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A B S T R A C T   

Carbon dioxide (CO2) is normally emitted from anthropogenic and natural sources, and it is a greenhouse gas 
that is directly linked to climate change. CO is a main sink of OH molecules in the troposphere to produce CO2. 
Precise evaluation of the concentrations of the two gases is essential for controlling their emission. The influence 
of Armchair-graphene nanoribbon (GNR) modification by ZrOx (where x = 0,1,or 2) on its adsorption of CO and 
CO2 is inspected in this investigation. First principles computations that employ density functional theory (DFT) 
are utilized to assess gas adsorption by evaluation of the adsorption energy (Ega) and length (D), exchange of 
charge between the gas and the structure (ΔQT), density of states (DOS), along with the band structure. The 
modification of GNR is established by atomic substitution (doping) or deposition on GNR structure (decoration). 
The results indicate outstanding enhancement of CO and CO2 adsorption on the modified GNR structures. 
However, doping is more efficient than decoration for adsorption of both gases. In particular, the Zr doped GNR 
has the highest capacity for both gases' adsorption, where the adsorption energy for CO and CO2 increases 18.4 
and 16.5 times, respectively, reference to the pristine GNR. The outcomes of this investigation promote the 
utilization of ZrOx doping of GNR as an approach for the fabrication of highly sensitive and selective environ
mental CO and CO2 sensors.   

1. Introduction 

Emission of carbon dioxide (CO2) is a major factor that is responsible 
for greenhouse effect, and it is directly linked to climate change [1]. This 
gas can be emitted through anthropogenic and natural sources including 
energy and agriculture sectors [2]. CO2 is known of its major impact on 
climate change globally due to its high radiative forcing (around 1.82 
W/m2) and atmospheric lifetime [3,4]. On the other hand, carbon 
monoxide (CO) is not a greenhouse gas but it has a noteworthy contri
bution to the tropospheric chemistry [5]. CO is mainly produced in the 
troposphere through oxidation of CH4 using OH, along with other 
pathways including incomplete processes of combustion. Additionally, 
CO is the main sink of OH molecules in the troposphere to produce CO2. 
Consequently, the link between CO and CO2 chemistry is well estab
lished and accurate measurements of their concentrations are essential 
to understand their tropospheric reactions. Production of precise CO/ 
CO2 monitoring devices enables accurate monitoring and control of their 
emission. 

Detection of CO/CO2 can be established using conductometric 

sensors where adsorption of a gas on a functional material modifies its 
electrical conductance. The functional materials can be designed by 
doping or decoration using suitable materials to make them selective to 
particular gases [6]. The utilization of CO/CO2 sensors is essential for 
human safety especially in locations with high gas emission concentra
tion where it is required to evaluate environment quality [7]. The sensor 
detection signal is sent to control systems that apply safety programed 
actions [8]. 

Two dimensional nanostructure of carbon atoms with a honeycomb 
atomic arrangement is known as graphene [9]. It is a material of unique 
characteristics including the outstanding optical transparency as well as 
thermal conduction. Its high atomic density limits its gas penetration 
[10]. Graphene can be categorized based on its atomic arrangement into 
zigzag, that is known as a conductor, and armchair that may be either 
conductor or semiconductor [11,12]. Herein, armchair-graphene is a 
semiconductor when the number of dimers is 3i or 3i+ 1, while it is a 
metal when the number is 3i + 2 (i = integer) [13]. The band gap of 
graphene can be controlled by reducing graphene dimensions to quasi or 
one dimension in a form of graphene nanoribbon (GNR), i.e. decreasing 
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the width of GNR will increase the band gap [14]. GNR is utilized widely 
for devices in multiple fields such as biodevices, chemical sensors, op
tical devices, etc. [15,16]. The ability of GNR to adsorb large number of 
gases make it ideal for utilization for gas sensor applications [16]. Yet, 
GNR must to be modified using an appropriate approach (doping, defect, 
decoration of the surface, …) to adjust its selectivity to particular gases 
[17,18]. Furthermore, vacancy generation in GNR is expected to create 
new adsorption sites for gases. 

