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A B S T R A C T   

Liver cirrhosis is often detected by complex method such as liver biopsy. At present, the best way to achieve rapid 
detection is to detect the biomarkers volatiles of liver cirrhosis from the breath of human, such as CH4O, 2-pen-
tanone and limonene. Herein, the structure, electronic structure and adsorption behavior of three liver cirrhosis 
biomarkers on g-C6N6 are investigated by using density functional theory. The results show that g-C6N6 mono-
layer has suitable adsorption energies for CH4O (0.55 eV), 2-pentanone (0.68 eV) and limonene (0.81 eV), 
respectively. The adsorption and desorption behaviors of biomarker volatiles can be easily regulated through the 
strain and electric field, so as to realize the reversible detection of liver cirrhosis. Moreover, the optical properties 
before and after adsorption of CH4O, 2-pentanone and limonene also changes obviously compared with the 
primitive g-C6N6 monolayer, indicating that the possibility of g-C6N6 monolayer as an optical gas sensor. The 
adsorption peak moves from blue light to purple light region, and the intensity of the peak also increases. This 
report paves the way for the possible application of g-C6N6, which shows a good response to the biomarker 
volatiles of liver cirrhosis.   

1. Introduction 

Cirrhosis is a kind of diffuse liver damage caused by one or more 
reasons. It can make a large number of stem cells necrosis, leading to 
gradual deformation, fibrosis and hardening of the liver. Cirrhosis can 
be detected by routine-blood test, liver function test, ascites examina-
tion, liver biopsy and other methods [1]. However, the early symptoms 
of liver cirrhosis are not obvious, and few people have targeted complex 
detection of liver cirrhosis. At present, there is no cure for cirrhosis. Most 
patients with advanced liver cirrhosis live less than 5 years. Liver 
transplantation and splenectomy can only be used to alleviate and 
temporarily improve the condition in the late stage of liver cirrhosis. The 
operation is complex and expensive, so it is very important to find the 
condition in the early stage of liver cirrhosis and treat it in time [2]. 
More simple and faster methods are needed to detect liver cirrhosis. 
Biomarkers are biochemical indicators that can mark the changes or 
possible changes in the structure or function of systems, organs, tissues, 
cells and sub cells. They are abnormal signal indicators at different 
biological levels (molecules, cells, individuals, etc.) due to the impact of 
environmental pollutants. Before the organisms are seriously damaged, 

