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Using computational methods to design novel solid state gas sensor is crucial to further 

improve technological applications based on nanostructured materials. In this thesis, we 

used quantum computational method to study three novel nanostructured systems and 

investigated the feasibility to employ them in the detection of different gases of interest. 

The first problem involves the adsorption of CO2 on surfaces of graphene and carbon 

nanotubes (CNTs), decorated with Fe atoms, using the self-consistent-charge density-

functional tight-binding (SCC-DFTB) method. Comparative study of sensitivity of ac-

CNT-Fe composite towards various gases (e.g., O2, N2, H2, H2O, CO and CO2) has shown 

high sensitivity and selectivity towards CO, CO2 and H2O gases. In the second problem, 

we studied graphene nanoribbons (GNR) to detect CO2. We used density functional theory 

in combination with the nonequilibrium Green’s function formalism to study the 

conductance response of Fe-doped graphene nanoribbons to CO2 gas adsorption. A single 

Fe atom is either adsorbed on graphene’s surface (aFe-graphene) or it substitutes the carbon 

atom (sFe-graphene). Metal atom doping reduces the electronic transmission of pristine 

graphene due to the localization of electronic states near the impurities. The reduction in 

the transmission is more pronounced in the case of aFe-graphene. In addition, the aFe-

graphene is found to be less sensitive to the CO2 molecule attachment as compared to the 
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sFe-graphene system. Pristine graphene is also found to be less sensitive to the molecular 

adsorption. We think our findings will be useful in developing graphene-based solid-state 

gas sensor. Finally, the adsorption of H2 molecules on graphitic ZnO-2d is investigated 

using (SCC-DFTB) method. We inspected the chemical activity of (a) Zn site, (b) O site, 

(iii) bridge site, (iv) hollow site, and  (v) oxygen-vacancy “VO” site. The results show that 

the chemisorption can occur only if H2 molecule lands on the oxygen site. In that case, the 

H2 molecules gets dissociated into two separate hydrogen atoms. Moreover, oxygen 

vacancies do intentionally exist in real samples as native defects. Our simulations show 

that the relaxed oxygen vacancy in ZnO-2d would introduce a triplet of donor states and a 

singlet of acceptor state as well as to shift Fermi level upper than the donor states (i.e., EF 

≥ ED). Furthermore, the chemisorption of H2 on oxygen site yields to formation of one 

shallow donor state (attributed to O-H bond) and one deep acceptor state (attributed to Zn-

H bond). These two scenarios would simultaneously enhance the majority charge carrier 

density and yield a degenerate n-type ZnO. Because of these reasons, our results show an 

enhanced conductance and sensitivity versus gas dose, and clearly display the suitability 

of ZnO for H2 gas sensing. 
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 ملخص الرسالة

 
 

 إسماعيل العزي محمد محمد  :الاسم الكامل
  

 دراسات حسابية لبعض المركبات النانومترية لاستخدامها في تطبيقات استشعار الغازات عنوان الرسالة:
 

  فيزياء  التخصص:
 

 2017مايو    :تاريخ الدرجة العلمية
 

في هذه الرسالة العلمية تم توظيف طرق حسابية فيزيائية في ثلاث دراسات مختلفة لغرض تصميم مركبات نانومترية 

جديدة كي تستخدم في صناعة أجهزة استشعار بعض الغازات ذات الأهمية البيئية والاقتصادية. كل الطرق الحسابية 

لطرق الحسابية لدراسة ثلاث مركبات نانومترية جديدة من أجل المستخدمة هي طرق تابعة لميكانيكا الكم.  تم استخدام ا

فحص إمكانية استخدمها في أجهزة استشعار الغازات.  الدراسة الأولى تتضمن  بحث عمليات التصاق جزيئات ثاني 

-selfأكسيد الكربون على سطح الجرافين والكربون نانو تيوب, مع وبدون إضافة ذرات الحديد باستخدام نظرية ال   

consistent-charge density-functional tight-binding                 والتي يرمز لها بالاختصار(SCC-

DFTB) وقد أظهرت الدراسة المقارنة حساسية الكربون نانوتيوب  .ac-CNT-Fe   المطعم بذرات الحديد  تجاه عدة

أول أكسيد الكربون بالإضافة لثاني أكسيد الكربون  غازات وهي الأكسجين و النيتروجين والهيدروجين وبخار الماء و

أن المادة النانومترية المركبة الجديدة حساسة وانتقائية فقط تجاه أول وثاني أكسيد الكربون بالإضافة لبخار الماء.  أما 

على استشعار غاز   graphene nanoribbons (GNR)الدراسة الثانية فقد تضمنت بحث قدرة أشرطة الجرافين 

 nonequilibriumبالإضافة ل  density functional theoryثاني أكسيد الكربون. في هذه الدراسة استخدمنا 

Green’s function formalism  لبحث تغير خصائص أشرطة الجرافين المطعمة بالحديد بعد تعرضها لالتصاق

ن بطريقتين: إما على السطح بالاتصاق غاز ثاني أكسيد الكربون على سطحها. تم إضافة ذرة الحديد لشريط الجرافي

(aFe-graphene)        أو بطريقة تعويضية بعد إزالة ذرة كربون وإبدالها بذرة الحديد(sFe-graphene)  وقد  .

أن التطعيم بذرات المعادن يعمل على إضعاف التوصيل الإلكتروني للجرافين نتيجة تمركز  -كما هو معلوم  -وجدنا 

 رب من الشوائب المضافة للجرافين.  وجدنا أيضا أن إضافةالإلكترونات بالق
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الحديد على سطح أشرطة الجرافين يضعف التوصيل الإلكتروني أكثر مما يحدث في حالة إضافة الحديد بالإبدال. على  

بطريقة العكس من ذلك , فإن غاز ثاني أكسيد الكربون له القدرة على تغيير خصائص أشرطة الجرافين المدعمة بالحديد 

. و يجدر الإشارة بإن الجرافين بدون إضافات لا   (aFe-graphene)الإبدال بمقدار كبير في حالة المقارنة مع ال 

يستطيع استشعار غاز ثاني أكسيد الكربون. ونريد التنويه بإن نتائج دراستنا الثانية من الممكن توظيفها في تطوير أجهزة 

أما دراستنا الثالثة فقد هدفت لبحث التصاق غاز الهيدروجين على مادة الزنك أكسيد استشعار قائمة على مادة الجرافين. 

. في هذه الدراسة بحثنا النشاط  (SCC-DFTB)باستخدام نظرية ال   ZnO-2dالنانومترية ذات الدرجة الثانية 

الأكسجين )ج( فوق  وهي )أ( فوق ذرة الزنك )ب( فوق ذرة  ZnO-2dالكيميائي لخمسة مواقع التصاق على سطح ال 

الرابطة )د( في المواقع الجوفاء بالإضافة ل )هـ( مواقع ذرات الأكسجين الشاغرة. أظهرت نتائجنا أن الالتصاق 

الكيميائي يحصل فقط في حالة وضع جزيئات الهيدروجين فوق ذرات الأكسجين. في هذه الحالة فإن جزيئات الهيدروجين 

جديدة   electronic statesدور الذي تعلبها مواقع الأكسجين الشاغرة فهو إضافة تتحلل إلى ذرتين منفصلتين. أما ال

. بما أن دراستنا الثالثة أظهرت  degenerate n-type ZnOتعمل على زيادة كثافة الناقلات السالبة مما يؤدي تشكيل 

ن الملتصق على السطح فإن تحسن في التوصيل الكهربي وزيادة في قدرته على التفريق بين عدد جزئيات الهيدروجي

 مادة مناسبة للاستخدام في أجهزة استشعار الهيدروجين.    ZnO-2dنستطيع القول بإن
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CHAPTER 1 

 

INTRODUCTION  

 

Challenges resulting from global warming are forcing mankind to seek alternatives to 

traditional energy resources, such as the renewable energy resources, as well as seek 

solutions to currently existing environmental problems [1]. Amongst plausible solutions is 

to search for suitable materials (of high efficiency and low cost) capable of capturing CO2 

gas molecule, which is one of the most important green-house gases, and to incorporate 

these materials into fabrication of devices such as sensors and filters for aim of 

environmental-safety and health-security applications. Generally, there are several basic 

criteria for good and efficient gas sensing systems: (i) high selectivity and sensitivity; (ii) 

fast response and recovery time; (iii) minimal analyst intervention; (iv) operating under 

low temperature, preferably at ambient temperatures; (v) stability in performance; and (vi) 

portability, whenever possible. In the last decade, research has focused on materials that 

control CO2 emissions by capture and separation technologies, such as absorption, 

adsorption, separation membranes, and so forth [2]. These include adsorption technologies 

that use semiconducting metal oxides [3], zeolites[4] , metal-organic frameworks 

(MOFs)[5] , activated carbons [6], and other porous structured materials such as porous 

silicon [7]. In recent years, several novel adsorbers of various atmospheric gases (including 
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CO2), like carbon nanotubes (CNTs), graphene and their nano-ribbons (GNRs), have been 

experimentally and theoretically investigated as candidates for adsorption beds[8-13] .  

Carbon nanotubes attracted enormous number of researchers since their discovery by Iijima 

in 1991 [14], for their unique morphology, geometry and other properties [15]. 

Furthermore, it is because of its unique surface morphology, remarkably large surface-to-

volume ratio, huge conductivity and little thermal noise, graphene is also considered as a 

promising material for gas sensing applications [16-18]. Graphene based sensors have 

advantages over the other solid-state gas sensors in terms of sensitivity, response and 

recovery time, low power consumption and low cost[19-22] . Moreover, they run at room 

temperature and under ambient conditions. In addition, gas sensing and catalytic properties 

of graphene can be further enhanced by decorating it with metal and metaloxide 

nanoparticles [8, 23-25]. 

Because of their suitability for adsorption carbon nanomaterials were proposed and actually 

investigated like graphene [26, 27] nanotubes [28], and activated carbons [29-31]. Gas 

sensing is dependent on two events: (i) Occurrence of chemisorption and (ii) if this latter 

affects the conductivity. Both are related to surface phenomena. For this reason, systems 

with high surface-to-volume ration and porosity would be efficient for gas sensing. 

Because of these trends, I decided to work on novel one and two dimensional materials, 

namely are: (1) Honeycomb Graphene “G”; (2) Carbon Nanotubes “CNT” (3) Graphene 

Nanoribbons “GNR”; (4) Graphetic ZnO-2d; and probably (5) ZnO Nanotubes “ZnO-NT”. 

The aim is to search for efficient gas sensor with low cost in fabrication to detect two gases 

of interest (CO2 and/or H2). CO2 is one of the most active green-house gases which is the 
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main cause of climate change and global warming and should be of great interest for 

environmental and health applications. H2 is a gas needed to produce energy.   

Graphene, graphene nanoribbons, CNTs and zinc-oxide nanostructures are categorized as 

materials possessing multi-functional characters altering diversity of applications in 

various fields such as: (1) nano-electronics (e.g., synthesis of smallest transistors 

CNTFET)[32, 33] ; (2) photonics (e.g., utilization of CNTs in fabrications of LED[34]  and 

dye-sensitized solar cells[35] ); (3) biomedical field (e.g., CNTs in coatings [36]); (4) 

spintronics (e.g., the curvature can enhance spin-orbit coupling to yield spintronics) [37]; 

and (5) gas sensing (e.g., gas-sensors able to work at low temperatures) [38, 39]. Graphene 

and CNTs are considered potential materials for gas sensing that may even exceed the 

semiconducting metal oxides in sensitivity and selectivity towards certain gases and, thus, 

may gain a leading position in the field of gas-sensing [13, 20, 40-44].  

To be specific, these nano materials possess tremendously high surface-to-volume ratio 

with high porosity (hollow structure), which are ideal for gas molecule adsorption and 

storage. In addition, the curvature of CNTs and zinc-oxide nanotubes (ZNTs) permits 

relatively stronger binding with other ad-atoms or gas molecules.  

