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a b s t r a c t 

Designing a highly reactive adsorbent material for the catalytic conversion of carbon dioxide (CO2 ) into valuable 
products to help ameliorate climate change and address the decreasing availability of fossil fuels is a widely 
explored application of two-dimensional (2D) nanomaterials. Herein, we present a 2D graphene-like monolayer 
(ML) of germanium (Ge) and carbon (C) atoms (2D GeC ML) for highly efficient CO2 adsorption and activation. 
We have employed first-principles calculations based on the density functional theory (DFT) to investigate the 
adsorption behavior of CO2 molecules at pristine GeC MLs and MLs containing defects/vacancies (C-vacancy VC , 
Ge-vacancy VGe , and combined Ge- and C-vacancies VGe/C ). We present a detailed description of the nature of 
the interaction and the mechanism of CO2 conversion via in-depth projected densities of states, electronic band 
structures, charge density analysis, and Bader charge transfer analysis. The results show that CO2 molecule weakly 
binds with the 2D GeC ML, with an adsorption energy ( Eads ) of only − 0.13 eV, rendering 2D GeC ML unsuitable 
for the reduction of CO2 . In contrast, CO2 gas molecules show strong chemisorption on vacancy-defected GeC 
MLs with significant Bader charge transfer. The CO2 @GeC_VGe ML system displays a maximum Eads of − 4.46 eV, 
geometrical deformation, and a Bader charge transfer of − 1.44 e− to the CO2 molecule. Thus, VGe is the most 
promising candidate among all considered GeC systems to enable the electrochemical CO2 reduction reaction. 
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. Introduction 

The increasing concentration of anthropogenic carbon dioxide (CO2 )
equires an immediate solution for its capture and conversion to various
hemicals and fuels [ 1 ]. From a catalysis and surface chemistry perspec-
ive, two-dimensional (2D) nanomaterials provide various advantages
uch as a high surface-to-volume ratio and abundant active sites [ 2 , 3 ].
heir atomically thin structure facilitates efficient CO2 adsorption due
o maximum surface accessibility [ 2 ]. Additionally, the electronic prop-
rties of 2D materials can be easily tuned by various techniques such as
oping and defect creation [ 4 , 5 ]. These techniques allow precise control
ver the catalytic activity of 2D materials, which makes them a promis-
ng candidate for CO2 conversion reaction [ 6–9 ]. 

The presence of vacancies and defects in 2D materials is crucial
or advancing their application in electrochemical CO2 conversion [ 4 ].
oth intrinsic and engineered defects in 2D materials, such as vacan-
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ies (monovacancies, divacancies), grain boundaries, and dopants, sig-
ificantly change the chemical activity, adsorption sites, and local elec-
ronic band structure of 2D materials [ 10 ]. Vacancies create unsatisfied
angling bonds which bind with the CO2 molecule and promote its acti-
ation by introducing various localized electronic states near the Fermi
evel [ 11 ]. Furthermore, these vacancies can lower the activation barrier
f each reaction intermediate step [ 12 ]. These factors improve the over-
ll selectivity and catalytic activity of 2D materials [ 12 ]. Vacancies may
rise in 2D materials due to pressure and temperature variations, high-
emperature annealing, and exposure to electron or ion beams, deviation
rom ideal stoichiometry, and lattice mismatch during the synthesis pro-
ess [ 11–13 ]. Therefore, a study of various defects becomes essential for
 more realistic experimental model of 2D materials [ 10 , 14 ]. 