they can provide early warning for serious toxic injury [3]. According to 
previous reports, biomarkers can be used to detect diseases. For 
example, Davis et al. have investigated the relationship between bio-
markers in exhaled breath condensate and the severity of pneumonia 
and sepsis [4]. Combined with biomarkers, prostate specific antigen 
(PSA), microRNAs and adenogen receptor variants can be accurately 
diagnosed the prostate cancer [5]. In practical application, different 
sensors can recognize biomarkers in sweat, tears, saliva, blood and 
exhalation [6–8], and detect whether the human body has been attacked 
by corresponding diseases. Peled et al. have described the latest research 
progress in the application of molecular biomarkers in lung cancer 
screening, and summarized the discovery of eight possible biomarkers 
[9]. In liver cirrhosis, Dadamio et al. have determined ketones acetate, 
2-butanone and 2-pentanone in the breath of patients with liver disease 
by gas chromatography-mass spectrometry (GC–MS) [10]. Rio et al. 
have shown that limonene, CH4O and 2-pentanone are respiratory 
markers of liver cirrhosis. In other words, whether a person’s breath 
contains limonene, methanol and 2-pentanone can be used to determine 
whether he is a patient of liver cirrhosis, and it should be emphasized 
that limonene has the best diagnostic ability in individuals [11]. 
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Optical sensors convert incident light into electrical signals for 
measurement and analysis. And optical sensors based on traditional 
detection methods such as absorbance, fluorescence, chem-
iluminescence and surface plasmon resonance can be used in gas sensing 
because of their non-invasive, easy to connect, fast response and high 
sensitivity. Many metal oxides such as WO3, Fe3O4 are often used as 
sensors, but low visible light absorption and easy aggregation inhibits 
their application [12,13]. In 2004, researchers have successfully strip-
ped grapheme [14], and thus opened up a new research direction, 
namely two-dimensional (2D) layered materials [15–17]. With the 
progress of science and technology, a variety of 2D materials have 
emerged, including silicene, germanene, stanene, phosphorene and 
graphene-like carbon nitrogen [18–22]. The application fields of 2D 
layered materials involve high-speed optoelectronic devices, energy 
storage, catalysis, chemical sensors and so on [23–28]. In the aspect of 
sensor, 2D materials not only greatly improve the selectivity and 
sensitivity of gas sensor, but also reduce the scale, power consumption 
and working temperature of gas sensor due to its ultra-thin structure, 
large specific surface area and strong surface activity [29,30]. Therefore, 
many applications of two-dimensional materials in sensors have been 
studied, such as adsorption of o-xylene and styrene on 5–8 phosphine 
sheet, adsorption of pichlorohydrin and phosgene on kagome phosphine 
molecular devices and so on [31–33]. In order to achieve practical ap-
plications, optical sensors need to meet the following criteria: (1) suit-
able band gap; (2) sufficient active sites; (3) easy synthesis, low cost and 
large-scale production. Therefore, it is very important to find a low-cost 
optical sensor with a large number of active adsorption sites. Based on 
the above criteria, we find that graphite-like carbon-nitride nanosheet 
have the potential to meet the above three criteria, because of its wide 
band gap range, low cost, easy access, durability and robustness, non- 
metallic and environmentally friendly. The previous research has 
confirmed the feasibility of using C3N as biosensor to sequence nucle-
obases [34]. Sun et al. have prepared an adrenaline electrochemical 
sensor with g-C3N4 nanosheet [35]. Zhang et al. have used graphite-like 
carbon nitride to prepare sensors for measuring ascorbic acid, dopamine 
and uric acid [36]. Wu et al. have successfully synthesized a novel 2D all 
carbon isomer graphdiyne by crossing-coupling reaction, and the 
biosensor prepared by graphdiyne can be used for rapid detection of 
bisphenol A [37]. Moreover, carbon-nitride materials can be used as 
sensors in protein, immunoassay, biomolecular detection and other 
biosensor applications [38–40]. Among them, g-C6N6 nanosheet is a 
semiconductor with the most suitable band gap [41], which is suitable as 
chemical and biological sensors. And the appropriate band gap means 
that it has good light response ability. Cao et al. have successfully pre-
pared g-C6N6 using the CN stoichiometry method [42]. Since gas mol-
ecules undergo charge transfer during adsorption or desorption, changes 
in band gap are noticed, which can be easily identified as changes in 
resistance [43]. Moreover, the electronic properties of graphene-like 
carbon nitride can be controlled by strain and other means [44]. Opti-
cal gas sensors have been widely used in safety protection, such as 
infrared absorption type and spectral absorption type optical gas sen-
sors. Because the absorption peaks of different gases are different, the 
gas can be detected by analyzing the absorption peaks. 

In this work, the atomic structures, electronic properties and 
adsorption behavior of three liver cirrhosis biomarkers (limonene, CH4O 
and 2-pentanone) on g-C6N6 monolayer are systematically investigated 
to illustrate the potential of g-C6N6 as a novel liver cirrhosis optical 
sensor. By calculating the absorption coefficient, the absorption peaks 
are enhanced after adsorption of limonene, CH4O and 2-pentanone, 
indicating that the possibility of g-C6N6 monolayer as an optical gas 
sensor. In addition, the effects of strain and external electric field on the 
adsorption system are also investigated. After the strain is applied, the 
adsorption and desorption can be realized effectively. Therefore, g-C6N6 
monolayer is a potential optical gas sensor for detecting biomarkers of 
liver cirrhosis. 