GNR has been investigated intensively recently for gas and chemical 
sensor utilization, and its efficiency has been demonstrated in many labs 
[19,20]. V. Naganaboina et al. reported CO gas sensors using CeO2 
modified graphene nanoplatelets that are functional at room tempera
ture and could detect concentrations as low as 9 ppm [21]. Graphene 
oxide sheets were produced by heating that yielded deoxygenation and 
generation of reduced graphene oxide [22]. The sensors had high 
detection limit of 10 nM concentration, and the incorporation of SnO2 
improved the detection limit for CO2 by ~50 %. E. Salih et al. investi
gated CO and CO2 adsorption on GNR modified by epoxy and hydroxyl 
groups computationally and reported enhancement of their adsorption 
[23]. The Pt doped GNR was examined for CO and CO2 adsorption by 
DFT computations and an enhancement was demonstrated in the 
adsorption by 9 times as compared with the pristine structure [24]. 
Graphene of double vacancy modified by transition metals was exam
ined for gas sensing, and the results demonstrated that the Fe and Co 
modified structures were suitable for CO and CO2 sensing [25]. How
ever, the effect of ZrOx modification of GNR on its adsorption for CO and 
CO2 was not examined, yet, it is well known of its high reaction with CO 
and CO2 [26]. 

The impact of modifying GNR (number of dimers = 3i) by ZrOx 
(where x = 0, 1, or 2) on its CO/CO2 adsorption capacity is evaluated 
using first-principles DFT-computations in this work. GNR is modified 
by two pathways: doping (central carbon atoms are replaced by ZrOx), 
and decoration (positioning ZrOx on a central point at GNR surface). 
ZrOx is selected in this work due to its high adsorption capacity to COx, 
especially in nanoparticle form [27]. 

The capacity of CO/CO2 adsorption on the modified and unmodified 
GNR structures is assessed through investigation of density-of-states 
(DOS), band structure modification, transfer of charge, as well as 
adsorption length and energy. 

2. Computational method 

The computations were performed using a Virtual-Nanolab (VNL) 
software package form Synopsys. The VNL involved a simulation plat
form: Quantum Atomistic toolkit (ATK). Kohn-Sham method of DFT 
computation was utilized to examine the adsorption of CO and CO2 
gases on ZrOx modified GNR. GNR was modified using ZrOx where it was 
either substituted carbon atoms (doping), or placed on the surface of 
GNR (decoration). The new structures are presented in Table 1. Pseu
dopotential perturbation associated with linear-collection of atomic 
orbitals (LCAO) were employed as a framework of this work. The 

electrons were modeled for each structure as a system of non-interacting 
gas with an effective potential energy (Vef (n)) that can be expressed as 
[28]: 

Vef (n) = VH(n)+Vexch(n)+Vs(n) (1)  

where n indicated the density of electrons, VH(n) was the Hartree po
tential for the interaction between electrons, Vexch(n) was the potential 
of exchange-correlation, and Vs(n) was the electrostatic potential of 
electrons. 

The Kohn-Sham Hamiltonian (ĤKS) was indicated as [28]: 

ĤKS = −
ℏ2

2m
∇2 +Vef (n) (2)  

where m was the electron mass, while the ℏ = h
2π was the reduced con

stant of Planck (h was the Planck's constant). The Kohn-Sham Hamil
tonian was executed using the DFT-LCAO computations by utilizing 
numerical values that enabled effective execution of the calculations for 
GNR structures. Local-density approximations (LDA) as well as 
generalized-gradient approximations (GGA) were realized. Electron 
exchange and correlation were included using the formalism of Per
dew–Burke–Ernzerhof (PBE) incorporated with Grimme (DFT–D2) ap
proximations [29]. The utilized formalism involved the effect of Van der 
Waals force which enabled accurate and efficient DFT computations 
[30,31]. It should be noted that the spin effect is not considered in the 
computations since the presented structure is polarized: electrons in 
graphene are not spin polarized and in GNR, and ZrOx is not a magnetic 
martials [32]. Furthermore, all computations were performed at a 
temperature of 300 K, where increasing the temperature might increase 
the kinetic energy of gases and reduce the probability of their 
adsorption. 