Graphene is the most common and widely utilized group IVA-based
D monolayer (ML) of carbon atoms arranged in a hexagonal honey-
omb lattice [ 15 ]. More recently, scientific interest has also extended
) . 
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t  
o additional novel graphene-like hexagonal MLs from group 14 (IVA),
uch as germanene (2D counterpart of germanium) [ 16 ], silicene (2D
ounterpart of silicon) [ 17 ], stanene (2D counterpart of tin) [ 18 ] and
lumbene (2D counterpart of lead) [ 19 ]. All of these MLs fall in the
ategory of mono-elemental Xenes [ 20 ]. This novel category of 2D ma-
erials has established its irreplaceable position in the domain of sensors,
nergy storage, catalysis, spintronics, and optoelectronics [ 20 ]. The bi-
lemental heterostructures of these MLs also exhibit unique physical and
hemical properties [ 15 ]. For instance, recently, a 2D hexagonal struc-
ure of SiC has been designed by replacing half of the silicon atoms with
arbon atoms and has been synthesized successfully as well [ 21 ]. Al-
hough the Si–C bond in 2D SiC ML exhibits sp2 hybridization, silicon
toms of 2D SiC ML have more adsorption sites than carbon atoms. Thus,
he presence of silicon atoms increases the overall activity of graphene
 22 ]. 

2D bi-elemental ML of germanium carbide (GeC), also from the IVA
roup, exhibits wide band gap ( Eg ), which is advantageous in the de-
ign of new functional 2D MLs [ 21 , 23 ]. The 2D GeC ML combines ger-
anene and graphene, in which the germanium and carbon atoms are

rranged in a flat and hexagonal crystal lattice characterized by sp2 -
ybridization [ 24 , 25 ]. In contrast to buckled germanene, the GeC ML
s stable only in a planar geometry [ 26 ]. Like other 2D materials, the
lectrical properties of 2D GeC ML depend on its thickness, which is
etermined by the number of layers [ 27 , 28 ]. Although GeC MLs have
ot yet been synthesized experimentally, amorphous or polycrystalline
hin films of GeC have been obtained successfully through various meth-
ds. Li et al. prepared 𝛼-Ge1- x Cx :H films from a mixed target of graphite
nd germanium using RF magnetron sputtering in a mixed atmosphere
f H2 and Ar gases and found that the optical band gap and electrical
esistivity of the synthesized film increased with the H2 gas flow rate
 29 ]. Gupta et al. fabricated nano-crystalline Gex C1− x thin films through
adio frequency magnetron sputtering on a Si (100) substrate and con-
rmed structure, composition, and crystallinity using transmission elec-
ron and atomic force microscopy, Raman spectroscopy, and X-ray pho-
oelectron spectroscopy (XPS). They detected a Raman signature for a
ocal Ge-C mode near 530 cm− 1 at 350 °C for the fabricated thin films
 30 ]. 

Different theoretical studies have been carried out to reveal the elec-
rical, optical, mechanical, and magnetic properties of 2D GeC ML for
arious technological applications. Arellano et al . performed calcula-
ions based on the density functional theory (DFT) to study the adsorp-
ion of H2 molecules on 2D GeC ML decorated by alkali metals (AM) and
lkaline earth metals (AEM). Their study revealed that AEM weakly ad-
orbs on 2D GeC ML, while AM shows strong chemisorption. Compared
o the nature of the adsorption of AMs and AEMs, the adsorption of H2 
n AEM falls in the category of physisorption [ 25 ]. Viquez et al. used
FT to study the interaction of diatomic gas molecules (NO, O2, and N2 )
ith 2D GeC MLs decorated by noble metals (Cu, Ag, and Au). The cal-

ulated adsorption energies ( Eads ) of O2 , NO, and N2 gas molecules on
ristine 2D GeC ML are 0.38, 0.40, and 0.16 eV, respectively. The dec-
ration of the surface of 2D GeC ML by Au atoms promotes the charge
ransfer mechanism between gas molecules (O2 and NO) and ML, and
he Eads of these molecules increase up to 1.00 and 1.35 eV, respectively.
imilarly, the presence of the Au atom strengthens the binding of NO
1.23 eV) and O2 (1.00 eV) molecules to the 2D GeC ML. The highest
inding strength is obtained for NO gas molecules when 2D GeC MLs
re decorated by Cu atoms [ 24 ]. Although the 2D GeC ML has been
heoretically widely explored for various applications, including hydro-
en storage and field effect transistors, its application in surface reactiv-
ty and CO2 molecule adsorption and activation has not been explored
xtensively. This research gap motivated us to investigate its potential
pplication in CO2 activation. Therefore, in this paper, we systemat-
cally study CO2 adsorption on pristine GeC and vacancy-containing
eC 2D monolayers through first-principles calculations based on den-

ity functional theory (DFT). The calculated projected densities of
tate (PDOS), electronic band structure (EBS), charge density analy-
51
is, and Bader charge transfer confirm the nature and strength of the
nteraction. 