Keeping in mind that gas sensing principles relate to the adsorption and desorption of  

gas molecules on the surface of the sensing materials, the sensitivity can be significantly 

enhanced by increasing the contact interfaces between the catalyst and the sensing 

materials.  This has been demonstrated in the experimental work of Mishra and  

Ramaprabhu[45], who proved that chemisorption of CO2 molecules on CNTs takes place 

only if the CNTs have been decorated with magnetite (Fe3O4) nanoparticles. These latter 
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authors reported that such nanocomposites have the ability to be CO2 absorbent with very 

high uptake capacity, much larger than that of activated carbon and zeolites, working in 

temperatures up to about 100 0C.  

There is experimental evidence that metal nanoparticle decoration would further enhance 

both sensitivity and selectivity of graphene based sensors for the detection of toxic gases 

[46]. Among the other transition metals [47-49], Fe atoms are also considered to be 

effective dopants to improve the catalytic and gas sensing properties of graphene [50]. 

Although, the choice of this non-noble metal as a dopant is mainly motivated by its low 

cost, Fe atoms can perform as good as noble metal atoms (such as Pt-atoms) in terms of 

improving the sensitivity of graphene, as was revealed in recent first principles calculations 

[50].  

Further to this, a recent theoretical modelling used ab-initio calculations to study the 

absorption of H2S on a ZnO 2D-honeycomb sheets doped with iron atoms has showed the 

roles of metal catalysts in enhancing the chemisorption [50]. These authors  

compared four metal catalysts (Fe, Ti , Pt) deposited on a graphitic sheet of ZnO and found 

that iron yields the highest sensitivity and selectivity amongst the other metals because it 

has the least electro-negativity (i.e., the highest electro-positivity).   

Since the changes in the resistivity after the gas molecule absorption is the main output of 

solid-state sensors, a fundamental understanding of the electronic transport properties of 

graphene, carbon nanotubes, and graphene nanoribbons under these conditions enables the 

utilization of the full potential for their practical applications.  
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Based on this, I have decided to divide my thesis into three main problems. (1) The first 

one is the utilization of iron (Fe) as a catalyst deposited on CNT, and to assess the 

adsorption properties of CO2 on the CNT-Fe composites. (2) The second one is the 

utilization of (Fe) as a catalyst deposited on graphene nanoribbons and to assess the 

adsorption properties of CO2 on the GNR-Fe composites. (3) Finally, Zinc oxide in 2D-

honeycomb sheet will be utilized to detect CO2 and/or H2 based on their adsorption of the 

nanostructure.  

It is worth mentioning that recent experimental investigations [51, 52] have shown that C-

doped ZnO nanorods have been experimentally shown to be high-active photo-catalyst for 

water splitting and hydrogen production. Throughout our investigation, we want to 

understand the reasons behind such behaviors. Hence ZnO presenting its multi-

functionality becomes clear and rather obvious.  
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1.1 OBJECTIVES 

(a) Investigate the adsorption of CO2 on surfaces of carbon nanotubes (CNTs) and graphene 

sheet both decorated with Fe atoms and the feasibility of using these two materials as a 

gas sensor for CO2 after we check the selectivity towards gases including CO2, O2, H2, 

N2, H2O, and CO. 

(b) Study the conductance response of Fe-doped graphene nanoribbons to CO2 gas adsorption 

where a single Fe atom is either adsorbed on graphene’s surface (aFe-graphene) or it 

substitutes the carbon atom (sFe-graphene). Then I investigate the feasibility of Fe-doped 

graphene nanoribbon as a CO2 gas sensor by studying its adsorption properties. 

(c) Study the absorption of H2 on a ZnO nanostructure and investigate the role of intrinsic 

defects (like oxygen vacancy “VO on the gas sensitivity and to investigate the feasibility 

of using ZnO 2D-honeycomb sheet as a gas sensor for H2.  

(d) Investigate the possible physical mechanisms involved in detecting these gases and 

attempt to employ some theoretical models to explain the physical and chemical 

phenomena behind the sensing effect. 
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1.2 METHODOLOGY 

(I) As a computational method, in the first problem we employ the self-consistent-charge 

density-functional tight-binding (SCC-DFTB) technique, which uses DFT and has the 

ability to deal with large systems containing thousands of atoms, and perform accurate  

(II) atomic relaxation in an efficient way [53, 54]. The aim is also to relax Fe atom(s) on either 

graphene or armchair CNTs, then to relax CO2 molecules on Fe ad-atoms. As output, we 

calculate the global minimum total energy and obtain the fully relaxed structures as well 

as their corresponding band structures and density of states (DOS). From total energy 

calculations, one can estimate the binding energy of both Fe ad-atoms and CO2 molecules. 

On the other hand, from DOS calculations, one can estimate the DOS at Fermi level from 

which conductance and gas detection sensitivity are evaluated. The selectivity is inspected 

by studying the sensitivity of acCNT-Fe composite to various gases (most of them are 

components of air, such as: N2, O2, H2, H2O, CO, and CO2). A comparative study of 

selectivity includes a comparison with zigzag CNTs (i.e., zz-CNT-Fe compound) and 

graphene. 

(III)  In the second problem, we use density functional theory (DFT) in combination with the 

nonequilibrium Green’s function formalism to study the electronic transport response of 

zigzag graphene nanoribbons doped with Fe atom and its effect on adsorption of CO2 

molecule. This is using ATK-code (Atomistic ToolKit). Capturing, storing and converting 

CO2 has become a major problem due to present climate changes [55-59]. We consider 

two different cases, either the Fe atom substitutes the carbon atom of graphene (sFe-

graphene) or it is adsorbed on graphene’s surface (aFe-graphene). As a  
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reference, we also study the electronic transport properties of pristine graphene without 

and with a single adsorbed CO2 molecule. The main purpose of this study is to fully 

explore the effect of the CO2 molecule adsorption on the electronic transport properties of 

pristine and functionalized graphene. The obtained results are explained in terms of 

electron localization in the system. The variation of the electrostatic potential is also 

studied in all cases which is one of the important factors affecting the transport properties 

of the system. Our findings will be useful to design more sensitive graphene based gas 

sensors.  

(IV) In the third problem, I will again employ the self-consistent-charge density-functional 

tight-binding (SCC-DFTB) technique, which uses DFT and has the ability to deal with 

large systems containing thousands of atoms, and perform accurate atomic relaxation in 

an efficient way [53, 54]. The aim is also to relax defects like oxygen vacancies and 

substitutional dopants like C, Si (CZn, CO, SiZn, SiO) and metals like K and Mg. As said 

before, the aim is to understand the selectivity and sensitivity of ZnO nano-system towards 

detection of CO2 and/or H2.  

Concerning part III, the first thing to do in computation is usually to check the “bond-

length”. I will do this for both 2D-graphetic sheet of ZnO (containing 6x6 primitive cells 

of 72 atoms). Because we need to find the lattice constant or bond-length, only for these 

bulk structure the atomic relaxations should include “Relaxation of Supercell Lattice 

Vectors”. After we relax our structure we need then to find the total energy and binding 

energy for five different configurations corresponding to the following molecule 

positions:  (i) on-site, (ii) on-bridge site, (iii) on hollow site, (iv) C substituting Zn-atom 
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(CZn) and C substituting O-atom (CO) (FeO). Finally based on the binding energies one 

can study the adsorption of CO2 and/or H2 and other molecules on ZnO nano-systems.  
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CHAPTER 2 

 

DETECTION OF CO2 USING CNT-BASED SENSORS 
 

The adsorption of CO2 on surfaces of graphene and carbon nanotubes (CNTs), decorated 

with Fe atoms, are investigated using the self-consistent-charge density-functional tight-

binding (SCC-DFTB) method, neglecting the heat effects. Fe ad-atoms are more stable 

when they are dispersed on hollow sites. They introduce a large density of states at the 

Fermi level (NF); where keeping such density low would help in gas sensing. Furthermore, 

the Fe ad-atom can weaken the C=O double bonds of the chemisorbed CO2 molecule, 

paving the way for oxygen atoms to drain more charges from Fe. Consequently, 

chemisorption of CO2 molecules reduces both NF and the conductance while it enhances 

the sensitivity with the increasing gas dose. Conducting armchair CNTs (ac-CNTs) have 

higher sensitivity than graphene and semiconducting zigzag CNTs (zz-CNTs). 

Comparative study of sensitivity of ac-CNT-Fe composite towards various gases (e.g., O2, 

N2, H2, H2O, CO and CO2) has shown high sensitivity and selectivity towards CO, CO2 

and H2O gases.  
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2.1  Background  
 

Challenges resulting from global warming are forcing mankind to seek alternatives to 

traditional energy resources, such as the renewable energy resources, as well as seek 

solutions to currently existing environmental problems [1]. Amongst plausible solutions is 

to search for suitable materials (of high efficiency and low cost) capable of capturing CO2 

gas molecule, which is one of the most important green-house gases, and to incorporate 

these materials into fabrication of devices such as sensors and filters for aim of 

environmental-safety and health-security applications. Generally, there are several basic 

criteria for good and efficient gas sensing systems: (i) high sensitivity and selectivity; (ii) 

fast response time and recovery time; (iii) minimal analyst intervention; (iv) low operating 

temperature, preferably at ambient temperatures; (v) stability in performance; and (vi) 

portability, as possible. In the last decade, research has focused on materials that control 

CO2 emissions by capture and separation technologies, such as absorption, adsorption, 

membranes, and so forth [2] . These include adsorption technologies that use 

semiconducting metal oxides [3], zeolites [4], metal-organic frameworks (MOFs) [5], 

activated carbons [6], and other porous structured materials such as porous silicon [7]. In 

the recent years, several novel adsorbers of various atmospheric gases (including CO2), 

such as carbon nanotubes (CNTs), graphene and graphene nano-ribbons (GNRs), have 

been experimentally and theoretically investigated as candidates for adsorption beds [8-13, 

60, 61]. 

Carbon nanotubes have attracted enormous research interest since their discovery by Iijima 

in 1991 [14], due to their unique geometry, morphology, and other properties [15].  
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Their distinction from graphene, by virtue of their curvature properties, presents additional 

characteristics that are advantageous in the development of next generation high-speed 

electronic devices with properties exceeding those of silicon and conventional 

semiconductors. CNTs are categorized as materials possessing multi-functional characters 

with diversity of applications in various fields such as:  (1) nano-electronics (e.g., synthesis 

of smallest transistors CNTFET) [32, 62]; (2) photonics (e.g., utilization of CNTs in 

fabrications of LED [34] and dye-sensitized solar cells [35]); (3) biomedical field (e.g., 

CNTs in coatings [36]); (4) spintronics (e.g., the curvature can enhance spin-orbit coupling 

to yield spintronics) [37];  and (5) gas sensing (e.g., gas-sensors able to work at low 

temperatures)[38, 39]. Graphene and CNTs are considered potential materials for gas-

sensing that may even exceed the semiconducting metal oxides in sensitivity and selectivity 

towards certain gases and, thus, may gain a leading position in the field of gas-sensing [13, 

20, 40-44] .  

 To be specific, CNTs possess extremely high surface-to-volume ratio with high porosity 

(hollow structure), which are ideal for gas molecule adsorption and storage. In addition, 

the curvature permits relatively stronger binding with other ad-atoms or gas molecules. 

Keeping in mind that gas sensing principles relate to the adsorption and desorption of gas 

molecules on the sensing materials, it is quite understandable that by increasing the contact 

interfaces between the catalyst and the sensing materials, the sensitivity can be significantly 

enhanced. This has been demonstrated in the experimental work of Mishra and 

Ramaprabhu[63], who proved that chemisorption of CO2 molecules on CNTs takes place 

only if the CNTs have been decorated with magnetite (Fe3O4) nanoparticles. These  
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latter authors reported that such nano-composites have the ability to be CO2 absorbent  

with very high uptake capacity, much larger than that of activated carbon and much larger 

than zeolites, up to a temperature of about 100 oC. Further to this, a recent theoretical 

modelling used ab-initio calculations to study the absorption of H2S on a ZnO 2D-

honeycomb sheets and has noted the roles of metal catalysts in enhancing the chemisorption 

[50]. These authors compared four metal catalysts (Fe, Co, Pd and Au) deposited on a 

graphitic sheet of ZnO and found that iron yields the highest sensitivity and selectivity 

amongst the other metals because it has the least electro-negativity (i.e., the highest electro-

positivity). Based on this, we have decided to use iron (Fe) as a catalyst deposited on CNT, 

and to assess the adsorption properties of CO2 on the CNT-Fe composites. 

