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ARTICLE INFO ABSTRACT

Keywords: In this work, we present a highly sensitive gas sensor for the detection of poisonous hydrogen

Zigzag nanoribpon sulfide gas (H2S) based on copper and zinc co-doped zigzag graphene nanoribbon (Cu/Zn-ZGNR).

gu a’}‘ld Zn doping The electronic properties as well as the sensing performance of Cu/Zn-ZGNR toward H,S were
raphene

investigated employing density functional theory (DFT). The adsorption capacity of the newly
developed Cu/Zn-ZGNR system was compared with both pristine ZGNR as well as doped Zn-
ZGNR and Cu-ZGNR systems. The adsorption energy (Eqs) of H2S/Zn-ZGNR and H,S/Cu-ZGNR
systems were found to be —2.237 and —1.129 eV, respectively. For the case of H,S/Cu/Zn-ZGNR,
the adsorption energy (Eq4s) and charge transfer (Aq) reflected an outstanding increase to —7.043
eV and —0.311 e, respectively, when compared with both pristine and doped systems: ZGNR, Zn-
ZGNR, and Cu-ZGNR. Moreover, the adsorption distance (D) between HyS and Cu/Zn-ZGNR
decreased remarkably to 2.23 A and an S-Cu bond was generated. The response towards HyS
of the developed ZGNR, Zn-ZGNR, Cu-ZGNR, and Cu/Zn-ZGNR gas sensors has been investigated
as well. Particularly, the response of H,S to Cu/Zn-ZGNR system demonstrated a significant high
value of 48.92%. Therefore, the newly developed co-doped Cu/Zn-ZGNR based gas sensor can be
recommended as a highly sensitive HyS sensor.

Co-doping
H,S gas Sensor

1. Introduction

In the recent two decades, graphene as a superior two-dimensional material, has revealed a considerable performance in the field of
gas sensors [1-3] owing to its magnificent thermal, mechanical, and electrical characteristics [4-6]. Among the various forms of
graphene-based materials, the qausi one-dimensional form, which is called graphene nanoribbon (GNR), has been examined as a gas
sensor for the detection of different toxic gases [7-11]. Counting on the carbon atoms arrangement at the edges, GNR is categorized
into zigzag and armchair graphene nanoribbon [12-15]. The preference of GNR in the sensing applications is mostly attributed to the
controllable band gap and the existence of the edges that act as chemically active sites, which assist in the interaction with the gas
molecules [16].

The toxic hydrogen sulfide (H»S) gas has been chosen to be the target gas of the current study due to the dangerous effects that it
causes to the human respiratory and nervous systems [17-19]. It is a poisonous and very flammable gas at the higher concentrations
and generated mostly from the decomposition of organic matter as well as the petroleum extraction [20]. Various investigations have
been reported recently about using GNR as a gas sensor to detect the poisonous H,S gas molecules. For example, a comparative study
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between the performance of zigzag and armchair graphene nanoribbons toward the detection of H,S was published recently [21]. The
researchers of this work demonstrated that the zigzag graphene nanoribbon is more sensitive for the detection of HyS as compared with
the armchair graphene nanoribbon. Moreover, very recently, a comparative investigation between the sensitivity toward HsS gas of
three graphene-based materials was reported [22]. In the study, graphene-nanosheet, armchair graphene-nanoribbon, and zigzag
graphene-nanoribbon were utilized for the purpose of detection of H,S gas. The results of this work revealed that functionalizing the
three forms of graphene-based materials with ~O- or —-OH functional groups have a considerable impact on the adsorption parameters
with the best performance observed for the case of hydroxyl modified ZGNR. Consequently, the ZGNR was considered as the substrate
of the current study for the sensitive detection of HyS. Furthermore, different investigations were reported in recent years showing the
impact of doping graphene-based materials on their accomplishment in the detection of various poisonous gases [23-27].

