H, or HCHO molecule
can tightly bind to the AgG substrate. However, it is found in
Figure Ge that the electron states of C,H, after adsorption on
the AgOG substrate turn to be some discontinuous isolated
peaks, similar to the free molecule in Figure 6a. By comparing
the DOSs in Figure 6d,f, it can be expected that the orbitals of
the HCHO molecule hybrid more strongly with the Ag—O
group on the AgOG substrate than with the Ag on the AgG
substrate, proving that the adsorption of HCHO upon the
AgOG substrate is enhanced. Moreover, the higher peak at the
Fermi level when HCHO adsorbing on the AgOG substrate
indicates that HCHO adsorption might affect the conductivity
of the AgOG substrate.

3.4. Sensing Properties. In the framework of the NEGF-
DFT method, the electronic sensing properties of the AgOG
substrate for HCHO detecting are simulated by NanoDcal
code. Two-probe AgOG nano-sensors with or without HCHO
adsorption are built as transport models. Considering the
anisotropy of the graphene lattice, the schematic structures of
the gas sensors with two transport directions, that is, armchair
and zigzag directions, are given in Figure 7. The nano-sensors
are composed of three parts, namely, the left and right semi-
infinite perfect graphene electrodes and the central AgOG
scattering region without or with HCHO adsorption.

Sensing response is one of the key parameters for gas sensing
device in practical applications, and it is defined with § = [(R —
R,)/R,] = [(I, — I)/I] X 100%, in which R, or I, is the initial
electrical resistance or current of the sensor and R or I is the
measured resistance or current for the target gas under
different bias voltages. According to the eq 2, we obtain the
current—voltage (I-V) curves and the corresponding sensing
responses of the nano-sensor to the HCHO molecule, as
shown in Figure 8. The differences of I-V characteristics along
the armchair-direction and zigzag-directions verify the trans-
port anisotropy of graphene-base devices.”>*® For both
transport directions, the current through the AgOG nano-
sensor increases significantly after HCHO adsorption. In our
previous work,'* it is found that HCHO adsorption could
decrease the conductance on the AgG substrate. The opposite
phenomenon can be explained by the electronic interactions
that the HCHO molecule changes from an electron acceptor
adsorbed on the AgG substrate to an electron donor upon the
AgOG substrate. The maximum absolute responses of the
AgOG nano-sensors to the HCHO molecule are 76 and 32%
for the armchair and zigzag directions, respectively. Also, we

https://doi.org/10.1021/acsomega.2c01383
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Figure 6. (Color online) (a,b) Total DOSs of free C,H, and HCHO, and (c—f) total DOSs of the AgG substrate and AgOG substrate with C,H,
and HCHO molecule adsorption (black lines) and the projected DOSs of the Ag atom or Ag—O group (red lines) and adsorbed gas molecule
(blue regions). The Fermi level is shifted to zero.
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Figure 7. (Color online) Ilustration of the two-probe AgOG nano-sensors to HCHO molecule where semi-infinite left and right perfect graphene
electrode regions (purple shade zone) are in contact with the scattering region. Top and side views along the armchair (a) and zigzag (b) directions
are depicted. The brown, gray, red, and white balls indicate C, Ag, O, and H atoms, respectively.
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Figure 8. (Color online) Current—voltage curves and sensing responses along the armchair (a) and zigzag (b) directions for the AgOG nano-
sensors without and with HCHO adsorption under the bias voltage from 0 to 1.0 V.

can observe that when the bias voltage is increased to 1V, the The transmission spectra under various bias voltages are
absolute sensing responses along the armchair and zigzag plotted in Figure 9 to analyze the sensing mechanisms of the
directions gradually decrease to 16 and 11%, respectively. AgOG nano-sensors to the HCHO molecule. The value of
Furthermore, the average absolute responses of the device are current within the bias window can be evaluated by the
calculated to be 43 and 24%, respectively, which can be integration of the transmission coefficients according to eq 2,
considered to have sufficient sensitivity for HCHO molecule and thus, the larger the transmission area, the greater the
detecting. current flowing through the device. Obviously, the HCHO
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Figure 9. (Color online) Transmission spectra for the AgOG sensor adsorbed without and with the HCHO molecule along the armchair and
zigzag directions under the bias voltages (a—c) 0, 0.4, and 0.8 V. The dashed lines indicate the bias voltage windows, and the Fermi energy is

shifted to zero.

molecule adsorption significantly affects the transmission
spectra for the AgOG sensors along both the armchair and
zigzag directions. Under zero bias, the transmission coeflicient
of the nano-sensors without HCHO adsorption for both
armchair and zigzag directions is zero, and with HCHO
adsorption, the transmission spectra around the Fermi level for
the armchair direction become remarkably larger than the
zigzag direction. As the bias increases, the transmission spectra
for both transport directions move to a wider scope, and the
corresponding transmission area gradually increases. The
transmission spectrum area of the nano-sensor with HCHO
adsorption is always larger than that without HCHO
adsorption, which could fairly support the proposed deduction
that the conductivity of the AgOG substrate increases after
HCHO adsorption. Because the transmission spectrum
difference of the nano-sensor under various bias voltages
before and after HCHO adsorption for the armchair direction
is larger than that of the zigzag direction, the AgOG nano-
sensor having the armchair structure is supposed to have a
larger sensing response. Thus, the sensing mechanism of the
AgOG nano-sensors to the HCHO molecule can be well
understood.

4. CONCLUSIONS

In this paper, we have discussed the HCHO selective
adsorption on the AgG and oxygen plasma-treated AgG
substrates with other gases, such as CO, NH;, CH,, C,H,,
C,H,, CH;0H, and CH;Cl by using first-principles calcu-
lations. Their stable adsorption geometries and energies have
been studied and the results show that the AgG is more
susceptible to the interference of other gases, and oxygen
functionalization can overcome the challenge of poor
selectivity. Upon the AgOG, not only the adsorption of
interfering gases has been largely weakened but also the
HCHO turn to be more preferential to be adsorbed on the
substrate. Furthermore, the sensing properties of the AgOG

sensor have been evaluated by the NEGF-DFT method, and it
shows that the AgOG could have large enough HCHO sensing
responses of 76 and 32% in the armchair and zigzag directions,
respectively. This work demonstrates that the oxygen plasma-
treated AgG substrate could extremely improve the selective
adsorption of HCHO molecules from various interfering gases
and make it desirable to be a candidate for future sensing
materials.
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