The present work aims to study the adsorption properties of CO2 molecules on both 

graphene and CNTs, in the presence of metal Fe catalysts. As a computational method, we 

employ the self-consistent-charge density-functional tight-binding (SCC-DFTB) 

technique, which uses DFT and has the ability to deal with large systems containing 

thousands of atoms, and perform accurate atomic relaxation in an efficient way [53, 54]. 

The aim is also to relax Fe atom(s) on either graphene or armchair CNTs, then to relax CO2 

molecules on Fe ad-atoms. As output, we calculate the global-minimum total energy and 

obtain the fully relaxed structures as well as their corresponding band structures and density 

of states (DOS). From total energy calculations, one can estimate the binding energy of 

both Fe ad-atoms and CO2 molecules. On the other hand, from DOS calculations, one can 

estimate the DOS at Fermi level from which conductance and gas detection sensitivity are 

evaluated. The selectivity is inspected by studying the sensitivity of ac-CNT-Fe composite 
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to various gases (most of them are components of air, such as: N2, O2, H2, H2O, CO, and 

CO2). A comparative study of selectivity includes a comparison with zigzag CNTs (i.e., 

zz-CNT-Fe compound) and graphene. This chapter  is organized as follows: Section 2 

describes both the method and the models to be used in the computation. Section 3 gives a 

detailed discussion of the results. The last section summarizes our main findings. 

2.2     Computational Details and Model Systems  
 

In the present work, three different systems have been modeled: (i) Graphene being 

modeled by a hexagonal supercell shown in Figure 1b; the basis of which is a triangular 

lattice shown in Figure 1a. In Figure 1a, the vectors 𝑎1⃗⃗⃗⃗ =
3

2
 𝑎𝑖̂ +  

√3

2
 𝑎 𝑗̂  and 𝑎2⃗⃗⃗⃗ =

3

2
 𝑎𝑖̂ −

 
√3

2
 𝑎 𝑗̂  are the lattice primitive vectors of pristine graphene structure, with a being the bond 

length a=1.42 Å (i.e., note that the primitive cell contains 2 basis atoms of coordinates 𝑟1⃗⃗⃗  =

 𝑎𝑖 ̂  and 𝑟2⃗⃗  ⃗ =  2𝑎𝑖 ̂  , respectively; and any other Bravais lattice site can be referred to by a 

vector  𝑟 = 𝑛1 𝑎1⃗⃗⃗⃗ +  𝑛2 𝑎2⃗⃗⃗⃗   , where 𝑛1 and 𝑛2 are integers). We use a supercell composed 

of 6x6 primitive cells, containing 72 carbon atoms (i.e., A= B= 6a√3 =14.76 Å, whereas 

the supercell c-axis is kept of size C=20 Å, with a vacuum large enough to ensure the 

separation of adjacent periodic images of the sheet). In case of graphene, the Brillouin zone 

(BZ) was sampled using the Monkhorst-Pack (MP) technique [64], with a mesh of 26x26x1 

(i.e., 340 k-vectors were selected from within the  

irreducible wedge of the BZ and such number of k-vectors is tested to be sufficient to 

achieve the full convergences of both charge density and density of states “DOS”). (ii) 

Single-walled armchair CNT (ac-CNT) can be obtained by rolling the graphene sheet along 
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the x-axis direction (i.e., along𝑟 =  𝑎1⃗⃗⃗⃗ + 𝑎2⃗⃗⃗⃗  ). In our present case, we have rolled the sheet 

along the vector 𝑟 = 6 𝑎1⃗⃗⃗⃗ +  6 𝑎2⃗⃗⃗⃗    then repeated the ring structure for 6 periods along the 

tube axis (i.e., making an ac-CNT of radius R = 4.07 Å and length L = 14.76 Å; and the 

ac-CNT contains 144 carbon atoms). The length of the ac-CNT must be the size of the 

tetragonal supercell, used for computation, to ensure the validity of periodic boundary 

conditions along the tube. So, we use the tetragonal supercell, shown in Figure 1c, of 

dimensionalities: A=14.76 Å and B = C= 20 Å; this latter size is much larger than the radius 

of ac-CNT to ensure the complete isolation from adjacent periodic images of the tube. The 

sampling of the one-dimensional BZ is performed using MP technique with a mesh of 

50x1x1 (i.e., 26 k-vectors were selected from within the irreducible wedge to warrant full 

convergences of both charge density and DOS). (iii) Single-walled zigzag CNT (zz-CNT) 

can be obtained by rolling the graphene sheet along either 𝑎1⃗⃗⃗⃗  or 𝑎2⃗⃗⃗⃗  primitive graphene-

lattice vectors. In our present case, we have rolled the graphene sheet along 𝑟 = 10 𝑎1⃗⃗⃗⃗  then 

repeated the ring structure for 4 periods along the tube axis (i.e., making zz-CNT of radius 

R = 3.92 Å and length L = 17.05 Å; containing 160 carbon atoms). Same procedures are 

taken regarding the supercell size and the BZ sampling as in the case of ac-CNT. The 

supercell of zz-CNT, which is used in one of our realizations in the present investigation, 

is shown in Figure 1d. 
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Figure 1: (a) Pristine graphene sheet of size 6x6 primitive cells used in the calculations. 

The primitive lattice vectors (𝑎1⃗⃗⃗⃗ , 𝑎2⃗⃗⃗⃗ ) are shown. (b) Supercell of graphene; (c) Supercell 

of ac-CNT; and (d) Supercell of zz-CNT. 
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In our computation, we investigate the adsorption properties of CO2 molecule (and other 

molecules are studied for the aim of inspecting the selectivity) on the surfaces of the 

previously mentioned three systems in presence of Fe catalyst atom(s) in configuration of 

ad-atom(s). The relaxation processes are carried out mainly using the SCC-DFTB method 

[34,35], which is  implemented in the DFTB+ package. We use Slater-Koster (SK) 

parameter files [65] from the ‘mio-0-1’ [66, 67] set to parameterize the inter-atomic 

interactions of carbon with other organic elements; whereas parameters of Fe’s interactions 

with other elements are taken from the ‘trans3d’ [68]. van der Waals (vdW) interaction is 

accounted for by using the Lenard-Jones dispersion model used in DFTB+, with parameters 

taken from the universal force field (UFF). It is worth to emphasize that DFTB can deal 

with large systems containing hundreds to few thousands of atoms and efficiently carry out 

atomic relaxations. On one hand, approximating and parameterizing Fock-Matrix 

elements, an effective one-electron Kohn-Sham (KS) Hamiltonian is derived from density 

functional theory (DFT) calculations. On the other hand, DFTB is in close connection to 

tight-binding method. So, it can be seen as tight-binding method, parameterized from DFT, 

and this overcomes the problem of parameters’ transferability and makes the method more 

accurate. So, its basis set does not rely on plane-waves or Gaussian functions, but rather is 

a minimal basis set based on pseudo-atomic orbitals (Slater orbitals and spherical 

harmonics). Based on this basis set, DFTB gains its speed and ability to deal with large 

systems. So, in contrast to “full” DFT methods such as quantum Espresso, DFTB can easily 

handle calculations of large systems with reasonably large MP grid and perform atomic 

relaxations. Furthermore, DFTB was augmented by a  
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self-consistency treatment based on atomic charges in the so-called self-consistent charge 

density-functional tight-binding (SCC-DFTB) method; charge density is expressed in 

terms of Milliken charges [69]. Because the wave functions in DFTB are well defined as 

KS-like orbitals, one can easily derive expressions for any property in the same way as 

within a “full” DFT scheme. This has indeed paved the way for DFTB to extend its domain 

applications to even comprise biological systems [70]. Its strength stems from the 

transparent derivation, the inclusion of electron correlation on the DFT-GGA level and the 

updating parameterization process. This led to a robust method that predicts molecular 

geometries quite reliably. Among the limitations in DFTB is the availability of Slater-

Koster files for all elements in the periodic table and this remains among the main 

challenges in the next years. 

 For the purpose of benchmarking the binding energy results, we explore another ab-initio 

code, which is quantum espresso (QE) package [71]. QE is based on DFT, plane-wave 

basis sets and pseudopotentials (both norm-conserving and ultra-soft). In our particular 

study of adsorption of molecules on surfaces, as the charge density is expected to vary 

rapidly in space, we use a generalized gradient approximation (GGA) of Perdew Burke-

Ernzerhof  (PBE) parameterized form [72] and the interaction between ionic core and 

valence electrons is represented using ultra-soft pseudo-potentials[73]. Furthermore, we 

use Grimme scheme[74] to capture the long-range interactions namely van der Waals 

(vdW) like. We use plane-wave-basis set with energy cutoffs of 30 Ry and 180 Ry in 

representing orbital wave-functions and charge density, respectively. For the Brillouin-

zone sampling, for instance in the case of sample of graphene, a uniform mesh of 5x5x1  
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k-points is used, and the occupation numbers of electronic states is smoothened with a 

smearing width of order kBT (i.e., about 0.04 eV) using Fermi-Dirac distribution function. 

Regarding the accuracy of the two methods, we carried out a small test of total energy 

calculations on a pristine graphene sample of size 5x5 primitive cells (i.e., containing 50 

carbon atoms) and both DFTB and QE agree within a discrepancy of 10 meV when a 

relatively large MP mesh of about 12x12x1 is used in QE code.   

The atomic relaxed structures are determined via DFTB through the minimization of the 

total energy until Hellmann-Feynman force on each atom becomes smaller than 0.03 eV/Å 

in magnitude [75, 76]. The atomic relaxation further comprises the relaxation of supercell 

lattice primitive vectors in order to release the stress and further minimizes the total energy. 

The calculation would, at the end, yield both the total energy and Fermi energy of the most 

stable geometry as well as its related total and partial densities of states. 

 The binding energy of the Fe ad-atom on the substrate is calculated using the following 

convention: 

𝐸𝑏𝑖𝑛𝑑 = 𝐸(𝐹𝑒+𝑠𝑢𝑏𝑠𝑡𝑟𝑎𝑡𝑒) − 𝐸(𝑠𝑢𝑏𝑠𝑡𝑟𝑎𝑡𝑒) − 𝐸(𝐹𝑒)                                                 (2.1) 

where 𝐸(𝐹𝑒+𝑠𝑢𝑏𝑠𝑡𝑟𝑎𝑡𝑒)     , 𝐸(𝑠𝑢𝑏𝑠𝑡𝑟𝑎𝑡𝑒), and 𝐸(𝐹𝑒)stand for the total energies of the relaxed Fe 

ad-atom on the substrate (here the substrate is either graphene or CNT), isolated substrate, 

and isolated Fe atom, respectively. We also define the adsorption energy of the CO2 

molecule on the adsorbent as follows: 
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𝐸𝑎𝑑 = 𝐸(𝐶𝑂2+𝑠𝑢𝑏𝑠𝑡𝑟𝑎𝑡𝑒) − 𝐸(𝑎𝑑𝑠𝑜𝑟𝑏𝑒𝑛𝑡) − 𝐸(𝐶𝑂2)                        (2.2) 

Where 𝐸(𝐶𝑂2+𝑠𝑢𝑏𝑠𝑡𝑟𝑎𝑡𝑒), 𝐸(𝑎𝑑𝑠𝑜𝑟𝑏𝑒𝑛𝑡), and 𝐸(𝐶𝑂2)  stand for the total energies of system of 

CO2 molecule and the adsorbent (the adsorbent can be either graphene-Fe composite or 

CNT-Fe compound), isolated adsorbent, and isolated CO2 molecule.  