In the current study, copper and zinc co-doping of ZGNR (Cu/Zn-ZGNR) have been investigated theoretically for the purpose of
enhancing its performance towards the sensing of HyS gas. To the best of our knowledge, this is the first time in literature where Cu/Zn
co-doped ZGNR is built and utilized to sense HsS gas using simulation based on density functional theory (DFT). The results reveal that
the sensitivity of the established Cu/Zn-ZGNR system toward the detection of the poisonous HyS gas is evidently improved as compared
with both pristine and doped systems: ZGNR, Zn-ZGNR, and Cu-ZGNR. Thus, Cu and Zn co-doping of ZGNR can be considered as a
promising method to enhance its performance towards the sensitive detection of the poisonous HxS gas molecules.

2. Computational details

The electronic properties, as well as the sensing performance of pristine and doped systems (ZGNR, Zn-ZGNR, Cu-ZGNR, and Cu/
Zn-ZGNR) toward H,S gas were investigated employing Atomistic ToolKit Virtual NanoLab (ATK-VNL) package (version 2018.06). In
order to define the exchange correlation function, the generalized gradient approximation combined with the Perdew-Burke-
Ernzerhof, that is abbreviated as (GGA-PBE), were employed [28,29]. For the purpose of correcting the influence of van der Waals
interactions, DFT-D2 of Grimme has been utilized [29-32]. The (LBFGS) optimizer has been employed in order to attain the most stable
adsorption configurations for the built systems [33]. Thus, all the established ZGNR, Zn-ZGNR, Cu-ZGNR, and Cu/Zn-ZGNR systems
with and without the existence of the H,S gas were optimized until a 0.05 eV/A force convergence was attained. The energy mesh
cutoff is set to be 150 Ry, stress error tolerance of 0.1 GPa has been utilized during the calculations, and a 4 x 4 x 1 k point sampling
has been employed for Brillouin-zone integration. To confirm the adsorption of HyS on any of the developed ZGNR, Zn-ZGNR,
Cu-ZGNR, and Cu/Zn-ZGNR sensors, the adsorption energy was illustrated employing equation (1) [34,35]:

Eads = ECu/Zn—ZGNR+HgS - ECu/Zn—ZGNR - EHZS (1)

where refers to the total energy of the relaxed HaS adsorbed on any of developed ZGNR, Zn-ZGNR, Cu-ZGNR, and Cu/Zn-ZGNR sensors,
Ecy/zn-zonr refers to the total energy of any of developed sensors prior to the interaction with H»S, and Ep,s is to the total energy of the
relaxed HS gas. In addition, the mechanism of the transfer of the charge among the H,S gas molecules and the built ZGNR, Zn-ZGNR,
Cu-ZGNR, and Cu/Zn-ZGNR sensors has been demonstrated employing Mulliken population method with the aid of equation (2) [35,
36]:

Aq =4qa — qp (2)

where, g, corresponds to the Mulliken charges of HyS molecules after being adsorbed on any of the developed ZGNR, Zn-ZGNR, Cu-
ZGNR, and Cu/Zn-ZGNR sensors, while g, is the Mulliken charges of the relaxed H»S prior the interaction with any of the established
sensor materials. For the current-voltage characteristics, the semi-empirical extended Hiickel model was used and k-point sampling of
1 x 1 x 5 has been utilized. The total current passing through the established ZGNR, Zn-ZGNR, Cu-ZGNR, and Cu/Zn-ZGNR devices
has been evaluated with the aid of Landauer-Biittiker formula [37]:

1:% T(E,V)If(E =) —f(E — pg)ldE ®

where T (E, V) and f refer to the transmission function and the Fermi distribution function, respectively. While, y; and uj correspond
to the electrochemical potential of the left and the right electrodes, respectively. With the aid of the current-voltage curves, the
response (R (%)) of the sensor towards the toxic H,S gas molecules was elucidated utilizing equation (4) [38-40]:

I1—-1,

R (%) = } x100% 4

o

where I refers to the current of any of the built devices after adsorbing HsS gas and I, is the current of any of the devices without
interacting with the HyS gas.