2. Computational methodology 

The first-principles DFT calculations about geometric optimization, 
total energy, and electronic properties (density of states, density of 
electrons, and population analysis) were performed within the DMol3 

code. The electron exchange–correlation functional was treated by using 
the generalized gradient approximation (GGA) with Perdew-Burke- 
Ernzerhof (PBE) parametrization. The double numerical plus polariza-
tion (DNP) basis set and the combined DFT semi-core pseudopotential 
(DSPP) approximation were used. This replaces the kernel electrons 
with a single effective potential, and introduces some relativistic 
correction. Because of the weak long-range interactions between layers, 
we adopted the Grimme van der Waals correction (DFT-D) to better 
describe the adsorption of molecules on the surface. We used a 2 × 2 × 1 
computational supercell. In order to eliminate the interaction between 
adjacent periodic sections, the thickness of the vacuum layer was set to 
25 Å in the z direction. On behalf of the accuracy of calculation results, 
the energy threshold, convergence force and self-consistent field (SCF) 
were set to 1 × 10-5 Ha, 2 × 10-3 Ha / Å and 1 × 10-6 eV respectively, and 
the maximum displacement is 5 × 10-3 Å. Classical Molecular Dynamics 
(MD) simulation using NVT ensemble and COMPASS force field further 
confirmed the dynamic stability of g-C6N6 monolayer. In the simulation 
process, the Andersen method was chosen to control the temperature. 

3. Results and discussion 

3.1. The geometric stability and electronic properties of g-C6N6 monolayer 

As shown in Fig. 1(a), the unit cell of g-C6N6 is consisted of two C3N3 
six membered rings connected by C-C bonds, and each C3N3 six 
membered ring is connected by C-N bonds. In order to verify the accu-
racy of the structure of g-C6N6, the atomic structure was firstly opti-
mized. After complete relaxation, the optimized lattice parameters of g- 
C6N6 monolayer are a = b = 7.13 Å, and the bond lengths of C-C bond 
and C-N bond are 1.504 Å and 1.345 Å, respectively. By analyzing the 
band structure in Fig. 1(b), it is found that g-C6N6 monolayer is a 
semiconductor with direct band gap at K point, and the band gap is 
1.631 eV, which is consistent with the previous study[45]. By using 
HSE06 hybrid functional, We found that the g-C6N6 monolayer is still a 
semiconductor with a direct band gap at K point, and the band gap is 
enlarged to 3.07 eV(Fig. S1). 

The stability of the selected structure can be ensured by the cohesive 
formation energy. The equation of cohesive formation energy is 
composed of the energy of g-C6N6, the total number of available atoms 
(x) and the energy of individual atoms [46]. The equation is as follows: 

Ecoh =

(
1
x

)
[
E(g− C6N6) − xE(C,N)

]
(1) 

According to the above equation, the value of cohesive formation 
energy is calculated as − 6.21 eV/atom. The negative value of Ecoh 
further emphasizes the usability of g-C6N6 [47]. In Fig. 1(c)-(d), the 
dynamic stability of g-C6N6 is verified by the absence of virtual fre-
quency in phonon spectrum, and the thermal stability of g-C6N6 at 300 K 
is confirmed by MD simulation. Moreover, the exfoliation energy 
required to peel off an atomic layer from the surface of a bulk material is 
of fundamental importance in the science and engineering of two- 
dimensional materials. Therefore, the exfoliation energy per unit area 
(Eexf) was studied and given by the following equation: 

Eexf =
Eiso − Elaters*1

2

A
(2)  

Here, Eiso is the unit cell energy of an isolated monolayer in vacuum, 
Elayers is the unit cell energy of a material with two layers, and A is the in- 
plane area of the bulk unit cell [48]. Eexf of g-C6N6 is 7.566 meV/Å2, it 
can be found that Eexf of g-C6N6 is smaller than that of graphite (21 meV/ 
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Å2), which also indicates that the g-C6N6 monolayer can be easily pre-
pared from its bulk forms using a similar experimental mechanical 
exfoliation method to that of graphene. 

3.2. The adsorption studies of g-C6N6 monolayer and liver cirrhosis 
biomarkers 

When various biomarker gas molecules interact with 2D monolayer, 

Fig. 1. Top and side view of g-C6N6 monolayer (a), Band gap structure and partial density of states (PDOS) (b), Phonon of g-C6N6 monolayer (c), Potential energy 
curve of g-C6N6 in MD simulation (d). 