In the case of adsorption of several molecules (for instance “N” molecules of CO2), the 

average adsorption energy per molecule would be defined as 

𝐸𝑎𝑑
𝑎𝑣𝑔

=
𝐸(𝐶𝑂2+𝑎𝑑𝑠𝑜𝑟𝑏𝑒𝑛𝑡)−𝐸(𝑎𝑑𝑠𝑜𝑟𝑏𝑒𝑛𝑡)−𝑁∗𝐸(𝐶𝑂2)

𝑁
                         (2.3) 

The sensitivity of a gas sensor is studied by looking at the variation of the electrical 

conductance versus gas dose (i.e., conductance versus number of molecules landed on the 

adsorbent). Appendix-1 shows the derivation of gas sensitivity and how it is related to 

density of states at Fermi level within the framework of free-electron gas. 

 Last but not the least, the selectivity is studied by keeping the gas dose constant but varying 

the gas type. All sensitivities are compared on a unified scale. In the present work, in case 

of studying the selectivity, we focus on ac-CNT decorated with just one Fe atom and 

sensitivity tests are carried out versus different gas molecules (namely, CO2, CO, O2, N2, 

H2, and H2O). The results of structural relaxations, electronic structure calculations, and 

both sensitivity and selectivity will be discussed in the next section. 
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2.3  Results and Discussion 

2.3.1     Atomic Relaxations 

 

The first assessment is of the stability of the Fe atom on both the pristine graphene and 

CNTs. As initial states, on graphene, an Fe atom was placed above the surface in three 

different positions within an expected Fe-C bond length and the system was allowed to 

relax. These three initial positions correspond to: (i) on-site, (ii) bridge-site and (iii) hollow-

site positions. It was found that the hollow site position in both graphene as well as CNTs 

corresponds to the most stable configuration by having the lowest total energy. 

Specifically, we noticed that the binding energies corresponding to the mentioned three 

possible configurations of Fe ad-atom are ordered as follows: 𝑬𝒃𝒊𝒏𝒅
𝑭𝒆−𝑶𝒏𝒔𝒊𝒕𝒆 = −𝟏.𝟐𝟕𝟗 𝒆𝑽 >

 𝑬𝒃𝒊𝒏𝒅
𝑭𝒆−𝑶𝒏𝒃𝒓𝒊𝒅𝒈𝒆

= −𝟏. 𝟑𝟏𝟒 𝒆𝑽 >  𝑬𝒃𝒊𝒏𝒅
𝑭𝒆−𝑶𝒏𝒉𝒐𝒍𝒍𝒐𝒘 = −𝟏.𝟒𝟏𝟐 𝒆𝑽 . The Fe on hollow-site is 

found to be the most stable configuration. Likely, the coordination of Fe and the number 

of bonds it makes with carbon atoms do matter in its stability on the graphene substrate. In 

addition to this, the adsorption energies of CO2 molecule on Fe are also found to be in the 

same respective ranking. Hence, the results of just the two extreme cases (on-site and on-

hollow-site) are selected and displayed in Tables 1 and 2. 

Table 1: Comparison of geometrical parameters of four relaxed structures: (i) ac-CNT 

with 1 Fe (on-site) and 1 CO2 molecule; (ii) graphene with 1 Fe (on-site) and 1 CO2 

molecule; (iii) ac-CNT with 1 Fe (on hollow site) and 1 CO2 molecule; and (iv) graphene 
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with 1 Fe (on hollow site) and 1 CO2 molecule. Note that in the pictures: C, Fe and O 

atoms are shown in yellow, red and green colors, respectively. 

 

System 

Fe on-site Fe on hollow site 

CNT-Fe-CO2 G-Fe-CO2 CNT-Fe-CO2 G-Fe-CO2 

 

 

Relaxed 

Structure 

 

 

 

 

 

 

 

D(Surf-Fe) 

Å 

2.248 2.270 2.240 2.319 

D(Fe-CO2) 

Å 

2.492 2.501 1.857 2.491 

D(C=O) 

 Å 

1.172 1.172 1.272 1.172 

Angle(Surf-

Fe-C) 

144.8o 178.6o 131.7o 154.5o 

Angle(Fe-

C-O) 

89.2o 88.9o 76.7o& 129.5o 89.3o 

Angle(O-C-

O) 

178.4o 177.7o 153.7o 178.5o 

 

Table 2: Results of relaxations of 1 Fe atom on either on-site or on hollow-site as well as 

of1 CO2 molecule on top of Fe ad-atom for: (A) Graphene and (B) ac-CNT 

System On-Site On hollow site 
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G-Fe G-Fe-CO2 G-Fe G-Fe-CO2 

ETOT (eV) -3413.767 -3644.469 -3413.900 -3644.623 

EF (eV) -4.254 -4.219 -4.224 -4.195 

Ebind (eV) -1.279 -2.075 -1.412 -2.096 

NF (1/eV per 

Hexagon) 

0.4941 0.4738 0.3248 0.2840 

Sensitivity (%) N/A 4.11 % N/A 12.56 % 

Charge of O 

atom (e units) 

N/A 6.328 N/A 6.330 
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Table 2B 

System On-Site On hollow site 

CNT-Fe CNT-Fe-CO2 CNT-Fe CNT-Fe-CO2 

ETOT (eV) -6777.891 -7008.719 -6778.013 -7009.358 

EF (eV) -4.367 -4.313 -4.339 -4.503 

Ebind (eV) -1.559 -2.200 -1.680 -2.718 

NF (1/eV per Hexagon) 0.2480 0.1764 0.2057 0.1340 

Sensitivity (%) N/A  28.3 % N/A  34.85 % 

Charge of O atom (e 

units) 

N/A 6.3395 N/A 6.3991 

 

 In the next step, a CO2 molecule was placed just nominally above the Fe atom at a distance 

of about the C-Fe bond length from the Fe atom, after which, a second relaxation process 

was applied. Tracking the bond lengths and bond angles, the obtained converged 

configurations for both graphene and CNT clearly show evidence for chemisorption with 

the geometrical parameters shown in Table-1. The results for Fe positioned on on-site and 

hollow sites of graphene, as well as ac-CNT, are also shown for comparison. Focusing on 

the case of hollow sites, it is clear that ac-CNT-Fe compound exhibits stronger 

chemisorption with the CO2 molecule than graphene-Fe composite does. Essentially, the 

surface-Fe and Fe-CO2 distances are shorter in the case of CNT-Fe composite than those 

for graphene-Fe compound. Additionally, in the case of graphene, the CO2 molecule 
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possesses C-O bond length 1.17 Å, close to the value for the free molecule; and remains 

about linear with a bit distorted O-C-O angle of about 179o. On the other hand, the linearity 

and bond angle are much disturbed in the case of a CO2 molecule on ac-CNT-Fe, where 

the C-O bond length (increased to 1.27 Å) became larger than the value for the free 

molecule; and the bond angle O-C-O decreased to about 154o. Thus, the double bonds 

O=C and C=O are indeed weakened, as π-bond broke down, paving the way for the 

molecule to have a stronger coupling/bonding to the Fe ad-atom. 

 From the point of view of energetics, Tables 2A and 2B correspond to pristine graphene 

and ac-CNT, respectively. These Tables summarize the results for total energy, Fermi 

energy, binding energies of Fe on the surface, and CO2 on Fe, density of states at Fermi 

level, gas sensing sensitivity, and average electronic charge of oxygen atom. Both Tables 

2A and 2B present evidence that Fe on the hollow site is more stable than when it is on-

site. Focusing on the hollow site cases, both the binding energy of Fe on the surface and 

the binding energy of CO2 on the Fe ad-atom, in the case of ac-CNT, are much stronger 

than those in the case of graphene; these are consistent with shortening of both surface-Fe 

and Fe-CO2 bond lengths, displayed in Table-1. Furthermore, the Fe atom introduces a 

huge DOS at Fermi level (NF). Still, this NF is more moderate in the case of ac-CNT (i.e., 

in ac-CNT, the atomic ratio is 1 Fe: 144 C atoms; whereas in graphene the atomic ratio is 

1 Fe: 72 C atoms). These characteristics would make NF in the case of ac-CNT to be more 

sensitive to the landing of CO2 on Fe than for graphene. In other words, the variation of 

DOS at Fermi level, before and after the landing of CO2 on an Fe ad-atom, is considerably 

larger in the case of ac-CNT than on the case of graphene. 
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 Figure 2 corroborates the observation of DOS at Fermi level. It shows that the shape of 

the CO2 molecule deviates from its original linearity when it gets adsorbed on ac-CNT-Fe 

compound more than when it get adsorbed on graphene-Fe compound. One final remark is 

that the average charge of the oxygen atom in the case of ac-CNT is also larger than that 

in the case of graphene, because oxygen is more electronegative than carbon and as the 

O=C and C=O double bonds weaken (i.e., π-bond breaks down) on ac-CNT, oxygen atoms 

will get the opportunity to drain more charge and reduce the DOS at Fermi level, 

consequently causing more surface resistance and higher sensitivity. A rough estimate of 

sensitivity shows that in ac-CNT-Fe composite, it is about 35 % compared to 12.5 % in 

case of graphene-Fe compound of similar concentrations. This stimulated us to focus more 

on CNTs for the remainder of the investigation. 

One further use of graphene in this investigation was to assess the effect of metal ad-atom 

clustering on the sensitivity. To this aim, in our model we have first relaxed the group of 5 

Fe atoms on a graphene super-cell of 6x6 primitive cells in three different configurations: 

(i) linear chain of Fe-atoms; (ii) planar cluster of Fe-atoms and (iii) scattered Fe-atoms. 

Then, we deposited and relaxed CO2 molecules on the Fe ad-atoms. We found that the 

average binding energies, surface-Fe distance, and Fe-CO2 distance have minimal values 

in the case of scattered configuration of Fe ad-atoms. The sensitivity in the latter 

configuration is much higher because the Fermi level becomes populated with a lower 

density of localized states originating from the Fe metal atoms. Based on these findings, 

we decided to deal with scattered Fe atoms on the CNT surface and study the variation of 

sensitivity versus gas dose for the ac-CNT-Fe composite. 
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Figure 2: Comparison between relaxed atomic structures of two systems showing the 

chemisorption of CO2 on: (a) ac-CNT with 1 Fe ad-atom, and (b) Pristine graphene with 1 

Fe ad-atom. Note that in both latter cases Fe ad-atoms are placed on hollow sites. Note that 

C, Fe and O atoms are shown in yellow, red and green colors, respectively. 
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To study the sensitivity as a function of CO2 gas dose, the first step was to relax 5 Fe ad-

atoms that were initially scattered on the surface of ac-CNT.  Then, we relaxed 5 CO2 

molecules that were originally positioned above the Fe ad-atoms, in a consecutive way, 

one after the other (making a total of five different samples to be relaxed). Figure 3a shows 

the relaxed configurations of (ac-CNT + 5 Fe atoms) and Figures 3b and 3c show two 

among the mentioned 5 samples, which include CO2 molecules. These latter two samples 

are: (2b) ac-CNT + 5 Fe + 1 CO2 and (2c) ac-CNT + 5 Fe + 5 CO2. Basically, the 

configuration and geometry of CO2 are independent of gas dose and remain similar to those 

in the case of (ac-CNT + 1 Fe + 1 CO2), shown in Figure 2. However, the increase in the 

number of CO2 molecules would allow oxygen to drain more electrons from the Fermi 

level after the weakening of O=C and C=O bonds (breaking of π-bonds) of the adsorbed 

CO2 molecule. The reduction of the DOS at Fermi level with the increasing number of CO2 

molecules would yield more surface resistance and, thus, greater sensitivity due to the 

enhanced variations in the DOS at Fermi level. 
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Figure 3: Relaxed atomic structures of ac-CNT with 5 Fe ad-atoms dispersed on its surface 

before the arrival of CO2 gas molecules, (b) After chemisorption of 1 CO2 molecule, and 

(c) After chemisorption of 5 CO2 molecules. 
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2.3.2 Study of Sensitivity 