. Computational methodology and calculation details 

DFT [ 31 ] calculations were carried out using the Quantum Espresso
imulation package [ 32 ]. The exchange and correlation energies were
odeled through the generalized gradient approximation (GGA) [ 33 ]

long with Perdew-Burke-Ernzerhof (PBE) [ 34 ] functionals to model the
nteractions between ions and electrons [ 35 ]. The DFT-D3 method by
rimme was utilized to include weak Van der Waals interactions [ 36 ].
 plane wave basis with a well-converged kinetic energy cutoff of 44
y was used, and the Brillouin zone was sampled by 8 × 8 × 1 k-mesh
lements for the calculations of the electronic and adsorption properties
f 2D GeC ML. To avoid interactions between the periodic images, we
ntroduced a vacuum space of 15 Å perpendicular to the plane of the
Ls. The energy and force criteria were set to 10− 4 eV/Å and 10− 3 eV,

espectively, during the full relaxation of all geometrical structures. To
mprove the accuracy of the atomic orbital distributions of Ge and C
toms in our DFT calculations, we have chosen the tetrahedron method
or electronic occupations with a dense mesh of 16 × 16 × 1, while
alculating their density-of-states. 

The adsorption energy ( Eads ) of CO2 molecules was calculated using
q. (1) 

ads = 𝐸GeC +CO 2 −
(
𝐸GeC + 𝐸CO 2 

)
, (1) 

here EGeC + CO2 and EGeC are the total energies of 2D GeC MLs after and
efore CO2 adsorption, respectively, while ECO2 is the total energy of an
solated CO2 molecule, simulated in a box. 

. Results and discussion 

.1. Structural and electronic properties 

ristine 2D GeC ML 

The unit cell of 2D GeC ML consists of one Ge and one C atom,
rranged in a planar hexagonal honeycomb lattice (see red ellipse in
ig. 1 (a)). The equilibrium geometrical structure of 2D GeC ML is of the
 ̄6 m2 space group, where each Ge atom is attached to three C atoms.
he optimized lattice parameters and bond lengths between the Ge and
 atoms are 3.23 Å and 1.87 Å, respectively. The optimized cell param-
ter of our 2D GeC ML agrees well with the earlier reported values of
ang et al. (3.26 Å) [ 37 ], Xu et al. (3.23 Å) [ 38 ], Vu et al. (3.25 Å)
 28 ] and Arellano et al. (3.26 Å) [ 25 ]. In the relaxed geometry, the Ge
nd C atoms lie in the same plane, and the calculated Ge–C–Ge ( 𝛼) and
–Ge–C ( 𝛽) bond angles are 119.99° and 120.01°, respectively. More-
ver, sp2 hybridization is present among both Ge–C–Ge and C–Ge–C
rrangements. The dynamical stability of 2D GeC MLs was confirmed
y Vu et al. [ 26 ]. Table 1 summarizes the relaxed cell parameters, bond
engths, bond angles, and calculated band gap, Eg , of GeC. The electronic
onfigurations of the Ge and C atoms are 4s2 , 3d10 , 4p2 and 2s2 , 2p2 ,
espectively. The calculated Eg of GeC is found to be 2.04 eV, indicating
ts semi-conducting nature. Our calculated value of the electronic band
ap ( Eg ) is close to the earlier DFT calculated value of 2.07 eV by Yang
t al. [ 37 ]. From the calculated electronic band structure (EBS) plot,
hown in Fig. 1 , it is clear that the top of the valence band (VB) and bot-
om of the conduction band (CB) lie at the same high symmetry point-K,
ndicating its direct bandgap semi-conducting nature. In order to under-
tand the different orbital contributions to the EBS, we also performed
he projected density of state calculations (PDOS), and from Fig. 1 (c) it
s clear that the major contributions to VB and CB arise from the Ge and
 atom p-orbitals. 