The edges of all investigated pristine and modified GNR structures 
were terminated using hydrogen atoms to reduce their edge effect [33]. 
Next, the GNR structures were modified by ZrOx (ZrOx denotes to Zr, 
ZrO, or ZrO2) using two pathways: i) doping where ZrOx replaced central 
carbon atoms, and ii) decoration where ZrOx was placed on a central 
location of the GNR surface. It should be noted that the ZrOx modifi
cation of GNR was made at a central point to reduce the effect of 
dangling bonds. All GNR structures were optimized beforehand any 
computations by a package within the ATK-VNL software: LBFGS [34]. 
Additionally, each structure was relaxed to maximum force-per-atom 
and stress tolerance of 0.05 eV/Å and 0.1GPa, respectively. The GNR 
structures were constructed at 4 × 2 × 1 k-point with 100 Hartree 
density for mesh sampling. The gas adsorption energy (Ega) on a GNR 
structure was evaluated using [23]: 

Ega = EGNR+COx − (EGNR +ECOx ) (3)  

where EGNR+COx was the total energy of GNR with the gas adsorbed (for 
COx, x = 1 or 2), EGNR was total energy of GNR without adsorption, and 
ECOx was the gas total energy. Accordingly, the suitability of a structure 
for CO/CO2 adsorption could be evaluated based on the value of 
adsorption energy. Herein, the strongest adsorption was assigned to the 
lowest negative value of Ega. Furthermore, the capacity of a structure for 
gas adsorption was assessed by evaluation of the charge transferred 
between CO/CO2 and a GNR structure. The charge transferred could be 
assessed by Mulliken population using [35]: 

ΔQT = qf − q0 (4)  

where q0 and qf were the original and final charges, respectively, of the 
CO/CO2 gas. A positive value of ΔQT designated that charges were 
transferred from GNR to CO/CO2 gas. 

Table 1 
Energy band gaps of the pristine and modified 
structures prior to CO/CO2 adsorption. The ZrOx- 
on-GNR notation is used for decorated structures, 
while the ZrOx + GNR notation is used for the 
doped structures.  

Structure Eg (eV) 

GNR  0.7122 
Zr-on-GNR  0.2516 
ZrO-on-GNR  0.4404 
ZrO2-on-GNR  0.2471 
Zr + GNR  0.4596 
ZrO + GNR  0.0775 
ZrO2 + GNR  0.0579  
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3. Results and discussion 

Pristine GNR structure is constructed and modified at a central 
location to minimize the edge effect of using ZrOx as presented in Fig. 1. 
The carbon atoms of the pristine GNR structure have a symmetrical 
arrangement with a C–C bond length between 1.42 and 1.43 Å. The 
figure reveals that doping (Fig. 1(b)–(d)) changes the structure of carbon 
atoms around the doping cite. All atoms of ZrOx establish bonds with 
carbon atoms within the GNR structure. Slight reorganization of carbon 
atoms is observed as a result of energy optimization nearby the doping 
site. Furthermore, no dramatic change in the structure of atoms (such as 
reconstruction) due to the satisfaction of the dangling bonds at the edges 
by hydrogen atoms [33]. Decoration (Fig. 1(e)–(g)) has less effect than 
doping on the structure of carbon atoms. Both Zr and ZrO establish 
bonds with GNR structure at interstitial positions. However, no bond is 
observed for the case of ZrO2 that can be assigned to its higher degree of 
chemical stability (compared with both Zr and ZrO) [36]. 