Figure 4a displays the partial densities of states (PDOS) and the total densities of states 

(TDOS) of the system composed of ac-CNT (containing 144 carbon atoms), 5 Fe atoms 

and 1 CO2 molecule. This latter molecule has been chemisorbed on one of the five iron 

atoms. PDOS contributions of C, Fe, O atoms are shown in Figure 4a in black, blue, and 

green curves, respectively. The five metal Fe ad-atoms, in fact, introduce a huge DOS at 

the Fermi level, as well as spread DOS along the conduction band (i.e., energy range [-1, 

+8] eV). The DOS of Fe atoms being spread over the conduction band (CB) reveals the 

formation of bonds with carbon atoms of CNT. Figure 4b shows the TDOS of 6 systems 

containing zero to five CO2 molecules, after they have been relaxed on the available five 

Fe ad-atoms. The energy range [-1.5, 1.5] eV is concentrated around the Fermi level, which 

is taken to be the common energy reference for all of the 6 composites. Figure 4b shows 

clearly the decrease of DOS at Fermi level (NF) associated with increasing number of CO2 

molecules getting attached to Fe ad-atoms on the CNT’s surface. This reduction of DOS at 

Fermi level is caused by the effect of chemisorption of CO2 molecules on Fe atoms, as 

described in the previous sub-section. The double bonds of O=C and C=O weaken, as π-

bonds break down, paving the way to oxygen atoms to drain more charge from the Fe 

atoms. Furthermore, it was emphasized that the change of DOS at Fermi level due to the 

landing of CO2 molecules is also sensitive to the clustering of Fe atoms and their ratio to 

the total number of carbon atoms in CNT.  
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Figure 4: (a) TDOS and PDOS of a relaxed system of ac-CNT with 5 Fe ad-atoms and 1 

CO2 molecule on its surface are shown. (b) TDOS of 6 systems: each consisting of ac-CNT 

and 5 Fe ad-atoms on its surface as well as CO2 molecules, the number of which is varied 

be between 0 and 5. Fermi level is taken as an energy reference in both panels. 
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Figure 5 summarizes the results of variations of DOS at Fermi level, sensitivity, and 

average charge of oxygen atom versus the gas dose (with the number of CO2 molecules 

varying from 0 to 5). Figure 5a shows a linear decrease of NF against the number of CO2 

molecules. Consequently, the conductance is expected to decrease as the number of CO2 

molecules increases. In addition to this, the sensitivity increases with the increasing CO2 

gas dose, as shown in Figure 5b. Figure 5c corroborates the plot of sensitivity versus gas 

dose by showing the increase in the average charge of oxygen atoms versus dose. Oxygen 

atoms are more electronegative than carbon atoms and should drain more charge from the 

system after the occurrence of chemisorption of various CO2 molecules on Fe atoms. 
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Figure 5: (a) DOS at Fermi level, (b) Sensitivity, and (c) Average charge of O atom versus 

the number of CO2 molecules chemisorbed on a surface of the ac-CNT with 5 Fe ad-atoms. 
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In order to show the evidence of occurrence of both bonding and charge transfer from the 

adsorbent to the CO2 molecule. We took the case of graphene-Fe compound as adsorbent. 

Figure 6 displays the charge-density plots of the valence-band-edge and conduction-band-

edge eigen-states’ magnitudes (i.e., so named in chemistry highest-occupied molecular 

orbital “HOMO” and lowest-occupied molecular orbital “LUMO” states). Both top view 

and side view are shown. The C, Fe and O atoms are shown in grey, red and green colors, 

respectively. The HOMO and LUMO eigen-states are shown in blue color. The side view 

of HOMO state is shown to be delocalized over all sites including all C, Fe and O atoms. 

This reveals the occurrence of covalent bonding. Whereas, the side view of LUMO state is 

shown to be distributed over all sites but not the CO2 molecule. This reveals that the CB-

edge has permissible states to accommodate more charge transfers as behaving like the role 

of a cationic electro-positive element. In brief, the occurrence of bonding of CO2 molecule 

with Fe is obviously shown through the HOMO state. Such charge transfer occurring from 

surface to molecule has also been reported in the Bader analysis reported by Bendavid and 

Carter [11], where transfer of charge occurs from CuO2 surface to the adsorbed CO2 

molecule, and more efficiently on VCu site. 

2.3.3 Effect of Energy Gap on Sensitivity 

 

We have considered two types of CNTs having two different electrical characteristics; 

namely: (i) ac-CNT Containing 144 carbon atoms, representing an example of a conducting 

CNT, and containing a single Fe ad-atom on a hollow site; and (ii) zz-CNT containing 160 

carbon atoms of geometry 10x4 avoiding multiples of 3 in circumference, in order to make 

it a suitable representative of a semiconducting CNT. The calculated  
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Figure 6: Charge density plots presenting the magnitudes of the HOMO and LUMO 

states in Graphene-Fe-CO2 systems. Colors used for: C (grey), Fe (red), and O (green); 

while the eigen-states are in blue color. 
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band-gap energy for this latter zz-CNT is found to be 1.143 eV, in the absence of Fe ad-

atom. Then, on the top of each Fe ad-atom of CNT, a CO2 molecule is deposited and 

relaxed. We quote that in displaying the band structures, the energy reference is taken to 

be the vacuum level so that one can follow the changes introduced by adding 1 Fe atom on 

a hollow site of the CNT, and also subsequent changes introduced by adding 1 CO2 

molecule on Fe ad-atom. On the other hand, in DOS plots, the Fermi level is taken as the 

common energy reference. The order in each panel is performed to correspond to: (1) Pure 

CNT, (2) CNT with 1 Fe ad-atom after relaxation, and (3) CNT with 1 Fe ad-atom and 

above it a chemisorbed CO2 molecule, after relaxation process. 

For the ac-CNT, Figure 7a displays the bands along the ᴦX-high symmetry line for three 

relaxed structures: (a1) pure CNT, (a2) CNT+1Fe, and (a3) CNT+1Fe+1CO2. Panel (a1) 

shows two bands crossing at Fermi level to yield a conducting CNT. Panel (a2) shows the 

shift of Fermi level towards the states introduced by the Fe ad-atom. Many bands above 

Fermi level originating from the Fe atom apparently lack dispersion (as they correspond to 

localized states on d orbitals of Fe). Panel (a3) shows the effect of chemisorption of CO2 

on the Fe atom in making some localized d-states coupled to the CO2 molecule. The 

corresponding DOS to these three structures is shown in panels b1 to b3, respectively. 

Panel b1 shows a flat DOS at Fermi level (in the energy range [-1, 1]) revealing the metallic 

character of this ac-CNT. Panel (b2) shows that the Fe ad-atom introduces a large DOS at 

Fermi level, of more than 0.20 states/eV per hexagon for each single Fe ad-atom. Panel 

(b3) shows that the chemisorption of CO2 molecule reduces the DOS at Fermi level to 

about 0.13 states/eV per hexagon. Thus, the sensitivity produced is enormous of about 

35%.  
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Figure 7: Comparison of band structures and DOS of ac-CNT (containing 144 carbon 

atoms) and zz-CNT (containing 160 carbon atoms). The numbers associated to letters stand 

for: (1) pure CNT, (2) CNT with 1 Fe ad-atom, and (3) CNT-Fe compound after 

chemisorption of 1 CO2 molecule. In the bands, vacuum level is taken as an energy 

reference. Whereas, for DOS, either Fermi level (EF) or valence-band edge (EV) is taken 

as an energy reference. TDOS is normalized to 8 electrons per hexagon in case of pure 

CNT. 
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 In the case of zz-CNT, Figure 7c displays the bands for three relaxed structures: (c1) pure 

CNT, (c2) CNT+1Fe, and (c3) CNT+1Fe+1CO2. Panel (c1) shows an energy bandgap of 

about 1.143 eV with Fermi level lying in the middle of the gap. Panel (c2) shows that the 

Fe ad-atom introduces both delocalized states due the bonding with CNT, and localized d-

states likely due to dangling bonds. Nevertheless, the Fermi level is shifted to lie on Fe 

states below the conduction-band edge of zz-CNT. Panel (c3) shows the effect of 

chemisorption of CO2 molecule on the Fe ad-atom. The Fermi level continues to lie on Fe 

states below the conduction-band edge of zz-CNT. Hence, one expects a poor conductivity 

and consequently less sensitivity. As an overestimation, the sensitivity of zz-CNT would 

not exceed 22%. As a matter of fact, this latter system does not reach the necessary values 

of conductivity to validate the Drude formula. Figure 7d shows the DOS corresponding to 

the three structures of Figure 7c. The Fe ad-atom introduces a large DOS at Fermi level of 

about 0.16 states/eV per hexagon. The chemisorbed CO2 molecule on the Fe ad-atom 

reduces this DOS to become about 0.13 states/eV per hexagon. However, this DOS at 

Fermi level is due to states, which are still very localized on the Fe atom and should not 

contribute to conductivity as EF < EC (zz-CNT). This, in turn, will make the sensitivity of 

zz-CNT much lower than that of ac-CNT. Table 3 summarizes a quantitative comparison 

of the obtained results between ac-CNT and zz-CNT. 
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Table 3: Results of relaxation of 1 Fe atom on hollow sites of both zz-CNT and ac-CNT 

(for sake of comparison), followed by the relaxation of 1 CO2 on the Fe ad-atom. 

System Zigzag  Armchair 

CNT-Fe CNT-Fe-CO2 CNT-Fe CNT-Fe-CO2 

ETOT (eV) -7526.305 -7757.358 -6778.289 -7009.630 

EF (eV) -4.206 -4.397 -4.344 -4.506 

Ebind (eV) -1.511 -2.426 -1.701 -2.714 

NF (1/eV per 

Hexagon) 

0.165 0.130 0.206 0.135 

Sensitivity (%) N/A  22.42 % N/A  34.64 % 

Charge of O atom 

(e units) 

N/A 6.387 N/A 6.399 

 

2.3.4 Study of Selectivity 

 

 To study selectivity, we have considered the ac-CNT containing 144 carbon atoms, with 

one Fe ad-atom relaxed on a hollow site. Following this, we performed relaxations above 

this Fe ad-atom of various gas molecules (namely: O2, N2, H2, H2O, CO and CO2), in 

addition to the adsorption of CO2 molecule on graphene-Fe and on zz-CNT-Fe. 
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Figure 8: Bar chart of the binding energy in green color (a) of a single gas molecule and 

the gas sensitivity in red color (b) versus different gases is shown. The adsorbent is ac-

CNT with 1 Fe ad-atom.  
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 Figure 8a displays a bar chart of the binding energy of CO2 and other gases while Figure 

8b displays the sensitivity of same gases on CNT-Fe compound. Table 4 summarizes some 

geometrical parameters of the converged structures. All molecules endure chemisorption 

processes except N2 which exhibits physisorption. It seems that the triple bond N≡N is so 

strong and stable that the molecule N2 does not prefer interacting even with a metal catalyst. 

At the other extreme, H2 molecule exhibits chemisorption with dissociation. The Fe atom 

is able to split H2 and make two separate Fe-H single bonds. In case of CO chemisorption, 

the oxygen atom is found to be the one to bond to Fe ad-atom instead of C atom. This is 

because O atom is more electronegative than C atom. On the other hand, in the 

chemisorption of CO2 molecule, this latter breaks its linear shape as C=O bonds get weaker 

(due break down of π-bonds) in paving the way for the molecule to couple with Fe ad-atom. 

The fact that this chemisorption occurs without dissociation of molecule would suggest 

that the recovery process is plausible. Moreover, one should emphasize that the sensitivity 

in the case of zz-CNT towards detecting CO2 (values are displayed in Table 4) is 

overestimated because the studied zz-CNT is a semiconductor and Drude model should not 

be valid. Yet the sensitivity of zz-CNT remains much lower than the one of ac-CNT. In 

case of O2 molecule, Fe is able to break one of the O=O double bond (specifically, the π-

bond breaks down) and able to  make a sigma bond with each of the two oxygen atoms 

without dissociating the O2 molecule. The last molecule to discuss its chemisorption on 

ac-CNT is H2O. The O atom makes a bond with Fe ad-atom while it maintains the other 

two bonds with its two H atoms. Nonetheless, it seems to have comparable binding energy 

and sensitivity to those of CO2. In summary, the ac-CNT decorated with Fe metal catalyst 

is highly sensitive and selective towards the detection of CO2, CO and H2O gases.  
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Table 4: Results of selectivity analysis of CO2, O2, N2, H2, H2O and CO gases are shown. 