acancy defect-containing GeC MLs 

In this section, we investigate the formation of vacancy defects in
he 2D GeC ML. We investigated the formation of C-vacancy (Vc ), Ge-



K. Kumar, A. Dhasmana, N.H. de Leeuw et al. ChemPhysMater 5 (2026) 50–57

Fig. 1. (a) Top and side view of GeC ML, (b) active sites investigated for CO2 adsorption, (c) PDOS, and (d) EBS of GeC unit cell. Violet and brown balls represent 
Ge and C atoms, respectively. The unit cell of GeC (marked with dotted red color) contains one Ge and one C atom. GeC has a planar structure with a direct band 
gap of 2.04 eV. 

Table 1 

Optimized cell parameters a , b (Å), bond length l (Å), bond angle 𝛼, 𝛽 (°) of 2D GeC ML, and their comparison with earlier 
works. 

Earlier DFT Works 

Our Study Yang et al. [ 37 ] Xu et al. [ 38 ] Vu et al. [ 28 ] Arellano et al. [ 25 ] 

a 3.23 3.26 3.23 3.25 3.26 
b 3.23 3.26 3.23 3.25 3.26 
l (Ge–C) 1.87 1.88 1.86 1.87 –
𝛼 119.99° 120° – – –
𝛽 120.01° 120° – – –
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2  
acancy (VGe ), and combined Ge and C vacancies (VGe/C ) GeC ML struc-
ures ( Fig. 2 ), with the primary aim of understanding how these vacan-
ies change the structural, electrical, and chemical characteristics of the
D GeC MLs, which is crucial to understand CO2 adsorption. For the
nvestigation of vacancy formation, we employed a 4 × 4 × 1 supercell
f the 2D GeC ML. 

The defect formation energy, Edef , was calculated as: 

def = 𝐸GeC −
(
𝐸V_GeC + 𝐸X 

)
, (2) 

here 𝐸GeC and 𝐸V_GeC represent the free energies of pristine and
acancy-containing GeC ML sheets, respectively, while Ex (x = Ge/C)
s the energy of an isolated atom, removed from the pristine GeC ML
heet. 

The calculated Edef for one C atom vacancy, using Eq. (2) , is found to
e − 10.88 eV. The negative value indicates that the pristine sheet is sus-
52
eptible to the formation of C vacancies. The formation of single C-atom
acancies in graphene was calculated by Lim et al. to be − 7.70 eV using
he same DFT GGA approach, which indicates that these vacancies are
ore susceptible in 2D GeC ML sheets compared to graphene MLs [ 39 ].
s a result of the introduction of this C atom vacancy, the Ge–C bond

engths surrounding the C-vacancy increase from 1.87 to 1.9 Å due to
ocal distortions in the crystal lattice. As a result of the C-atom vacancy,
he band gap disappears, and we note a shifting of states towards VB in
he PDOS as well as in the EBS. 

Next, we studied the Ge atom vacancy by removing one Ge atom
rom the 2D GeC ML sheet. As a result, the nearby Ge–C bond lengths
ontract by 2.13% due to the rearrangement of Ge and C atoms, decreas-
ng their value to 1.83 Å from the initial 1.87 Å. The calculated Edef 
or one Ge atom vacancy was found to be − 12.23 eV, indicating that a
D GeC ML is more susceptible to the loss of Ge atoms. Monshi et al.
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Fig. 2. Relaxed structure, PDOS and EBS of 2D GeC, GeC_Vc , GeC_VGe and GeC_VGe/C MLs. We have marked vacancy sites S1, S2, and S3 for Vc , VGe and VGe/C 

structures, respectively. 2D GeC ML transforms from semiconducting to metallic nature after C monovacancy and Ge/C divacancy. 
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tudied the sensing performance of pristine and vacancy-containing ger-
anene MLs, and reported a defect formation energy of − 2.77 eV for a
e vacancy in germanene [ 40 ] employing the same DFT-GGA approach.
hus, Ge vacancies are more favorable in 2D GeC MLs than in the pure
ermanene ML. The GeC_VGe ML shows an indirect band gap with an
nergy of 2.07 eV, where the CB minimum (CBM) and the VB maximum
VBM) values are found at the K and Γ high-symmetry points, respec-
ively. Thus, Vc is metallic, while VGe is a semiconductor. 