The lengths of bonds of the ZrOx - GNR within the doped structures 
are: 1.90 Å of the C–Zr in the Zr + GNR structure; 1.90 Å for O–Zr, 
1.42–1.44 Å for O–C, and 1.86–1.87 Å for C–Zr in the ZrO + GNR 
structure; and 1.89 Å for O–Zr, 1.42–1.44 Å for O–C, 1.83 Å for C–Zr 
in the ZrO2 + GNR. The lengths of bonds of the ZrOx - GNR within the 
decorated structures are: 2.30 Å for C–Zr in the Zr-on-GNR structure; 
1.78 Å for O–Zr and 2.41–2.44 Å for C–Zr in the ZrO-on-GNR structure; 
and 1.82 Å for O–Zr and 2.75–2.95 Å for C–Zr in the ZrO2-on-GNR 
structure. The adjustment of bond length of O–Zr, C–Zr, and C–O 
following to GNR modification with ZrOx is assigned to the stress relief 
after bonding [37]. 

The band gaps of the ZrOx modified GNR structures are evaluated as 
presented in Table 1. The pristine GNR structure exhibit the maximum 
value of band gap energy. In general, the doped GNR structures have 
lower band gap energies than the decorated ones, where the lowest band 
gaps are observed for the ZrO and ZrO2 doped GNR structures. 

The band structure variation as a result of modification of GNR by 
ZrOx is presented in Fig. 2. Each band structure has a parabolic shape 
around the Γ-point. Herein, the symmetry around the Γ-point is 
considered since it exhibits the lowest band gab energy. Higher DOS 
within conduction as well as valance bands can be observed for modified 
structures as compared with the pristine one. The band structures 
contain the projections of the different orbitals, however, the manu
script focuses on the main structure since it serves the objective of this 
work. The modification shifts the valance band adjacent to the Fermi 
level and generates additional bands close to it, in agreement with the 

results presented in Table 1. 
Fig. 3 shows the optimized pristine and modified GNR structures post 

to CO adsorption. The figure illustrates that CO is unbonded to all 
pristine and decorated GNR structures, while it is bonded to all doped 
ones. The bonds are established to ZrOx cite in the doped GNR struc
tures. Furthermore, a chemical bond is established only between CO and 
ZrO2 in the decorated structure but without any connection to GNR. 
Upon introduction of CO, it reorients itself during the optimization 
process to minimize the structure total energy and hence stabilizes it. It 
can be stated that chemisorption of CO on the doped GNR is a favorable 
adsorption unlike both pristine and decorated GNR. Fig. 4 presents the 
GNR structures post to CO2 adsorption. The figure illustrates that CO2 is 
chemisorbed only on the Zr doped GNR structure, while no chemi
sorption occurs for the pristine, ZrO-doped, ZrO2-doped, and all deco
rated structures. Figs. 3 and 4 demonstrate that adsorption of CO and 
CO2 is favorable on the doped GNR structures but less favorable on both 
pristine as well as decorated GNR structures. 

The band structure variation as a result of CO and CO2 adsorption on 
pristine and modified GNR structures is presented in Figs. 5 and 6, 
respectively. The figures show that new bands are generated upon 
modification and gas adsorption. Generally, adsorption of the gas in
creases the band gap. Adsorption of CO2 on a GNR structure increases its 
band gap such that it is larger than its equivalent upon CO adsorption. 
The band gap values of GNR structures after adsorption of CO and CO2 
gases are presented in Table 2. The alteration of the band structure as 
well as generation of new bands post to CO and CO2 adsorption illustrate 
the introduction of additional electronic states because of the gas 
adsorption [38]. The adjustments in the band gap together with the 
introduction of new bands demonstrate that the ZrOx modification of 
GNR is an effective approach to enhance its adsorption for CO and CO2 
gases. The increase in the band gap energy can be assigned to the 
competition between the Coulomb attraction of the gas and ZrOx spe
cies, and correlation by charges of nonbonding states [39]. The DOS of 
pristine and ZrOx modified GNR structures post adsorption of CO and 
CO2 as compared with the unexposed pristine GNR is presented in Fig. 7. 
The figure demonstrates that the DOS of pristine and modified GNR is 
generally lower than that of the unexposed pristine GNR. Doping of GNR 
by ZrOx and exposure to CO and CO2 cause generation of new electronic 
bands within the conduction band, valance band, and band gap. For 
example, the DOS intensity of pristine GNR increases after adsorption of 
CO at the bands 2.62 and − 3.72 eV, and after adsorption of CO2 at the 
bands 3.71 and − 4.53 eV. New bands are generated for the Zr doped 
GNR after adsorption of CO at the bands 3.97, − 1.72, and − 3.82 eV, and 