The results include: the Fe-molecule distance, angular distortion of molecule, binding 

energy of molecule and type of adsorption. 

Molecule D(Fe-

Molecule) 

(Å) 

Angle 

(degrees) 

Type of 

Adsorption 

Ebind of 

Molecule 

(eV) 

Comment about 

Molecule 

CO2 1.857 O-C-O: 

153.7o 

Chemisorption -2.718     No split: Fe-C 

bond is the 

shortest 

O2 1.938 O-Fe-O: 

54.2o 

Chemisorption -4.639     No split: O-Fe-O is 

isosceles triangle 

N2 2.582 N-Fe-N: 

25.2o 

Physisorption -0.923        No Split: both N 

atoms are 

equidistant to Fe  

H2 1.531 H-Fe-H: 95.2o Chemisorption -3.586      Split 

H2O 1.942 H-O-H: 

106.3o 

Chemisorption -2.169      No split: D(Fe-H) = 

1.699 Å is the 

shortest 

CO 1.686 O-C-Fe:89.6o Chemisorption -2.472    No split: Fe-C 

bond is the 

shortest 
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2.4    Conclusions 

The self-consistent-charge density-functional tight-binding (SCC-DFTB) method was 

employed to study the adsorption properties of CO2 molecules on both pristine graphene 

and pure conducting ac-CNT, after being decorated with Fe metal-catalyst atoms. It was 

found that the catalyst plays a crucial role in inducing and enhancing the interaction to a 

level of achieving chemisorption state. The results of chemisorption of CO2 molecule on 

G-Fe and ac-CNT-Fe compounds can be summarized as follows: 

(1) It is recommended to deposit Fe atoms in a scattered manner on the surface of 

graphene or CNT, since any clustering of Fe atoms yields less binding to the surface 

and less coupling with CO2 molecules. Thus, the clustering is found to yield lower 

sensitivity. The Fe atoms should be scattered and their ratio should be restricted with 

respect to the total number of existing carbon atoms. The optimum number should not 

exceed the order of a doping density in semiconductors (i.e., much less than 1% of 

total number of carbon atoms). Below that limit, Fe will enhance the DOS at Fermi 

level and lead to considerable reduction of NF by the chemisorption of CO2 molecules. 

The reduction of NF will enhance both the surface electrical resistance and sensitivity 

versus gas dose. 

(2) The atomic relaxations demonstrate that the deposition of Fe on hollow site yields the 

most stable configuration. Additionally, the ac-CNT were found to have sensitivity 

much higher than those of graphene and zz-CNT. Thus, our study of sensitivity and 

selectivity was focused only on ac-CNT. 
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(3) In the study of sensitivity, CO2 molecules were deposited on ac-CNT-Fe compound 

one by one (N = 0-5 molecules). NF was found to decrease, resulting in enhancement 

of resistance and sensitivity. The C=O double bonds were found to partially break 

down and become weaker and longer than those in free CO2 molecule. The O-C-O 

angle was found to decrease to 154o (this angle is likely dependent on curvature). 

Meanwhile, the average charge of oxygen increases against gas dose, because oxygen 

has higher electronegativity than carbon and would drain more charge from Fe atom 

with increasing gas dose. 

(4) On the issue of selectivity, ac-CNT-Fe compound was found to be highly sensitive 

and selective towards three gases (CO, CO2 and H2O) to a greater degree than any 

other gas studied (such as O2, N2, H2). The cost of production of ac-CNT-Fe systems 

being relatively low, would make them promising candidates for mass production of 

ac-CNT-Fe based sensors, filters, and storage devices. 
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CHAPTER 3 

CO2 ADSORPTION ON FE-DOPED GRAPHENE 

NANORIBBONS 

 

Decoration of graphene with metals and metal-oxides is known to be one of the effective 

methods to enhance gas sensing and catalytic properties of graphene. We use density 

functional theory in combination with the nonequilibrium Green’s function formalism to 

study the conductance response of Fe-doped graphene nanoribbons to CO2 gas adsorption. 

A single Fe atom is either adsorbed on graphene’s surface (aFe-graphene) or it substitutes 

the carbon atom (sFe-graphene). Metal atom doping reduces the electronic transmission of 

pristine graphene due to the localization of electronic states near the impurities. The 

reduction in the transmission is more pronounced in the case of aFegraphene. In addition, 

the aFe-graphene is found to be less sensitive to the CO2 molecule attachment as compared 

to the sFe-graphene system. Pristine graphene is also found to be less sensitive to the 

molecular adsorption. Since the change in the conductivity is one of the main outputs of 

sensors, our findings will be useful in developing graphene-based solid-state gas sensors 
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3.1   Introduction 

Due to its unique surface morphology, exceptionally high surface-to-volume ratio, high 

conductivity and low thermal noise, graphene is known to be a promising material for gas 

sensing applications [16-18]. Graphene based sensors have advantages over the other solid-

state gas sensors in terms of sensitivity, response and recovery time, low power 

consumption and low cost (see, Refs. [19-22] for reviews). Moreover, they can operate at 

room temperature and under ambient conditions. In addition, gas sensing and catalytic 

properties of graphene can be further enhanced by decorating it with metal and metaloxide 

nanoparticles (see, Ref. [23-25] for review). Metal nanoparticle decoration also increases 

both sensitivity and selectivity of graphene based sensors for the detection of toxic metal 

ions [46]. Among the other transition metals [47-49, 77], Fe atoms are also considered to 

be effective dopants to improve the catalytic and gas sensing properties of graphene [50, 

78, 79]. Although, the choice of this non-noble metal as a dopant is mainly motivated by 

its low cost, Fe atoms can perform as good as noble metal atoms (such as Pt-atoms) in 

terms of improving the sensitivity of graphene, as was revealed in recent first principles 

calculations [50, 78]. Since the changes in the resistivity after the gas molecule absorbtion 

is the main output of solid-state sensors, a fundamental understanding of the electronic 

transport properties of graphene under these conditions enables the utilization of the full 

potential of graphene for practical applications. 

Here, we use density functional theory (DFT) in combination with the nonequilibrium 

Green’s function formalism to study the electronic transport response of zigzag graphene  
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nanoribbons [80, 81] doped with Fe atom and its effect on adsorption of a carbon dioxide 

(CO2) molecule, which is one of the major greenhouse gases. Capturing, storing and 

converting CO2 has become a major problem due to present climate changes[55-59]. We 

consider two different cases, either the Fe atom substitutes the carbon atom of graphene 

(sFe-graphene) or it is adsorbed on graphene’s surface (aFe-graphene). As a reference, we 

also study the electronic transport properties of pristine graphene without and with a single 

adsorbed CO2 molecule. The main purpose of this study is to fully explore the effect of the 

CO2 molecule adsorption on the electronic transport properties of pristine and 

functionalized graphene. The obtained results are explained in terms of electron 

localization in the system. The variation of the electrostatic potential is also studied in all 

cases which is one of the important factors affecting the transport properties of the system. 

Our findings will be useful to design more sensitive graphene based gas sensors. 

  3.2   Computational Details 

As a typical example, we consider a hydrogen passivated zig-zag graphene nanoribbon of 

width 11.37 ˚A. A single CO2 molecule is adsorbed on graphene’s surface either directly 

(Fig. 9(a)) or through Fe atoms (Figs. 9(b, c)). The Fe atom either substitutes one of the 

carbon atoms (sFe-graphene, Fig. 9(c)) or is adsorbed on the hollow site of graphene (aFe-

graphene, Fig. 9(b)). The considered samples are first optimized using DFT within the 

generalized gradient approximation (GGA) of Perdew-Burke-Ernzerhof (PBE) for the 

exchange-correlation energy[73]. The Brillouin zone sampling was performed using 

1×1×100 Monkhorst k point sampling [64]. The convergence criteria for total energy and  
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Hellman-Feynman forces were 0.001 eV and 0.01 eV/˚A, respectively. The electrostatic 

potentials were determined on a real-space grid with a mesh cutoff energy of 148 Ry and 

double-zeta polarized basis sets of local numerical orbitals were applied to all atoms. 

Dispersive interactions (i.e. van der Waals interactions) were accounted for by using 

Grimme’s DFT-D2 empirical dispersion correction [74] to the PBE. Optimizations were 

conducted for the device geometries (see Fig. 9) after the doping. The device structures 

consist of left and right regions and the central (scattering) region (i.e., a two probe 

configurations). Both electrodes are modelled as an electron gas with a given chemical 

potential. The transmission is always along the z-direction. The nonequilibrium Green’s 

function formalism is used to calculate the electronic transport with (1, 1, 100) Brillouin 

zone sampling. All simulations were obtained using the first-principles computational 

package Atomistic toolkit[82].  
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Figure 9: Device geometries: hydrogen passivated graphene nanoribbons with a single 

CO2 molecule adsorbed directly (a) or through Fe atoms (b, c). The transmission is 

calculated along the z-direction and a vacuum space of 20 ˚A is left along the x-direction.  
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3.3   Results and Discussion  

We start by considering the transport response of a pristine graphene nanoribbon to the 

CO2 molecule attachment. We terminate the edge carbon atoms by hydrogen atoms to get 

better structural and electronic stability as compared to bare graphene nanoribbon. In the 

device geometries (see Fig. 9), the size of the active layer was 29.532 ˚A and the size of 

the electrodes was 7.383 ˚A. The active region is long enough to study the effect of a single 

impurity[83, 84]. As a reference, the solid black curve in Fig. 10(a) presents the zero-bias 

transmission spectrum of pristine graphene nanoribbon without the CO2 molecule. The 

transmission curve shows a step-like behavior with an enhanced transmission at the Fermi 

level, which are typical for graphene nanoribbons. These features originate from the edge-

localized electronic states with energies close to the Fermi energy. Interestingly, the CO2 

molecule adsorption has a minor impact on the transmission of the system; it still exhibits 

a sequence of steps of integer transmission and an enhanced transmission at the Fermi level 

(dashed red curve in Fig. 10(a)). A small reduction of the electron transmission is obtained 

only at the Fermi level and at energies -1.5 eV and 1.5 eV, where the T(E) curve exhibits 

a jump 
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Figure 10: (a) Zero bias transmission spectra (T(E)) of pristine graphene without (solid-

black curve) and with a single CO2 molecule adsorbed (dashed-red curve) as a function of 

electron energy. Insets show the enlargement of the transmission spectra. (b) Device 

density of states projected onC atom (solid black curve) and O atoms (dashed-red curve) 

of the molecule as a function of energy. Energy origin coincides with the Fermi energy.  
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(see the insets in Fig. 10(a)). Such a negligible transport response of the system to the 

physical adsorption of the CO2 molecule can be attributed to the weak interaction between 

the CO2 gas molecules and graphene. 

Figure 10(b) shows the density of states of the device (DDOS) projected on the C and O 

atoms of the molecule. It is seen from this figure that despite smaller contribution to the 

DDOS of the system (in the considered range of the spectrum the maximum DOS is ∼80 

eV−1), clear peaks are obtained at the Fermi energy and at the energy values corresponding 

to the jumps in the transmission. The location of the peaks also corresponds to the reduction 

in the transmission. 

Figure 11(a) shows the zero-bias transmission spectra of aFe-graphene without (solid-black 

curve) and with the CO2 molecule attached (dashed-red curve). As in the case of the other 

transition metals, the Fe-atom is adsorbed on the hollow site of graphene with a Fe-C 

distance of 2.05 ˚A. The Fe atom locally disturbs the planar lattice structure of graphene. 