3. Results and discussion
Copper and zinc co-doped zigzag graphene nanoribbon (Cu/Zn-ZGNR) is built using a first principles based simulation, and then

utilized to detect HoS gas with improved sensitivity. In order to confirm the impact of co-doping with Cu and Zn on the response of
ZGNR toward the detection of H,S, the performance of the new system was compared with those of ZGNR, Zn-ZGNR, and Cu-ZGNR
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Fig. 1. Top and side views of the relaxed a) ZGNR, b) Zn-ZGNR, c) Cu-ZGNR, and d) Cu/Zn-ZGNR.
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Fig. 2. Top and side views of the relaxed a) H,S/ZGNR, b) H,S/Zn-ZGNR, c) H,S/Cu-ZGNR, and d) H,S/Cu/Zn-ZGNR.

systems. The established ZGNR, Zn-ZGNR, Cu-ZGNR, and Cu/Zn-ZGNR systems prior and after the interaction with HS are relaxed to

—2. The geometrical parameters of ZGNR, Zn-ZGNR, Cu-ZGNR, and
Cu/Zn-ZGNR systems are listed in Table 1. Upon the relaxation, the results reflect that the average length of the C-C and C-H bonds of

ZGNR are 1.43 and 1.10 A, respectively. For the cases of Zn-ZGNR and Cu-ZGNR systems, the average C-Zn and C-Cu bond lengths are

acquire the most stable adsorption configuration as shown in Figs. 1
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Table 1

Geometrical parameters of ZGNR, Zn-ZGNR, Cu-ZGNR, and Cu/Zn-ZGNR.
System Bond length (A)

Cc-C C-H C-Zn C-Cu Cu-Zn

ZGNR 1.43 1.10 - - -
Zn-ZGNR 1.38" 1.10 1.77 - -
Cu-ZGNR 1.39° 1.10 - 1.73 -
Cu/Zn-ZGNR 1.39" 1.10 1.79 1.73 2.03

@ Close to the position of the metal atoms.

Table 2
Adsorption distance (D), charge transfer (4q), and adsorption energy (Eq4;) of HoS/ZGNR, H,S/Zn-ZGNR, H,S/Cu-ZGNR,
and H,S/Cu/Zn-ZGNR systems.

System D A) Aq (e) Eqqs (eV)
H,S/ZGNR 3.24 —0.022 —0.364
H,S/Zn-ZGNR 2.70 -0.037 —2.237
H,S/Cu-ZGNR 2.75 —0.059 —-1.129
H,S/Cu/Zn-ZGNR 2.23 —0.311 —7.043
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Fig. 3. Band structures of a) ZGNR, b) Zn-ZGNR, c) H,S/ZGNR, and d) H,S/Zn-ZGNR.

1.77 and 1.73 A. Meanwhile, the average length of C-Zn, C-Cu, and Cu-Zn bonds of Cu/Zn-ZGNR are 1.79, 1.73, and 2.03 A aslisted in
Table 1. Furthermore, the average length of the immediate C-C bonds close to the position of the metal atoms decreases to 1.38 A for
the case of Zn-ZGNR and 1.39 A for both Cu-ZGNR and Cu/Zn-ZGNR systems. After the optimization, the H,S molecule changes its
direction in which one H and the sulfur atoms face the plane of the ribbon for the cases of HyS/ZGNR, H2S/Zn-ZGNR, and HyS/Cu-
ZGNR systems as shown in Fig. 2(a)-2(c). Nevertheless, the smallest distance is detected between the H atom and the systems.
Meanwhile, a little bending in the ribbon toward the gas is observed for the cases of the HoS/Zn-ZGNR and HyS/Cu-ZGNR systems.
Upon the adsorption of HyS on Cu/Zn-ZGNR system (Fig. 2(d)), the Zn atom becomes bonded with four C atoms from the ribbon.
Meanwhile, the Cu atom is protruded toward the HyS gas with two bonds between the Zn atom and one C atom from the ribbon and
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Fig. 4. Band structures of a) Cu-ZGNR, b) Cu/Zn-ZGNR, c¢) H,S/Cu-ZGNR, and d) H,S/Cu/Zn-ZGNR.

another bond with length 2.23 A with the S atom of the gas. Consequently, the average lengths of C-Zn, C-Cu, and Cu-Zn bonds
increase to 2.00, 2.07, and 2.52 A.