Creating a di-vacancy (combined Ge and C vacancies in the VGe/C 
ystem) expands the Ge and C atom bond separation up to 1.93 Å and
educes the band gap energy to 0.84 eV. The E of this di-vacancy
def 

53
s − 13.06 eV, the largest value among all considered vacancies. In sum-
ary, the vacancy probability in 2D GeC MLs decreases as: VGe/C > VG >

c . To study the impact of vacancy presence on the structure stability of
D GeC ML, we performed phonon calculations at the Gamma point for
eC_VC , GeC_VGe and GeC_VGe/C MLs. Notably, the absence of negative

imaginary) frequencies in all MLs indicates their dynamical stability.
hus, vacancy-induced defects do not lead to geometrical instabilities
nd 2D GeC ML maintains its dynamical robustness even in the presence
f various vacancies. The calculated vibrational frequencies of defective
eC MLs are summarized in Table S1 of the supplementary information

SI). 
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Table 2 

Calculated adsorption energy Eads (eV), adsorption height h (Å), bond lengths l (Å), bond angle 𝜃 (°), band gap Eg (eV), vibrational frequencies 𝜐 (cm− 1 ), and 
charge transfer ΔqCO 2 of the most stable CO2 configuration at pristine and vacancy-defected V-GeC MLs. 

System Eads h l 𝜃 Eg 𝜐 ΔqCO2 

Ge–C C–O 𝜐as 𝜐s 𝜐b 

Isolated CO2 – – – 1.16, 1.16 180.00 – 2444 1367 604 –
GeC − 0.13 3.37 1.87 1.17, 1.17 179.96 2.09 2346 1318 643 − 0.027 
GeC_VC − 1.09 1.59 1.90 1.21, 1.32 125.04 1.09 1623 957 720 − 0.354 
GeC_VGe − 4.46 0.33 1.96 1.43, 1.40 104.87 1.39 724 692 455 − 1.440 
GeC__VGe/C − 3.60 0.24 1.91 1.38, 1.30 110.91 0.98 1081 828 748 − 1.154 
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In the PDOS of pristine 2D GeC, the major contribution in the entire
B and near EF arises from Ge(p) and C(p) orbitals. But the presence of
 vacancy in 2D GeC ML leads to augmentation of energy states at EF 
ttributed to the hybridization of C(p) and Ge(p) orbitals. As a result of
his, the band gap of GeC_VC ML diminishes, which is also clear from
BS. While the Ge vacancy structure has nearly the same value of Eg as
hat of pristine 2D GeC ML, we observe some energy states at EF due to
he edge effect. Simultaneous creation of Ge and C vacancies leads to
edistribution of orbitals at EF due to hybridization of Ge(p) and C(p)
rbitals. 

.2. CO2 adsorption 

ristine GeC ML 

In order to study the interaction of CO2 molecules with 2D GeC MLs
CO2 @GeC), we identified three adsorption sites, denoted as SGe (above
he Ge atom), SC (above the C atom), and SH (in the hollow portion of
he hexagonal ring), as shown in Fig. 1 . The CO2 molecule was placed
n two initial alignments: (i) perpendicular, and (ii) parallel to the plane
f the 2D GeC ML. The relaxed geometries of all these CO2 @GeC con-
gurations are shown in Fig. S1 in the SI, whereas Table S2 contains all
dsorption characteristics, including Eads , adsorption height ( h ), bond
ngle ( 𝜃) of the CO2 molecule, and the different bond lengths of CO2 and
e–C. We found that the alignments and positions of the CO2 molecule