Fig. 2. A schematic illustration of adsorption of CH4O (a)-(h), 2-pentanone (i)-(n) and limonene (o)-(v). (w) The adsorption energies of CH4O, 2-pentanone and 
limonene on g-C6N6 monolayer. 

W.X. Zhang et al.                                                                                                                                                                                                                               



Applied Surface Science 566 (2021) 150716

4

the monolayer will exhibit special responses to these gases. The changes 
of monolayer before and after adsorption can be understood by elec-
tronic energy band diagram, partial density of states, Mulliken charge 
analysis and electrostatic potential changes. In order to fully understand 
the interaction between g-C6N6 and limonene (C10H16), CH4O (CH3OH) 
and 2-pentanone (C5H10O), different adsorption directions and different 
adsorption positions are considered, as shown in Fig. 2. For liver 
cirrhosis biomarkers adsorption on g-C6N6, there are two available 
binding sites of adsorption configurations: one is CH4O (Fig. 2 a-d), 2- 
pentanone (Fig. 2 i-k) and limonene (Fig. 2 o-r) molecules residing to 
the center of the large hole, and another is CH4O (Fig. 2 e-h), 2-penta-
none (Fig. 2 l-n) and limonene (Fig. 2 s-v) molecules residing to the 
six-membered rings. The adsorption energy (Ead) of liver cirrhosis bio-
markers on g-C6N6 is discussed, which is calculated by the following 
equation: 

Ead = E(g− C6N6/biomarker) − Eg− C6N6 − Ebiomarker (3)  

where E(g− C6N6/biomarker), Eg− C6N6 , and Ebiomarker are the total energies of the 
fully relaxed system, the isolated substrate, and the isolated gas mole-
cule, respectively. The more negative energy is, the more stable system 
is, which has been described in previous literature [49]. According to the 
adsorption energy, the most stable adsorption configurations of the 
three gases are selected as CH4O (Fig. 2c), 2-pentanone (Fig. 2i), limo-
nene (Fig. 2t), and the absolute value of adsorption energy for the three 
gases are 0.55 eV, 0.68 eV and 0.81 eV, respectively. According to the 
results of the most stable position obtained by adsorption energy, CH4O 
and 2-pentanone gas molecules are adsorbed in the center of the large 
hole of g-C6N6 without forming any bond with the monolayer. The best 
adsorption site of limonene is above two six-membered rings, and there 
is no bond connection between limonene and monolayer. 

In previous research report, when the absolute value of adsorption 
energy is higher than 0.5 eV, the gas adsorption on the substrate surface 
can be better realized [50]. The absolute value of adsorption energy for 
limonene, CH4O and 2-pentanone on g-C6N6 is in the range of 0.55–0.81 
eV. These results inspire us to explore the feasibility of g-C6N6 as a 
biomarker gas sensor for liver cirrhosis. The calculated charge transfer 
(Q) of CH4O is 0.031e, which indicates that the charge transfer occurs 
between g-C6N6 and CH4O, and CH4O acts as a donor. The interaction 
between ions is weak. Q (0.061e) of 2-pentanone is larger than that of 
CH4O, and the adsorption energy (0.68 eV) is also larger. Among them, 
limonene has a maximum adsorption energy of 0.81 eV. Moreover, 
compared with CH4O and 2-pentanone, Q between limonene and sub-
strate (0.077 e) is the largest. The distances between the surface of g- 

C6N6 monolayer and the adsorbed gas molecules are 2.06 Å, 1.56 Å, 
1.49 Å, respectively, which are greater than the sum of the covalent radii 
of H- C (1.09 Å) and H- N (1.07 Å). The results indicate that limonene, 
CH4O and 2-pentanone adsorbed on g-C6N6 monolayer are all physical 
adsorption [51].The number of carbon and hydrogen atoms in the mo-
lecular formula of limonene, 2-pentanone and CH4O are obviously 
different from the structural formula. It can be considered that in these 
gases, carbon and hydrogen atoms promote charge transfer, and limo-
nene has the most carbon atoms and hydrogen atoms. So its charge 
transfer quantity is larger than that of CH4O and 2-pentanone [52]. 