The adsorption distance (D), Aq, and E4 of HyS/ZGNR, HyS/Zn-ZGNR, H3S/Cu-ZGNR, and HS/Cu/Zn-ZGNR systems are
calculated and listed in Table 2 to prove the successful detection of the gas. The results show that, the adsorption distance, charge
transfer, and the adsorption energy for the case of the HyS/ZGNR system are 3.24 A, —0.022 e, and —0.364 eV, respectively. These
results indicates that the H,S gas is physisorbed on the surface of ZGNR [41]. A considerable improvement in the adsorption pa-
rameters is noticed after doping ZGNR with Zn and Cu. For instance, the adsorption energy increases to —2.237 and —1.129 eV, while
the adsorption distance decreases to 2.70 and 2.75 A for the cases of HyS/Zn-ZGNR and H,S/Cu-ZGNR systems, respectively. Besides,
the amount of charges that transfer from the gas to the systems reveal higher values after doping ZGNR with any of the Zn or Cu atoms.
Upon co-doping ZGNR with Cu and Zn, the adsorption parameters demonstrate an outstanding improvement as compared with the
pristine and doped ZGNR, Zn-ZGNR, and Cu-ZGNR systems. On one hand, the adsorption distance decreases to 2.23 A and the charge
transfer increases significantly to —0.311e. On the other hand, the adsorption energy increases outstandingly to —7.034 eV. This value
is nearly 19 times larger than the case of HyS/ZGNR system, while it is almost 3 and 6 times larger than the cases of HoS/Zn-ZGNR and
H,S/Cu-ZGNR, respectively. The magnificent increase in the adsorption energy as well as the charge transfer of H,S/Cu/Zn-ZGNR is
attributed to the formation of the S—Cu bond that is observed after the adsorption of H,S on the Cu/Zn-ZGNR system as shown in Fig. 2
(c). The obtained results for this case demonstrate that HoS molecule is chemisorbed on the surface of Cu/Zn-ZGNR system [41].

The band structure results of ZGNR, Zn-ZGNR, Cu-ZGNR, and Cu/Zn-ZGNR systems prior and after the detection of HyS are
illustrated in Figs. 3-4. The results show that the bandgap of ZGNR (Fig. 3(a)) is zero demonstrating its metallic nature that has been
reported [42,43]. After doping ZGNR with Zn, some variations are noticed close to Fermi level in the valence and the conduction
bands. For instance, the spaces between the bands close to Fermi level (from O to +2 eV) increase slightly in addition to the appearance
of new flat bands between 0 and -1 eV as shown in Fig. 3(b). The same trend is almost observed as well for the cases of Cu-ZGNR and
Cu/Zn-ZGNR (Fig. 4(a) - 4(b)) besides a flattening to some of the valence and the conduction bands upon introducing the Cu and Zn
atoms to the surface of the ribbon. Fig. 3(c) shows the band structure of HoS/ZGNR system. The figure demonstrates the appearance of
a new band in the valence bands (between —1 and —2 eV) as a result of the interaction between the H5S gas and the ZGNR system. For
the case of the H,S/Zn-ZGNR system (Fig. 3(d)), new bands that are not existed in the band structure of Zn-ZGNR are observed close to
Fermi level. The same trend is noticed as well for the cases of the HyS/Cu-ZGNR and H,S/Cu/Zn-ZGNR systems as shown in Fig. 4(c) - 4
(d). The band structure results that are obtained in the current study reveal that doping as well as co-doping ZGNR affect its electronic
characteristics. Furthermore, once the H,S gas is adsorbed on the surface of any of the developed systems, noticeable modifications
including the appearance of new bands are demonstrated. These modifications are likely to illustrate new electronic states creation as a
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Fig. 5. Density of states of a) ZGNR, b) Zn-ZGNR with and without the existence of H,S, ¢) Cu-ZGNR, and d) Cu/Zn-ZGNR with and without the
existence of H,S.

result of the interaction with the H,S gas molecules [44].