Fig. 1. The optimized GNR structures prior to gas adsorption of pristine GNR (a), doped (b–d), and decorated structures (e–g). b) Zr + GNR, c) ZrO + GNR, d) ZrO2 +

GNR, e) Zr-on-GNR, f) ZrO-on-GNR, and g) ZrO2-on-GNR. 
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after adsorption of CO2 at the bands − 1.72 and − 3.82 eV. New bands are 
generated for the ZrO doped GNR after adsorption of CO at the bands 
0.73 and − 0.16 eV, and after adsorption of CO2 at the bands 3.42 and 
− 0.16 eV. New bands are generated for the ZrO2 doped GNR after 
adsorption of CO at the bands 2.10 and − 0.51 eV, and after adsorption of 
CO2 at the bands 2.02 and − 0.51 eV. Bands at different locations are 
generated for the decorated structure after gas adsorption, for instance, 

the bands at − 0.09, − 0.07, and 2.49 eV are generated after CO 
adsorption on the Zr, ZrO and ZrO2 doped GNR (respectively), while the 
bands at − 0.09, 0.57, and − 0.97 eV are generated after CO2 adsorption 
on the Zr, ZrO and ZrO2 doped GNR (respectively). Fig. 7 shows that the 
DOS of modified GNR after exposure to CO and CO2 increases around the 
Fermi level, in agreement with the observations of Figs. 2, 5, and 6. The 
general features of DOS for the pristine and ZrOx modified GNR after 

Fig. 2. The band diagrams of the optimized pristine and modified GNR structures prior to gas adsorption: a) pristine GNR, b) Zr + GNR, c) ZrO + GNR, d) ZrO2 +

GNR, e) Zr-on-GNR, f) ZrO-on-GNR, and g) ZrO2-on-GNR. 

Fig. 3. The optimized GNR structures post to CO adsorption of pristine GNR (a), doped (b–d), and decorated structures (e–g). b) Zr + GNR, c) ZrO + GNR, d) ZrO2 +

GNR, e) Zr-on-GNR, f) ZrO-on-GNR, and g) ZrO2-on-GNR. 

Fig. 4. The optimized GNR structures post to CO2 adsorption of pristine GNR (a), doped (b–d), and decorated structures (e–g). b) Zr + GNR, c) ZrO + GNR, d) ZrO2 +

GNR, e) Zr-on-GNR, f) ZrO-on-GNR, and g) ZrO2-on-GNR. 
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exposure to CO and CO2 are symmetrical to those of pristine unexposed 
GNR. Additional electronic states are introduced for the ZrOx modified 
GNR after exposure to CO and CO2 [40]. Therefore, ZrOx modification of 
GNR can be considered as an effective methodology for CO and CO2 gas 
adsorption. 

The capacity of the pristine and ZrOx modified GNR for CO and CO2 
is assessed by evaluation of the adsorption energy as illustrated in 
Table 2. The table reveals clear enhancement of Ega of adsorption of CO 
and CO2 for GNR as a result of ZrOx modification. The doped GNR 
structures adsorb both CO and CO2 more effectively than the decorated 
ones. The highest adsorption energy of CO gas is for the Zr doped GNR 
(− 9.0231 eV), while the highest adsorption energy of CO2 gas is for the 
ZrO2 doped GNR (− 8.8558 eV). However, the capacity of the GNR 
structures for adsorption of CO and CO2 can be evaluated by combining 
the adsorption energy results with the observations in Figs. 3 and 4. CO 
is physically combined with all doped GNR structures, yet, CO2 is only 
bonded with the Zr doped GNR structure. This structure has a relatively 
high adsorption energy for CO2 (− 8.2607 eV), hence, it can be high
lighted as the structure with the highest capacity for CO2 adsorption. 
Therefore, the Zr doped GNR structure is the structure of the best 

Fig. 5. The band diagrams of the optimized pristine and modified GNR structures post to CO adsorption: a) pristine GNR, b) Zr + GNR, c) ZrO + GNR, d) ZrO2 +

GNR, e) Zr-on-GNR, f) ZrO-on-GNR, and g) ZrO2-on-GNR. 