ignificantly affect Eads . Eads of CO2 in these configurations range be-
ween − 0.06 to − 0.13 eV. The calculated Eads of CO2 in horizontal align-
ents at SGe and SH sites are − 0.12 and − 0.13 eV, respectively. While

ads of CO2 in horizontal alignment above SC site is positive (0.17 eV).
hus, the adsorption process of CO2 is endothermic and not thermo-
ynamically unfavorable in this alignment. The Eads of CO2 at pristine
D GeC ML in horizontal configurations are generally higher than those
n vertical configurations. Eads of CO2 in vertical alignments at SC , SGe 
nd SH sites are − 0.06, − 0.08 and − 0.09 eV, respectively. In all studied
onfigurations, no dissociation of the CO2 molecule is found during the
dsorption process. 

Fig. 3 shows the most stable configuration with the largest calcu-
ated value of Eads of CO2 @GeC to be − 0.13 eV, with a 3.37 Å adsorp-
ion height at site SH ( Table 2 ), indicating SH site to be most suitable
or CO2 adsorption on the pristine GeC ML. In this configuration, the
O2 molecule remains linear after its interaction with the GeC ML. As
xpected, the Bader charge analysis reveals only a small charge trans-
er of − 0.027 e− between GeC and the CO2 molecule ( Fig. 4 (a)), where
he CO2 molecule acts as an electron acceptor. Comparison with earlier
ork shows that Eads on GeC ML is higher than for that on pristine ger-
anene (− 0.1 eV) [ 41 ]. While it is almost equal (− 0.13 eV) to the Eads of
O2 at pristine silicene [ 42 ]. Eads of CO2 on pristine 2D GeC is 0.05 eV
igher than that of analogous bi-elemental 2D ML SiC, which suggests
arginally enhanced CO2 capture ability of 2D GeC ML [ 22 ]. The in-

eraction of CO2 with GeC can be classified as a weak physisorption
hrough Van der Waals interactions. The PDOS and EBS of CO2 @GeC
re shown in Fig. 3 . From the PDOS, we observe that due to the weak
nteraction with the CO2 molecule, the Eg of GeC remains almost the
ame (2.07 eV). A few new O atom p-orbital peaks are raised near the
 6 and − 10 eV energies in the PDOS, suggesting that the interaction
54
etween GeC and CO2 molecule occurs in the deep energy region of the
B. From EBS, we note that in pristine 2D GeC ML, the VBM was initially

ocated near EF , while after its interaction with the CO2 molecule, there
re minor shifts in the energy levels, and CBM comes close to EF . Since
he interaction was too weak, only a minor change (0.05 eV) was ob-
erved in Eg, and VBM and CBM remain at the same high symmetry point
. The obtained value of Eads of CO2 @GeC is less than the criteria set

or practical applications (− 0.14 eV) [ 42 ], rendering GeC unsuitable for
ractical adsorption, sensing, and conversion applications. Thus, further
ngineering is required to improve the activity of 2D GeC ML towards
O2 activation. 

acancy-containing 2D GeC MLs 

In GeC_VC ML, one carbon atom was removed from the 2D GeC ML
heet, and this absence of C atom breaks the hexagonal ring and gener-
tes three dangling bonds ( Fig. 2 ). The C-vacancy makes the 2D GeC ML
ore porous and generates a new active site for CO2 interaction. Differ-

nt vertical, horizontal, and tilted configurations of CO2 molecules have
herefore been studied at the defective site (marked S1 in Fig. 2 ) in the
eC_Vc ML. The three most stable relaxed configurations of CO2 @Vc 
re given in Fig. S2 , and their adsorption parameters are summarized
n Table S3. The most favorable configuration (configuration 1) was ob-
ained by placing a linear CO2 molecule horizontally near the S1 site,
uch that both O-atoms of CO2 are above the Ge atoms of the GeC_Vc 
L and the structure was allowed to fully relax. Here, the calculated