To further understand the impact of doping and co-doping ZGNR on the electronic properties, the density of states of the pristine
ZGNR, Zn-ZGNR, Cu-ZGNR, and Cu/Zn-ZGNR systems are investigated as shown in Fig. 5 (as well as in Fig. 1 of the supplement
material). The highest intensity for the peak at Fermi level is observed for the case of pristine ZGNR as compared with the other three
modified systems. Furthermore, remarkable variations as well as new peaks are observed in the valence and the conductions bands
upon doping and co-doping ZGNR, which further confirm the band structure results. To verify the successful adsorption of H,S on the
surface the ZGNR, Zn-ZGNR, Cu-ZGNR, and Cu/Zn-ZGNR systems, the density of states of these systems with and without the gas are
investigated and shown in Fig. 5. As shown in Fig. 5(a), the changes of the density of states are not significant upon the adsorption of
H,S on the surface of pristine ZGNR. Therewith, the peaks around —6.08, —4.26, 4.24, 5.03, and 9.01 eV demonstrate a slight increase.
Besides, a new peak is observed around —1.35 eV, which is in excellent agreement with the appearance of new band in this range in the
band structure of HyS/ZGNR systems (Fig. 3(c)). After doping and co-doping ZGNR with Cu and Zn atoms, the impact of the HaS
adsorption on the density of states become more noticeable as compared with the case of pristine ZGNR. For instance, the density of
states around —6.36, —5.90, —1.07, 1.00, and 5.80 eV increase upon adsorption of H,S on the surface of Zn-ZGNR (Fig. 5(b)). In
addition, three new peaks around —7.95, —7.53, and 0.43 eV are observed and the peak around 7.81 eV is shifted to 7.60 eV. For the
case of HyS/Cu-ZGNR (Fig. 5(c)), the density of states results demonstrate an increase in the peaks around —5.97, —4.98, —2.38,
—1.63,5.31, 5.80, 7.64, and 8.86 eV as compared with Cu-ZGNR in addition to the appearance of two new peaks around 0.56 and 9.63
eV. The highest impact of the adsorption of H,S gas on the density of states is observed for the case Cu/Zn-ZGNR (Fig. 5(d)) system due
to the protruding of the Cu atom and the formation of S-Cu bond. On one hand, the density of states around —8.36, —4.17, —3.49,
—3.05, —1.59, 2.37,5.78, 6.58, 7.61, and 9.26 eV increase considerably after the adsorption of H,S. On the other hand, the peaks in the
range from —6.41 to —5.00 eV shift to higher values and the two peaks around 0.86 and 1.06 eV are shifted to 0.54 and 1.00 eV to be
closer to Fermi level. The prominent variations in the density of states in the valence and the conductions bands for the cases of HyS/
Zn-ZGNR, HS/Cu-ZGNR, and HS/Cu/Zn-ZGNR systems as compared with the pure systems reveal a change in the number of
occupied states upon the gas adsorption [45,46]. These results confirm that the poisonous HyS gas is successfully adsorbed on the
surface of Zn-ZGNR, Cu-ZGNR, and Cu/Zn-ZGNR systems.

The electron transport properties of the present ZGNR, Zn-ZGNR, Cu-ZGNR, and Cu/Zn-ZGNR sensors are examined using current-
voltage (I(V)) characterization. The two probe device structure of the developed ZGNR sensor is shown in Fig. 6(a), where the sizes of
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Fig. 6. a) Two probe device for ZGNR, b) I(V) curves of the ZGNR, Zn-ZGNR, Cu-ZGNR, and Cu/Zn-ZGNR systems, and b) response of H,S for the
established ZGNR, Zn-ZGNR, Cu-ZGNR, and Cu/Zn-ZGNR sensors.

Table 3

Comparison between previous results for H,S adsorption on different modified graphene systems and the results obtained in this work for adsorption
energy, adsorption distance, and charge transfer of Cu/Zn-ZGNR systems.