Fig. 6. The band diagrams of the optimized pristine and modified GNR structures post to CO2 adsorption: a) pristine GNR, b) Zr + GNR, c) ZrO + GNR, d) ZrO2 +

GNR, e) Zr-on-GNR, f) ZrO-on-GNR, and g) ZrO2-on-GNR. 

Table 2 
Calculated parameters of the pristine and modified structures post to CO/CO2 
adsorption: energy band gap (Eg), adsorption energy (Ega) and length (D), along 
with charge transferred (ΔQT).  

Structure Eg (eV) Ega (eV) D (Å) ΔQT (e) 

CO + GNR  0.7147  − 0.4901  3.0200  − 0.0090 
CO + Zr-on-GNR  0.2586  − 0.5211  2.9000  − 0.0100 
CO + ZrO-on-GNR  0.3750  0.3194  3.7900  − 0.2870 
CO + ZrO2-on-GNR  0.1472  − 1.9060  2.6300  0.3300 
CO + Zr + GNR  0.5637  − 9.0231  2.3600  − 0.0240 
CO + ZrO + GNR  0.5635  − 8.5311  2.3400  0.1970 
CO + ZrO2 + GNR  0.2219  − 8.6503  2.2900  0.3380 
CO2 + GNR  0.7224  − 0.5015  3.2800  0.0070 
CO2 + Zr-on-GNR  0.2442  − 0.4360  3.4700  0.0040 
CO2 + ZrO-on-GNR  0.4595  − 0.5934  3.5900  0.2500 
CO2 + ZrO2-on-GNR  0.7074  − 2.5815  3.2400  0.5680 
CO2 + Zr + GNR  0.7375  − 8.2607  2.3600  − 0.1010 
CO2 + ZrO + GNR  0.5327  − 7.5749  3.1200  0.0050 
CO2 + ZrO2 + GNR  0.8292  − 8.8558  2.9300  0.0480  
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adsorption capacity for both gases with the highest adsorption energy 
for CO. The low values of adsorption energies for CO and CO2 on pristine 
GNR (− 0.4901 and − 0.5015, respectively) indicate their unfavorable 
adsorption. The CO and CO2 adsorption energies on the Zr doped GNR 
are 18.4 and 16.5 times, respectively, higher reference to the pristine 
GNR. A comparison between the adsorption energies evaluated in this 
work with recently reported values for graphene-based structures is 
presented in Table 3. The table presents that an excellent enhancement 
has been achieved in this work for adsorption of CO and CO2 through Zr 
doping. 

The adsorption length is evaluated by measuring the bond length 
between the gas and GNR structure and it can be used to assess the ca
pacity of gas adsorption. A small adsorption length points to the robust 
adsorption of the gas on a structure. Table 2 shows that the Zr doped 
GNR structure has a low adsorption energy for both CO and CO2 (2.36 Å 
for both) in agreement with the high magnitude of adsorption energy of 
this structure for both gases. The pristine GNR in addition to the deco
rated structures (for the case of CO2 gas) exhibit large adsorption lengths 
signifying their small adsorption capacity. The ZrO2 doped GNR struc
ture also exhibits low adsorption length for CO in agreement with its 
relatively high adsorption energy. The low adsorption length for CO on 
the ZrO2 decorated GNR is misrepresentative since no chemical bond 
exists between the gas and the structure. The adsorption energy of CO on 
the ZrO decorated GNR is positive indicating that gases have unfavor
able adsorption which is in agreement with the observation in Fig. 3(f). 
The table also shows the charge transferred between the gases and GNR 
structures. The charge density difference diagrams of pristine and 
modified structures before and after adsorption of CO and CO2 gases are 
shown in the Supplementary Fig. S1. The figure shows the charge den
sity difference in color code: blue is negative, while pink is positive. High 
charge density difference is associated with the structures with high 