The next important parameter to determine the adsorption of bio-
markers is the change of energy band and density of states. For g-C6N6 
monolayer adsorbed with biomarkers, Fig. 3 shows the electronic energy 
band structures of CH4O, 2-pentanone, limonene, respectively. It can be 
noted that when biomarker gas molecules interact with g-C6N6 mono-
layer, the energy band structures are modified, which essentially reflect 
the influence of gas molecules on monolayer. It can be noted that g-C6N6 
monolayer adsorbed limonene, CH4O and 2-pentanone gas molecules 
are still semiconductors with direct band gaps at K point, but their CBM 
obviously moves to Fermi level, and the band gaps of limonene, CH4O 
and 2-pentanone minimize to 1.148 eV, 1.006 eV and 1.006 eV. The 
change of band gap of limonene (0.482 eV) is less than that of CH4O 
(0.624 eV) and 2-pentanone (0.613 eV). Because there are circulating 
groups in the molecules, which enlarge the band gaps. The upper and 
lower parts of the illustrations in Fig. 3 (a), (b) and (c) represent the 
highest occupied molecular orbital (HOMO) and the lowest unoccupied 
molecular orbital (LUMO) of g-C6N6 monolayer after adsorption of 
limonene, CH4O and 2-pentanone. After gas adsorption, the energy level 
of VBM of g-C6N6 monolayer is modified. It can be seen from HOMO and 
LUMO that gas molecules are easy to lose electrons as electron donors, 
while g-C6N6 monolayer is easy to get electrons as electron acceptor. 

As can be seen from Fig. 4(a) and (b), DOS of g-C6N6 monolayer 
adsorbing CH4O and 2-pentanone have new peaks at − 0.01 and − 0.02 
eV compared with the original g-C6N6 monolayer. In Fig. 4(c), there is no 
new peak in DOS of g-C6N6 monolayer after adsorbing limonene. But an 
obvious fluctuation could be found in the range of − 0.63 to 0 eV, which 
represents the change of electronic properties of g-C6N6 monolayer after 
adsorbing three gases. The electron interaction between the monolayer 
and the gas also corresponds to the change of the band gap in the energy 
band diagram. The work function (φ) is also calculated, which is given 
by the formula: 

φ = Evac − Ef (4) 

Fig. 3. The energy band structure of g-C6N6 monolayer after adsorption of CH4O (a), 2-pentanone (b) and limonene (c). The Fermi level is set to zero. The upper and 
lower parts of the illustration represent the highest occupied molecular orbital (HOMO) and the lowest unoccupied molecular orbital (LUMO). 
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where Evac is the electrostatic potential in a vacuum near to the surface. 
Ef is the electrostatic potential at the Fermi level [53]. 

Then the charge density difference, electrostatic potential and work 
function are calculated as shown in Fig. 5. From the diagram of elec-
trostatic potential and charge density difference in Fig. 5 (a)-(d), it can 
be seen that after adsorption, there is obvious electronic interaction 
between CH4O, 2-pentanone and limonene gas molecules and g-C6N6 
monolayer. As can be seen from Fig. 5 (e), the work functions of CH4O, 
2-pentanone and limonene adsorbed on g-C6N6 monolayer are 5.63, 5.61 
and 5.66 eV, respectively, which are less than 6.31 eV of the primitive g- 
C6N6 monolayer, indicating that the systems after adsorbing gas have 
stronger electron affinity than the primitive g-C6N6 monolayer. The 
maximum work function of g-C6N6 monolayer adsorbing limonene is 
5.66 eV, which is due to the maximum adsorption energy. 