System Eqgs (eV) D (/i) Aq (e) Reference
P-graphene — 0.244 4.09 [44]
Si-graphene —0.259 3.65

S-graphene —0.420 3.735 [48]
Ni-graphene — 0.699 2.426 0.233 [49]
OH-graphene —1.263 2.412 0.054

Ni-graphene - 0.97 2.46 0.196 [27]
Zn-graphene -1.16 2.36 0.230

Cu-graphene - 1.15 2.42 0.235

Ni-graphene 1.846 1.692 0.208 [25]
Pd-graphene 1.228 2.202 -0.112

Pt-graphene 1.858 2.353 —0.113

Mn-graphene — 4.3228 2.273 +0.171 [23]
Zn-ZGNR —2.237 2.70 —0.037 Current work
Cu-ZGNR —-1.129 2.75 — 0.059

Cu/Zn-ZGNR —7.043 2.23 —0.311
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the left and right electrodes are set to be 5.0 A. The influence of doping and co-doping ZGNR with Cu and Zn atoms is firstly inves-
tigated as shown in Fig. 6(b). The result show that the pristine ZGNR reflect the highest current, while the current decrease
dramatically for the cases of Zn-ZGNR, Cu-ZGNR, and Cu/Zn-ZGNR devices. Furthermore, the response of the proposed ZGNR, Zn-
ZGNR, Cu-ZGNR, and Cu/Zn-ZGNR sensors toward HjS is calculated with the aid of the I(V) curves as shown in Fig. 6(c). The re-
sults reveal that the response toward H,S dramatically increases after substituting the Zn and Cu atoms into the surface of ZGNR. The
slight response that has been obtained for the case of pristine ZGNR is mostly attributed to the slight changes of the electronic
properties of the system as a result of the weak interaction (physisorption) of the HoS molecule on its surface. More precisely, the
response of the developed sensors to the HyS molecules is found to be following the order ZGNR < Zn-ZGNR © Cu-ZGNR “ Cu/Zn-ZGNR
as clearly indicated in Fig. 6(c). This order can be rationalized since both Zn and Cu based nanoparticles exhibit higher affinity (as
compared with graphene) toward HsS gas, with the higher affinity for the Cu based nanoparticles [18,19,38,47].

It’s well known that the electronegativity of carbon atoms (2.55) is relatively high when compared with the copper (1.90) and zinc
(1.65) metals. Therefore, carbon atoms located close to the position of the copper and zinc atoms gain more charges from them.
Because of the charge transfer that has been demonstrated from H»S to the doped and co-doped ZGNR systems, further rise in the
charged state of the copper and zinc atoms occurs. This will result in enhancement of the reactivity of the surface that leads to stronger
adsorption of the H,S gas on the developed systems [27] demonstrated by the high adsorption energy, charge transfer, and electrical
gas response of the co-doped ZGNR systems. Finally, a comparison between the adsorption energy, adsorption distance, and charge
transfer results of the adsorption of the poisonous HyS gas on different modified graphene systems is described in Table 3. As
demonstrated in Table 3, the adsorption energies that are obtained for the case of HyS/Cu/Zn-ZGNR system is significantly higher than
the majority of the recent reports. Consequently, the developed Cu/Zn-ZGNR system can be considered as promising gas sensor for the
effective sensing of the HyS gas molecules.

4. Conclusion

In conclusion, first principles calculations have been performed on the impact of metal/metal co-doping on the sensitivity of zigzag
graphene nanoribbon (ZGNR) towards the detection of the poisonous HaS gas. Specifically, Cu and Zn metals have been substituted on
the surface of ZGNR producing the proposed Cu/Zn-ZGNR sensors and then used to detect HoS. The adsorption parameters as well as
the response of the proposed Cu/Zn-ZGNR sensor toward HsS were compared with both pristine and doped systems: ZGNR, Zn-ZGNR,
and Cu-ZGNR. Intriguingly, the charge transfer as well as the adsorption energy of the HyS/Cu/Zn-ZGNR system revealed an
outstanding increase with respect to the other HoS/ZGNR, HyS/Zn-ZGNR, and HyS/Cu-ZGNR systems. More precisely, the charge
transfer and the adsorption energy of HoS/Cu/Zn-ZGNR were found to be almost 14 and 19 times, respectively, larger than the case of
H,S/ZGNR. Furthermore, the impact of HyS adsorption on the electronic properties as well as the electron transport demonstrated
noticeable variations as compared with nearly invisible variations for the case of pristine ZGNR. Consequently, the metal/metal co-
doping of graphene based materials would be suggested as an efficient tool to improve their accomplishment in the area of gas
sensing of toxic gases.
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