charge transfer (for example, CO2 adsorbed on ZrO2 on GNR). The value 
of the charge is negative for both CO and CO2 on the Zr doped GNR 
structure indicating that charge is transferred from the gas to the 
structure. Additionally, ΔQT has the lowest negative value for both gases 
on the Zr doped GNR (except for CO on the ZrO decorated GNR, how
ever, the gas here is not attached to the structure). The noticeable values 
of ΔQT transferred from CO and CO2 to the Zr doped GNR agree with 
their large adsorption energies and low adsorption lengths. Further
more, this also is in agreement with the chemisorption of gases observed 
in Figs. 3 and 4. The observed negative charge transferred from CO and 
CO2 to the Zr doped GNR justify the introduction of new electronic 
bands after adsorption as observed in Figs. 5 and 6, and thus, the robust 
adsorption of the gases on the structure [41]. The values of ΔQT for both 
gases on pristine GNR are low (compared with that of the Zr doped GNR) 
in agreement with the observation that the gases are not chemisorbed on 
the structure. 

CO gas has a high adsorption energy with the observed chemisorp
tion on all ZrOx doped GNR structures with minor differences. However, 
CO2 is chemisorbed and has high adsorption energy on the Zr doped 
GNR structure only. Therefore, the Zr doped GNR can be considered as a 
suitable structure for both CO and CO2 adsorption. The adsorption en
ergy values of CO and CO2 on this structure are 1.5 and 2.0, respectively, 
times higher than those reported for them on Pt doped GNR [24]. The 
evaluated values of the adsorption energy and length indicate that the 
ZrOx doped GNR structures are more favorable for CO than the deco
rated structures. For CO2, the only favorable structure is the Zr doped 
GNR [42–44]. Accordingly, doping GNR with ZrOx is a more efficient 
approach for CO and CO2 adsorption than decoration. The improvement 
of CO and CO2 adsorption on GNR upon doping with ZrOx is assigned to 
its high affinity to both gases [36,45]. The excellent adsorption of CO is 
allocated to its oxidation to CO2 due to oxidative adsorption that is 
promoted by ZrOx [46]. The GNR doping by ZrOx promotes its reactivity 
because of the contribution of additional negative charges into the 
delocalized π-bond that result from the larger electronegativity of ZrOx 
within the GNR-doped structures when compared to the pristine one 
[37]. Additionally, the less favorable adsorption of CO and CO2 on 
decorated GNR is assigned to the lower hybridization that occurs in the 
overlapped electronic orbitals of carbon (2p) as well as zirconium (both 
3d and 4s) [47]. The orbitals of carbon, zirconium, and oxygen (2p, 3d, 
and 2p, respectively) within the doped GNR structures have sturdy hy
bridization [47]. The decent adsorption of CO on ZrOx can be assigned to 
the close C–O bond that is adjacent to the CO gas gas-phase [48]. As for 
CO2, electron transfer generates a surface carbonate by the oxide anion, 
O2− , to the anti-bonding π level in CO2 [48]. Thanks for the redox-cycle 
as well as the superior surface acidity that enable excellent reactivity of 

Fig. 7. Density of states of the optimized pristine and modified GNR structures prior and post CO/CO2 adsorption for: a) pristine GNR, b) Zr + GNR, c) ZrO + GNR, d) 
ZrO2 + GNR, e) Zr-on-GNR, f) ZrO-on-GNR, and g) ZrO2-on-GNR. 

Table 3 
Reported adsorption energies of CO/CO2 on graphene based structures.  