dsorption energy, Eads, was found to be − 1.09 eV ( Fig. 3 ). The vertical
eight from the topmost surface atom of GeC_Vc and the C atom of CO2 
fter adsorption was 1.59 Å. The CO2 molecule bends here to 125.04°
nd C–O bond lengths elongate to 1.21 and 1.32 Å from their initial
alues of 1.16 Å, indicating activation of the CO2 molecule. This inter-
ction in the GeC_VC system can be categorized as strong chemisorp-
ion, where the Eads is 712% higher than that of a pristine GeC ML
heet. This strong chemisorption results in significant charge transfer
f − 0.354 e− ( Fig. 4 (b)). This strong binding directly affects the energy
evel distribution and atomic orbitals in the EBS and PDOS, as near the
ermi level, several new p-orbital peaks of O atom appear in the VB.
ence, the strong chemisorption of CO2 disrupts the metallic charac-

er of the GeC_VC ML, leading to the opening of a direct band gap of
.09 eV. As shown in Fig. 3 , both the VBM and CBM are located near
he high-symmetry point K, confirming the direct nature of the band
ap. 

Similar to a carbon atom vacancy, the absence of one Ge atom
lso results in three dangling bonds (unsaturated bonds of C atoms).
or GeC_VGe ML, the highest value of Eads for the CO2 molecule was
chieved (in configuration 2) when the CO2 molecule was placed par-
llel to GeC_VGe ML at site S2 in such a fashion that both O atoms of
O2 face the C atoms of VGe . In this arrangement, the CO2 molecule
ends to 104.87°, and both C–O bonds elongate to 1.43 and 1.40 Å. The
alculated Eads in this configuration were found to be − 4.46 eV ( Fig. 3 ),
hich is 3.38 eV higher than the Eads for the CO2 @GeC_VC system. As

xpected, a high amount of Bader charge (− 1.440 e− ) is transferred be-
ween the CO2 molecule and the GeC_VGe ML, confirming the oxidation
f VGe (see Fig. 4 (c)). This strong binding and bending in the linear
O2 molecule confirm chemisorption in the GeC_VGe system. The Eg 
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Fig. 3. Top and side view of relaxed geometries, PDOS, and EBS of 2D GeC, GeC_Vc , GeC_VGe , and GeC_VGe/C MLs after CO2 adsorption. GeC_VC , GeC_VGe and 
GeC_VGe/C MLs activate linear CO2 molecules, and the maximum energy of CO2 is achieved at GeC_VGe ML. 
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as found to decrease from its value of 2.07 to 1.39 eV, and the CO2 
olecule vertical absorption height was 0.33 Å. The PDOS analysis indi-

ates the uniform contribution of the CO2 molecule’s O atom p-orbitals
n the entire VB. The band structure and projected density of states
PDOS) reveal the emergence of new states around 1.4 eV, originating
rom the p-orbital of the carbon atom in the CO2 molecule. This results
n a reduction of the band gap from 2.07 to 1.39 eV. The relaxed struc-
ures and adsorption characteristics of all investigated CO2 molecule
onfigurations at the GeC_VGe ML are shown in Fig. S3 and Table S4 ,
espectively. 

For the di-vacancy 2D GeC ML (GeC_VGe/C ), we identified site S3
 Fig. 2 ) to explore its interaction with the CO molecule. Similar to
2 

55
he other studied vacancies, we found that after full relaxation, the
O2 molecule chemically gets adsorbed on GeC_VGe/C ML with Eads of
 3.60 eV (in configuration 3), when one O atom of CO2 faces the C atom
f VGe/C , and another O atom is near site S3 in horizontal alignment. This

ads is higher than that in CO2 @ GeC_Vc ML by an amount of 2.52 eV,
ut smaller than in CO2 @ GeC_VGe ML by an amount of 0.86 eV. Not
nly Eads but also all remaining adsorption parameters (C–O and Ge–C
ond lengths, bond angle of CO2 molecule, and charge transfer) fall be-
ween those of the GeC_Vc and GeC_VGe MLs. The CO2 molecule bends
o ∼111° and C–O bonds elongate to 1.38 and 1.30 Å. The CO2 molecule
ains a 1.154 e− negative charge ( Fig. 4 (d)), and the band gap of the
ystem changes to 0.98 eV from its initial value of 0.84 eV. Fig. S4 and
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Fig. 4. Charge density difference plots of most stable configurations of the CO2 