3.3. Effects of strain and electric field on adsorption 

The adsorption energy should be large enough to indicate that the 
gas is adsorbed by the substrate. However, considering the recycling use 
of the sensor, the adsorption energy of the gas should not be too large. 
Generally speaking, when the absolute value of the adsorption energy is 
less than 0.5 eV, the gas can be separated by itself to realize recycling use 
[54]. The absolute values of the adsorption energy of CH4O, 2-penta-
none and limonene are 0.55, 0.68 and 0.81 eV respectively without 
any regulating. Therefore, it is considered that the adsorption energy 
could meet the requirements of separation through regulation. In the 
following, the effects of uniaxial and biaxial strains on g-C6N6 monolayer 

are investigated, where the negative and positive signs express the 
compressive and tensile strain, respectively. Because g-C6N6 monolayer 
are anisotropic, uniaxial strain is applied from a and b directions, 
respectively, and biaxial strain is applied along a-b direction at the same 
time. The relationship between adsorption energy and strain is shown in 
Fig. 6. It can be seen that when uniaxial strain is applied from direction 
a, the adsorption energy continuously becomes positive while uniaxial 
tensile strain continuously increases. When uniaxial compressive strain 
is applied, the adsorption energy gradually becomes more negative with 
increasing compressive stress. When − 4% strain is applied, the 
adsorption energies of CH4O, 2-pentanone and limonene reach to − 1.46, 
− 1.61, − 1.75 eV. When uniaxial strain is applied from b direction in 
Fig. 6 (b), the change trend of adsorption energy is the same as that in a 
direction. The slope of adsorption energy curve is larger than that of 
tensile strain, which shows that it is sensitive to compressive strain. 
Small compressive strain will greatly change the adsorption energy, 
which is helpful for adsorbing of three biomarkers by g-C6N6 monolayer. 
For biaxial strain, the adsorption energy increases when the compressive 
strain is applied, and decreases when the tensile strain is applied, which 
indicates that the structural anisotropy has no significant effect on the 
applied strain. When + 8% strain is applied, the adsorption energies of 
CH4O, 2-pentanone and limonene reach to − 0.49, − 0.60 and − 0.67 eV. 
And all the adsorption energies of 2-pentanone and limonene changes 
over 0.1 eV, which is effectively regulated. Generally, electronic prop-
erties can be effectively controlled by applying strain and external ver-
tical electric field. In addition, the influence of applying strain and 
electric field simultaneously on adsorption energy is also considered. 

Fig. 4. The partial density of states (PDOS) of g-C6N6 monolayer after adsorption of CH4O (a), 2-pentanone (b) and limonene (c).  

Fig. 5. The electrostatic potential of primitive g-C6N6 (a) and after adsorption of CH4O (b), 2-pentanone (c) and limonene (d), the illustration shows the charge 
density difference. Work function (e) of g-C6N6 upon biomarkers adsorption. 
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Under the strain of + 8%, an external vertical electric field of − 0.26 V/Å 
to 0.26 V/Å is applied. It can be seen from Fig. 6(d) that in the range of 
− 0.26 V/Å to 0.26 V/Å, all the adsorption energies of g-C6N6 monolayer 
with CH4O, 2-pentanone and limonene become positive at first and then 
tend to negative. 

For CH4O, 2-pentanone and limonene, when an electric field of 
0.104 V/Å is applied, the absolute value of the adsorption energy of g- 
C6N6 monolayer to CH4O reaches the minimum and becomes 0.46 eV. 
When an electric field of 0.052 V/Å is applied, the absolute value of the 
adsorption energy between g-C6N6 monolayer and 2-pentanone reaches 
the minimum and becomes 0.59 eV. When an electric field of − 0.104 V/ 
Å is applied, the absolute value of adsorption energy between g-C6N6 
monolayer and 2-pentanone reaches the minimum and becomes 0.66 
eV. Under the condition of applying electric field, the change of the 
maximum adsorption energy and the original adsorption energy be-
tween g-C6N6 monolayer and the three gases is less than 0.02 eV, which 
indicates that the external vertical electric field has little effect on the 
adsorption and desorption of the three gases, but the application of 
electric field can effectively enhance the adsorption of the three gases by 
g-C6N6 monolayer. 