Structure Ega(CO) 
(eV) 

Ega(CO2) 
(eV) 

Reference 

Zr doped GNR  − 9.0231  − 8.2607 This work 
Pt doped armchair graphene 

nanoribbon  
− 5.967  − 4.014 [24] 

O and OH modified armchair graphene 
nanoribbon  

− 0.303  − 0.538 [23] 

Graphyne  − 0.139  − 0.188 [52] 
Ir modified graphene with single 

vacancy  
− 1.79  [53] 

Fe doped graphene   − 1.5 [54]  
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CO and CO2 reduction. The adsorption of CO on ZrOx however is more 
efficient due to the formation of CO2 that is more stable [49]. This can be 
illustrated according to the below equations where CO adsorb electrons 
to the ZrOX [50]: 

O2 +CO→O2− adsorbed +CO2 (5)  

O2− adsorbed +CO→CO2 (6) 

CO2 also is adsorbed on ZrOx trough reaction with oxygen ion: 

CO2(adsorbed) +O−
2(adsorbed) + 2e− →CO−

2(adsorbed) + 2O−
(adsorbed) (7) 

This reaction generates extra charges as presented in Table 2. For the 
decorated structures, ZrOx utilizes its bonds for bonding with GNR, 
hence, CO and CO2 have relatively low affinity for bonding with the 
structures as a result of chemical bond satisfaction. 

Fabrication of environmental monitoring gas sensors for CO and CO2 
can benefit from the advances in their adsorption on the ZrOx modified 
GNR. The gas sensor response (SR) is given by: 

SR =

⃒
⃒
⃒
⃒
ρf − ρ0

ρ0

⃒
⃒
⃒
⃒ (8) 

Here, ρ0 and ρf are the resistivities of the structure prior and post 
exposure to the gas, respectively. The sensor resistivity may be assessed 
by [51]: 

ρ(0 or f ) = De
Eg (0 or f )

2kB T (9) 

In the equation, D is a constant (pre-exponential that is temperature 
independent), T is the GNR temperature, Eg (0 or f) is the estimated energy 
of the band gap prior and post gas adsorption (respectively), while the 
Boltzmann constant kB is 8.62× 10− 5 eV.K− 1. The outcome of Eq. (9) is a 
qualitative value of the resistivity based on the computations, while the 
precise value is found experimentally. Hence, the evaluated sensor 
response is also an estimated value. The sensor response of pristine GNR 
upon exposure to CO is 0.05 while it increases to 6.48 for the Zr doped 
GNR. Those values indicate a large enhancement of the response due to 
Zr doping of GNR as well as the suitability of ZrOx doped GNR for CO 
adsorption. Additionally, the result is in agreement with the evaluated 
values of Ega, D, and ΔQT in Table 2. Consequently, doping of GNR by 
ZrOx can be considered for applications of environmental CO and CO2 
gas sensors, with the best sensitivity of both gases for the Zr doped GNR. 

4. Conclusion 

Armchair-graphene nanoribbon (GNR) has been explored in the last 
decade for implementation as a sensitive material for environmental gas 
sensors, yet, its modification is necessary to promote the selectivity for 
particular gases. The effect of modifying GNR by ZrOx (ZrOx is Zr, ZrO, 
or ZrO2) on its adsorption for CO and CO2 gases is examined in this work. 
First principles computations that employ density functional theory 
(DFT) are utilized to assess gas adsorption by evaluation of the 
adsorption energy (Ega) and length (D), exchange of change between the 
gas and the structure (ΔQT), density of states (DOS), along with the band 
structure. GNR is modified using ZrOx either by atomic substitution 
(doping) or deposition on GNR structure (decoration). The outcomes 
reveal that ZrOx modification of GNR greatly enhances its CO and CO2 
adsorption. In particular, doping is more efficient than decoration for 
both gas adsorption. Additionally, Zr doped GNR has the highest ca
pacity for both gases adsorption. Yet, the Zr doped GNR exhibits higher 
adsorption energy for CO than CO2. The adsorption energy of the Zr 
doped GNR for CO and CO2 increases 18.4 and 16.5 times, respectively, 
reference to the pristine GNR. Therefore, ZrOx doping of GNR may be 
applied for the fabrication of highly sensitive and selective environ
mental CO and CO2 sensors. 

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.diamond.2023.110371. 
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