molecule at (a) GeC, (b) GeC_Vc , (c) GeC_VGe , and (d) GeC_VGe/C (yellow and 
blue colors represent positive and negative charges, respectively). Maximum 

charge transfer (− 1.440 e− ) takes place between the CO2 molecule and 2D 

GeC_VGe ML. 
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able S5 in the supplementary information show the post-adsorption
eometries and parameters of the different CO2 @VGeC -GeC system con-
gurations. Table 2 contains all adsorption parameters of the most
table configurations of pristine as well as vacancy-defected 2D GeC
Ls. 

To further investigate the activation of CO2, we calculated vibra-
ional frequencies of adsorbed CO2 molecules on different 2D GeC
Ls and compared them with those of an isolated CO2 molecule. We

ote that in pristine 2D GeC ML, as the interaction was a weak ph-
sisorption, where the molecule remained linear after interaction, a very
eak change in frequencies is noted. Whereas, strong chemisorption in
acancy-defected GeC MLs results in a large change in CO2 molecule
ibrational frequencies. After adsorption on pristine 2D GeC ML, sym-
etric ( 𝜐s ) and asymmetric ( 𝜐as ) C–O vibrational modes of CO2 suffer
 very small red shift of 49 and 98 cm− 1 as its changes to 1318 and
346 from its value of 1367 and 2444 cm− 1 respectively, while bending
ode ( 𝜐b ) show slight blue shift and changes its value to 643 cm− 1 from

ts initial value of 604 cm− 1 . In defected 2D GeC monolayers, strong
hemisorption of the CO2 molecule at vacancy sites leads to significant
tructural distortions, including molecular bending and elongation of
he C–O bonds. These changes result in pronounced red shifts in both
he symmetric ( 𝜐s ) and asymmetric ( 𝜐as ) vibrational modes of CO2 , with
he largest shift observed in the GeC_VGe monolayer, where 𝜐s and 𝜐as 
hift to 692 and 724 cm− 1 , respectively. This is attributed to the elon-
ation of the C–O bonds from their initial length of 1.16 to 1.43 and
.40 Å. Additionally, the bending mode ( 𝜐b ) shifts from its initial value
f 604 to 455 cm− 1 , corresponding to the loss of molecular linearity
nd the formation of a bent geometry ( ∼105°) upon binding to the Ge-
acancy site. These changes in vibrational modes reflect a high degree
f CO2 activation, suggesting that such defected GeC systems may serve
s promising platforms for further reactions, such as CO2 hydrogenation
r the reverse water–gas shift reaction after getting converted into CO
r other value-added products. 

. Conclusion 

We have employed DFT calculations to investigate the adsorption
ehaviour of CO2 molecules at pristine and vacancy-containing GeC
Ls. The strength of interaction and nature of the adsorption are ex-

lored through PDOS, EBS, charge density difference analyses, Bader
harge transfer, and phonon calculations. The Eads calculations suggest
hat CO2 molecules prefer to adsorb physically on perfect GeC MLs with
 small Eads of − 0.13 eV. We found that the presence of C, Ge, and Ge/C
acancies is energetically favorable. The interaction of CO2 with all
hree vacancy-containing MLs (GeC_Vc , GeC_VGe , and GeC_VGe/C ) can be
ategorized as strong chemisorption from the high Eads (− 1.09, − 4.46,
nd − 3.60 eV, respectively) and geometrical deformation of the CO2 
olecule as a result of interaction with MLs. GeC_VGe MLs are found

o be most favorable for the further catalytic conversion of CO2 , shown
y the largest CO2 adsorption capacity and maximum amount of Bader
harge transfer of − 1.44 e− . 
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