3.4. Optical dielectric function of g-C6N6 monolayer upon gas adsorption 

From the analysis of energy band structure, VBM and CBM are not 
consistent with g-C6N6 before and after gas molecule adsorption, which 
means that gas adsorption will change the optical properties by the 
adsorbent materials. In addition, 2D nanomaterials have been proved to 
be good candidates for optical gas sensors due to their ideal direct 
semiconductor properties. In order to explore the potential of g-C6N6 
monolayer as an optical gas sensor, the absorption coefficients with or 
without strains are calculated. Considering the influence of strain on 

optical properties, the strains of − 4% and + 8% are selected for 
calculation, as shown in Fig. 7. After gas molecules are adsorbed on g- 
C6N6 monolayer, a very unique and attractive scene can be seen through 
the absorption coefficient of the adsorbed system shown in Fig. 7. The 
changes are concentrated on the starting position of absorption and the 
maximum peak, the number of peaks and the heights of these peaks. 
Before adsorption, g-C6N6 has only one main absorption peak at 465 nm, 
while after adsorption of CH4O, 2-pentanone and limonene, the 
adsorption starts in the far ultraviolet region. It is worth noting that the 
interaction between g-C6N6 monolayer and gas molecules results in four 
main absorption peaks, which are enhanced at 63, 179, 230, 437 nm, as 
shown in the dotted line in Fig. 7 (a). Therefore, it is easy to find that the 
adsorption in these systems leads to an increase in the maximum peak 
number of these systems, which implies that the absorption coefficient 
of molecules adsorbed on g-C6N6 monolayer has been practically 
improved. On the other hand, after the adsorption of CH4O, the main 
absorption peak is at 431 nm, and the intensity is 865 cm− 1. After the 
adsorption of 2-pentanone, the main absorption peak is at 420 nm, and 
the intensity is 926 cm− 1. After the adsorption of limonene, the 
maximum absorption peak is at 437 nm, and the intensity is 1051 cm− 1. 
Obviously, the absorption peak increases and the position of the 
maximum absorption peak changes. The main peak before adsorption is 
in the blue light region, and the main peak after adsorption is in the 
purple light region. Under the + 8% strain, the adsorption peaks of 
different systems show redshift. Especially, the main adsorption peak of 
limonene is at 497 nm in the blue region. After applying − 4% strain, the 
absorption peaks of different adsorption systems appear blue shift, and 
the position of the main peak moves to the ultraviolet region. But the 
peak changes to 4823 cm− 1, and the intensity is greatly improved. These 
findings indicate that it is feasible to detect CH4O, 2-pentanone and 
limonene with optical sensor based on g-C6N6 monolayer. 

Fig. 6. Eads (in eV) of biomarkers on g-C6N6 monolayer with uniaxial strain (a)-(b), biaxial strain (c), and an electric field effect on Eads with + 8% strain (d). The 
black arrow indicates the direction of the uniaxial strain. 
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4. Conclusion 

In this paper, the adsorption behaviors of CH4O, 2-pentanone and 
limonene on g-C6N6 monolayer are investigated by DFT to explore the 
potential as a gas sensor for liver cirrhosis detection. Our results show 
that the primitive g-C6N6 monolayer is a direct semiconductor with band 
gap of 1.631 eV. After the adsorption, the band gap obviously changes to 
1.006 eV (CH4O), 1.017 eV (2-pentanone) and 1.148 eV (limonene), but 
they are still direct semiconductors. The adsorption energies of CH4O, 2- 
pentanone and limonene are 0.55 eV, 0.68 eV and 0.81 eV, respectively, 
which are physical adsorption. In addition, compression strain can 
effectively enhance the adsorption of the three biomarker gases. The 
adsorption energies of CH4O, 2-pentanone and limonene can be 
enhanced to − 1.46, − 1.61 and − 1.75 eV under the − 4% strain, while 
tensile strain has the potential to meet the gas desorption. In terms of 
optical properties, g-C6N6 monolayer has different responses in visible 
light region after adsorbing CH4O, 2-pentanone and limonene. When +
8% strain is applied, the absorption peaks of limonene shift to green 
light region. When − 4% strain is applied, the absorption peaks of the 
three gases move to the ultraviolet direction, and the peak intensity is 
greatly improved from 1051 cm− 1 to 4823 cm− 1. Hence, g-C6N6 
monolayer can be used as an optical sensor to detect biomarker gas of 
liver cirrhosis. 
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