Notice that we have only considered the case when the Fe atom is adsorbed in the middle 

of the sample. However, the effect of the foreign atom doping on the structural and 

electronic properties 
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Figure 11: (a) Zero bias transmission spectra of aFe-graphene without (solid-black curve) 

an with a single CO2 molecule adsorbed (dashed-red curve) as a function of electron 

energy. (b) device density of states (DDOS) of aFe-graphene projected on Fe atom. (c) 

DDOS of aFe-graphene+CO2 system projected on the Fe atom (solid-black curve), C atom 

of the molecule (dashed-red curve) and the O atoms of the molecule (dotted-blue curve).  
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Figure 12:  Isosurface plots of the projected self consistent Hamiltonian eigenstates for the 

aFe-graphene (a) and aFe-graphene+CO2 (b) systems. The isovalues are 0.005 ˚A−3/2 (a) 

in both cases. The energies for the corresponding isoplots are given in each panel.  

of the graphene strongly depends on the location of the dopants with respect to the edges 

[84-86]. The transmission spectrum changes drastically when the Fe-atom is present in the 
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system; the Fe atom adsorption results in considerably reduction of electron transmission 

as compared to pristine graphene (compare solid black curves in Figs. 10(a) and 3(a)). T(E) 

becomes smaller at the Fermi level and it drops sharply when decreasing the electron 

energy below the Fermi energy. In fact, total reflection of the electrons can be obtained at 

these small energies. As we have discussed above, the minima in the T(E) curves are 

reflected in the DDOS of the system projected on the Fe atom (see Fig. 11(b)). 

In order to get a better insight into the origin of the obtained changes in the transmission 

spectrum due to the doping, we calculated the projected self-consistent Hamiltonian (PSH) 

eigenstates. These eigenstates are associated with the poles of the Green’s function at the 

given electron energy. Figure 12(a) shows the PSH eigenstates of the aFe-graphene sample 

without the CO2 molecule at the electron energy E = −0.51 eV, where we found a profound 

minima in the transmission spectrum with zero electronic transmission. It is seen from this 

isosurface plot that the electronic states are localized near the Fe-atom. It is very well 

known that such nanoscale charge localizations reduce the probability of electrons to transit 

across the system. 

Dashed-red curve in Fig. 11(a) shows the transmission spectrum of aFe-graphene when the 

CO2 molecule is attached to the Fe atom (see Fig. 9(b) for the optimized geometry). 

Interestingly, the gas molecule adsorption slightly increases the transmission spectrum of 

this hybrid system in the considered range of the spectrum. Extra features (such as local 

transmission maxima and minima) are also observed in the transmission spectrum due to 

the contributions of the electronic states of the molecule to the DDOS of the system 

(dashed-red and dotted-blue curves in Fig. 11(c)). The locations of the maxima of DDOS 
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of the system projected on the Fe atom also changes due to the gas molecule, indicating 

the structural changes near the Fe-impurity. The structural analysis show that the Fe-C 

bond distance now changes between 2.05 ˚A and 2.08 ˚A. However, the system still shows 

reduced transmission for the electrons as compared to the pristine graphene due to the 

localization of electronic states (see Fig. 12(b)). 

The gas molecule attachment results in the appearance of extra features in the transmission 

spectrum (see dashed-red curve in Fig. 13(a)). For example, the transmission increases for 

the electron energies above the Fermi level and it decreases considerably below the Fermi 

energy. Such a reduction of the electron transmission also originates from the charge 

localization near the Fe-CO2 complex. One example of such electron localizations is shown 

in Fig. 14(b), where we plot the PSH eigenstates of the system at electron energy E = −0.51 

eV corresponding to a local minima in the T(E) curve. Note that in this range of the electron 

energy we obtained extended electronic states for the sFe-graphene without the gas 

molecule (see Fig. 14(a)), which result in larger transmission. Note also that the 

contribution of the metal atom orbitals to the DDOS of the system also changes 

considerably due to the presence of the gas molecule (compare solid-black curves in Figs. 

11(b) and 13(b)) due to the local structural changes. Again, all the minima in the T(E) curve 

are reflected in the projected DDOS as a local maxima. 
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Figure 13: The same as in Fig. 11, but for sFe-graphene system. 

Figure 13(a) shows the zero-bias transmission spectra of graphene nanoribbon as a function 

of electron energy when the Fe atom substitutes a single C atom in the middle of the system 



 
 

59 
 
 

(i.e., the sFe-graphene). The Fe atom is vertically displaced with Fe-C distance of 1.75 ˚A. 

In the absence of the gas molecule, this sample shows better electronic transport as 

compared to the aFe-system (compare solid black curves in Figs. 11(a) and 13(a)). We still 

observe pronounced minima in the transmission spectrum due to the presence of the metal 

atom. The locations of the transmission minima correspond to the positions of the maxima 

in the DDOS of the system projected on the Fe-atom (Fig. 13(b)).  

Another important factor which influences the charge carrier transport in nanoscale 

systems is the change in the electrostatic potential profile along the transport direction. In 

order to see the effect of the metallic dopants and gas molecule adsorption on the 

electrostatic potential variation, we present in Fig. 15 the averaged electrostatic difference 

potential along the transport direction.  
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Figure 14:  Isosurface plots of the projected self-consistent Hamiltonian eigenstates for 

the sFe-graphene (a) and sFe-graphene+CO2 (b) systems. The isovalues are 0.01 ˚A−3/2. 

The energies of the corresponding isoplots are given in each panel.  
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Figure 15:  Electrostatic difference potential along the transport direction for zero bias 

across the samples. The results are shown for pristine graphene (a), aFe-graphene (b) and 

sFe-graphene (c) without (solid-black curves) and with CO2 molecule (dashed-red 

curves).  
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(c-axis) at zero voltage biasing for pristine graphene (a), aFe-graphene (b) and sFe-

graphene(c). The results are presented without (solid-black curves) and with (dashedred 

curves) the CO2 molecule. For the pristine graphene we obtained periodic oscillations with 

double minima in each period (solid-black curve in Fig. 15(a)). The gas molecule 

adsorption results in small increase in the amplitude of the potential oscillations near the 

molecule. The electrostatic potential is strongly affected by the Fe atom adsorbed on the 

hollow site of the graphene (solid black curve in Fig. 15(b)): a potential difference of 0.17 

V can be created in the system. Scattering of the electrons from such a large barrier can 

reduce their transport across the system. The adsorption of the gas molecule on the Fe atom 

reduces this large potential variation: ∆V reduces to 0.13 V. The potential difference 

reduces more than 3 times in the case of sFe-graphene sample (solid black curve in Fig. 

15(c)). Contrary to the aFe-graphene system, the gas molecule adsorption increases the 

potential variation in the sFe-graphene sample more than 3 times (dashed-red curve in Fig. 

15(c)). These findings also indicate the larger sensitivity of sFe-graphene as compared to 

aFe-graphene in terms of the change of the electronic transmission. 

Finally, we study the effect of finite voltage biasing on the electronic transport in the 

pristine and doped-graphene nanoribbons. As a typical example, we present in Figure 16 

the transmission spectra of all considered samples without (solid black curves) and with a 

single CO2 molecule attached for the voltage difference ∆V = 0.5 V. In the case of pristine 

graphene (solid-black curve in Fig. 16(a)), the voltage biasing results in the appearance of 

zero transmission area near the Fermi level due to the gap opening. The  
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CO2 adsorption results in negligible changes in the transmission spectrum (dashed-red 

curve in Fig. 16(a)) as in the case of zero biasing. The zero transmission area remains in 

the case of aFe-graphene (solid-black curve in Fig. 16(b)). Strong reduction of the 

transmission is obtained away from the Fermi level. As in the case of the zero-voltage 

biasing, the CO2 adsorption has minor effect on the transmission spectrum of aFe-graphene 

(dashed-red curve in Fig. 16(b)). Interestingly, a finite transmission is obtained at the Fermi 

energy in the case of sFe-graphene (solid-black curve in Fig. 16(c)). Several transmission 

minima is obtained near the Fermi level, which can also be related to the localization of 

the electronic states. The system is still sensitive to the CO2 molecule: extra minima are 

obtained near the Fermi level together with enhanced transmission for the electron energies 

away from the Fermi level (see dashed-red curve in Fig. 16(c)).  
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Figure 16:  Transmission spectra of graphene (a), aFe-graphene (b) and sFe-graphene (c) 

red curve) -molecule adsorbed (dashed 2with a single CO dblack curve) an-without (solid

for the voltage biasing V= 0.5 V. 



 
 

65 
 
 

3.4   Conclusion 

Using DFT calculations in combination with the nonequilibrium Green’s function 

formalism we study the electronic transport properties of Fe-doped graphene nanoribbon 

to explore its properties for CO2 detection. We found that the electronic transport in such 

hybrid system strongly depends on how metal atoms are attached to graphene. For example, 

the sFe-graphene system, where the metal atom replaces one carbon atom, shows better 

electronic transport as compared to the aFe -graphene sample with the Fe atom adsorbed 

on the hollow site. The latter system is also less sensitive to the gas molecule adsorption, 

whereas the transmission of the former sample exhibits extra features due to the CO2 

attachment. The obtained changes in the electronic transmission originate from the 

nanoscale charge localizations in the system. Our findings indicate the importance of the 

metal atom attachment for developing graphene-based gas sensors. 
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CHAPTER 4 

ADSORPTION OF H2 ON GRAPHITIC ZNO  

The adsorption of H2 molecules on graphitic ZnO-2d is investigated using the self-

consistent-charge density-functional tight-binding (SCC-DFTB) method, in which atomic 

relaxations are carried out with incorporation of the van de Waals (vdW) interactions but 

in exclusion of heat effects (i.e., at T = 0 oK). We focus to inspect the chemical activity of 

(a) Zn site, (b) O site, (iii) bridge site, (iv) hollow site, and  (v) oxygen-vacancy “VO” site. 

The results show that the chemisorption can occur only if H2 molecule lands on the oxygen 

site. In that case, the H2 molecules gets dissociated into two separate hydrogen atoms, one 

bonded to the underneath O atom and the other one bounded to the neighboring Zn atom. 

Moreover, oxygen vacancies do intentionally exist in real samples as native defects. Our 

simulations show that the relaxed oxygen vacancy in ZnO-2d would lead to construct an 

extended defect, formed by a triangle of three Zn atoms surrounded by three pentagon rings 

of ZnO. Such defect is found to introduce a triplet of donor states and a singlet of acceptor 

state as well as to shift Fermi level upper than the donor states (i.e., EF  ≥ ED). Furthermore, 

the chemisorption of H2 on oxygen site yields to formation of one shallow donor state 

(attributed to O-H bond) and one deep acceptor state (attributed to Zn-H bond). These two 

scenarios would simultaneously enhance the majority charge carrier density and yield a 

degenerate n-type ZnO. Because of these reasons, our results show an enhanced 

conductance and sensitivity versus gas dose, and clearly display the suitability of ZnO for 

H2 gas sensing. 



 
 

67 
 
 

4.1    Introduction 

Gas detection based on metal-oxide semiconductors has attracted massive research attention 

in the past two decades. Zinc oxide (ZnO) and tin dioxide (SnO2) have been widely chosen 

as sensing materials because of their excellent characteristics such as low cost, high 

sensitivity, rapid response, and fast recovery [87-89]. In particular, ZnO crystallizes in 

wurtzite structure having a wide band gap (3.37 eV) with tendency to n-type doping 

because of native defects of oxygen vacancies and has an exceptionally large exciton-

binding energy (60 meV) at room temperature [90]. The breakthrough discovery of 

achieving p-doping [91] has recently extended the fields of applications of ZnO to 

comprise: (i) photonics: ZnO has large band-gap suitable for blue and ultraviolet optical 

devices and became rather a strong competitor to GaN. ZnO has been used in the 

fabrications of LED [92] and high-efficient dye-sensitized solar-energy cells [93], (ii) 

electronics: dual-gate ZnO-nanorod-based MOSFET was fabricated [94],(iii) 

piezoelectrics: having a wurtzite structure, ZnO can easily be functionalized for 

piezoelectric device applications[95, 96], (iv) photo-catalysis: ZnO is shown to have huge 

potential activity as a photo-catalyst to induce reactions of water splitting and hydrogen 

production [97-99] , (v) biomedical: ZnO nano-particles (NPs) have been utilized in 

medical imaging and therapy. ZnO NPs have recently been favored in especially drug 

delivery to treat cancer-tumor cells because of their high-luminescence efficiency and least 

toxicity properties [100-103], and (vi) gas sensing: At all times, ZnO has been a competitor 

to SnO2 as a suitable material for sensing hazardous and toxic gases. ZnO has  
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rather shown some superiority in selective gas sensing; for instance ZnO nanotubes have 

been shown to reach very high sensitivity toward sensing H2S with an outstanding 

resolution at scale of 1 ppb (part per billion) scale at room temperature[104, 105]. It is well 

known that the exposure to a dose of 10 ppm for 8 hours would endanger the human’s life 

[106]. Then such sensitivity of ZnO-based sensor should be of a great achievement. 

Furthermore, ZnO has further been used in biosensors to detect glucose [107]. 

 Recently, increasing attention has been paid to the utilization of hydrogen as a renewable 

and clean energy source because it provides a timely solution to the future supply in 

addition to other renewable energies [108, 109]. From this perspective, hydrogen detection 

measurements became an essential step for safety in industrial and household places to 

alert the formation of potentially explosive mixtures with air[110] . Another significant 

demand on rapid and accurate sensors able to monitor and control hydrogen concentration 

is in industrial processes where it is used in synthesis or chemical reactions, as well as for 

nuclear reaction safety [110]. The main challenges in hydrogen sensor technology are to 

aim higher sensitivity, higher selectivity, and faster response time. Although the currently 

existing hydrogen sensors are suitable for many industrial applications [111, 112], some of 

them are not appropriate for fuel cells, household, biomedical and transportation 

applications because of their sizes, high-temperature operation, slow response, high cost, 

and energy input [113]. In this perspective, 1D metal-oxide structures have become 

promising candidates for hydrogen-sensing applications [114-118]. It is worth emphasizing 

that operating at high temperatures  
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should be avoided because the H2 may burn in air before even reaching the surface of the 

sensing material if temperatures > 500 oC [119]. Thus, for H2 sensor applications the ZnO 

nanostructures should demonstrate improved performances, integrated-circuit 

compatibility, and the ability to work at room temperature. 

The conventional gas sensing mechanism is such that upon exposure to the target gas, in 

case of occurrence of chemisorption, charge transfer occurs between the adsorbed gas 

species and the surface of semiconducting metal oxides. This charge transfer will either 

increase or decrease the concentration (or mobility) of the majority charge carriers in the 

metal oxides, depending on the semiconductor type and gas molecules, thereby increasing 

or decreasing the electrical conductance of the sensor under operating conditions. Usually, 

if the metal oxide is an n-type semiconductor (like our case of ZnO), the resistance 

increases in the presence of oxidizing gases, such as nitrogen monoxide (NO), nitrogen 

dioxide (NO2) and ozone (O3); while the resistance decreases in the case of reducing gases, 

like carbon monoxide (CO) and methane (CH4) [120]. On the other hand, the reverse is 

true for p-type surface. In our present case, we will show that the adsorption of H2 

molecules on n-type ZnO would enhance the conductivity, as H atom plays a role of donor 

to oxygen atom composing the adsorbent bed. 

 In the computational side, density functional theory (DFT) has proven itself to be the most 

reliable method suitable for adsorption and gas-sensing problems. This method has the 

ability to predict the ground state properties such as atomic relaxation and conductivity, 

which are the main ingredients of adsorption and gas sensing, respectively  
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[121, 122]. In the present work, we employ the self-consistent-charge density-functional 

tight-binding (SCC-DFTB) technique, which uses DFT and has the ability to deal with 

large systems containing thousands of atoms, and perform accurate atomic relaxation in an 

efficient way [53, 54]. The aim is also to relax defects like oxygen vacancy, then to relax 

H2 molecules on various sites. As output, we calculate the global-minimum total energy 

and obtain the fully relaxed structures as well as their corresponding band structures and 

density of states (DOS). From total energy calculations, one can estimate the binding 

energy of H2 molecule. On the other hand, from DOS calculations, one can estimate the 

DOS at Fermi level from which conductance and gas detection sensitivity are evaluated. 

The model of conductivity assumes a metallic behavior of the sample and this is ensured 

as degenerate n-type ZnO can be reached through both the existence of oxygen vacancies 

and the chemisorption of H2 molecules, simultaneously. This chapter is organized as 

follows: Section 2 describes the computational method. Section 3 gives a detailed 

discussion of the results. The last section summarizes the main findings. 

4.2   Computational Method  

In the present work, we use the self-consistent-charge density-functional tight-binding 

(SCC-DFTB) method [53, 54], as implemented in the DFTB+ package. This method is 

used to perform relaxations of atomic structures, including super-cell size in order to 

release pressure for a further minimization of the total energy. In this method, we use 

Slater-Koster (SK) parameter files [65] from the ‘znorg-0-1’ [123] set to parameterize the 

inter-atomic interactions. Van der Waals (vdW) interaction was accounted for by using  
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the Lenard-Jones dispersion model as in DFTB+ with parameters taken from the universal 

force field (UFF) [53, 54]. On one hand, approximating and parameterizing Fock-Matrix 

elements, an effective one-electron Kohn-Sham (KS) Hamiltonian is derived from density-

functional theory (DFT) calculations. On the other hand, DFTB is in close connection to 

tight-binding method. So, it can be seen as tight-binding method, parameterized from DFT, 

and this overcomes the problem of parameters’ transferability and makes the method more 

accurate. So, its basis set does not rely on plane-waves nor does it on Gaussian functions, 

but rather is a minimal basis set based on pseudo-atomic orbitals (Slater orbitals and 

spherical harmonics). Based on this basis set, DFTB gains its speed and ability to deal with 

large systems. So, in contrast to “full” DFT methods such as quantum Espresso, DFTB can 

easily handle calculations of large systems with reasonably large Monkhorst-Pack (MP) 

grid and perform atomic relaxations. Furthermore, DFTB was augmented by a self-

consistency treatment based on atomic charges in the so-called self-consistent charge 

density-functional tight-binding (SCC-DFTB) method; where charge density is expressed 

in terms of Milliken charges [69]. Because the wave functions in DFTB are well defined 

as KS-like orbitals, one can easily derive expressions for any property in the same way as 

within a “full” DFT scheme. This has indeed paved the way for DFTB to extend its domain 

of applications to even comprise biological systems [70]. Its strength stems from the 

transparent derivation, the inclusion of electron correlation on the DFT-GGA level and the 

updating parameterization process. This led to a robust method that predicts molecular 

geometries quite reliably. Nevertheless, among the existing limitations in DFTB is the 

incomplete availability of Slater-Koster files for all elements in the periodic table and this 

fact remains among the main challenges in the next years. 
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 Relaxed structures were determined through minimization of the total energy until 

Hellmann-Feynman forces on each atom became smaller than 0.03 eV/Å in magnitude. 

The 2D sheet of ZnO was simulated using a super-cell geometry, with vacuum layer of 20 

Å separating adjacent periodic images of the sheet. A supercell size of 6x6x1 unit cells 

(i.e., containing 72 atoms) is used as it is sufficient to include defects as well as to study 

the adsorption versus gas dose. The Brillouin zone (BZ) was sampled using the Monkhorst-

Pack technique [64], with a mesh of 26x26x1 to comprise 301 k-vectors, selected from 

within the irreducible wedge of BZ, in sampling the Brillouin zone. This number of k-

vectors is indeed sufficient for the full convergence of both density of states and charge 

density. 

 The binding energy of a single gas molecule (i.e., the adsorption energy, Ebind) is calculated 

using the following convention: 

          𝐸𝑏𝑖𝑛𝑑 = 𝐸(𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑒+𝑍𝑛𝑂) − 𝐸(𝑍𝑛𝑂) − 𝐸(𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑒)                                                (4.1) 

where E(molecule+ZnO), E(ZnO), and E(molecule) stand for the total energies of the relaxed molecule 

on ZnO-2d system, isolated ZnO-2d sheet, and isolated molecule, respectively. In case of 

adsorption of several molecules (for instance N molecules), the binding energy per 

molecule would be defined as 

             𝐸𝑏𝑖𝑛𝑑 =
𝐸(𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑒𝑠+𝑍𝑛𝑂)−𝐸(𝑍𝑛𝑂)−𝑁𝐸(𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑒)

𝑁
                                                         (4.2) 

As a matter of fact, the binding energy of molecule on a surface can be taken as a parameter 

which reveals the type of adsorption taking place between molecule and surface. 

Specifically, physisorption (i.e., weak van der Walls-like interaction) usually occurs with 
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|Ebind| < 1.0 eV, whereas chemisorption often takes place with |Ebind| > 1.0 eV [124, 125]. 

The physisorption is always reversible; whereas in the chemisorption the molecule may 

alter into a chemical reaction of dissociation, that is irreversible or after which the molecule 

cannot be recovered by any attempt of desorption. 

 The sensitivity of a gas sensor is studied by looking at the variation of the electrical 

conductance versus gas dose (i.e., variation of conductance versus number of molecules 

landed on the adsorbent). The conductivity is evaluated based on Drude formula [126, 127], 

which should be valid for transport in metals: 

                                                        𝜎 =
𝑛𝑒2𝜏

𝑚∗ = 𝑛𝑒𝜇                                                           (4.3) 

where n is the number density of free electrons, e is the free electron charge, τ is the average 

collision time, m* is electron’s effective mass, and μ is the electron mobility. This formula 

remains valid in the case of n-type ZnO, especially in case of heavily-degenerate n-type 

doping. Neglecting the heat effects (at 0 K) and assuming that the mobility of the adsorbent 

is independent of gas dose, the sensitivity [128-131] then would be proportional to the 

following quantity: 

                               𝑆 =
|𝐼𝑔−𝐼𝑜|

𝐼𝑜
×100% =

|𝐺𝑔−𝐺𝑜|

𝐺𝑜
×100%                                              (4.4) 

where the pairs of Ig, Io and Gg, Go stand for the electric current intensity and the  

conductance in presence and absence of gas adsorption, respectively. Here, we take by 

assumption the validity of Ohm’s law (i.e., I=GV, where V is the applied voltage). Under 

the same assumption, the conductance is related to conductivity by the relation:  𝐺 =
1

𝑅
=
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𝜎
𝐴

𝐿
  and with consideration that the cross-sectional area A and length L of sample to be 

constant, the sensitivity becomes: 

                                                   𝑆 =
|𝜎𝑔−𝜎𝑎|

𝜎𝑎
×100% =

|𝑛𝑔−𝑛𝑎|

𝑛𝑎
×100%                                        (4.5) 

Furthermore, it should be emphasized that the conductivity depends only on the properties 

of the electrons at the Fermi surface, not on the total number of electrons in the metal. The 

high conductivity of metals is to be ascribed to the high current, jF=nevF, carried by the 

few electrons at the top of the Fermi distribution, rather than to the total density of free 

electrons (i.e, vF is Fermi velocity, and electrons of lower energy than Fermi energy are 

slowly drifting). Thus, the electrical conductivity gains its main contribution from states 

near Fermi surface [126, 127]. Assuming that Fermi energy remains the same after the 

adsorption of a molecule, then the sensitivity might be written as: 

                                          𝑆 =
|𝑁𝐹

(𝑔)
−𝑁𝐹

(𝑎)
|

𝑁𝐹
(𝑎) ×100%                                                       (4.6) 

where 𝑁𝐹
(𝑔)

 and 𝑁𝐹
(𝑎)

 are the density of states (DOS) at Fermi level with and without gas 

molecule, respectively.  

 The results of structural relaxations, electronic structure calculations, and both 

conductivity and sensitivity will be discussed in the next section. 

4.3 Results and Discussions 
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4.3.1 Relaxation and Atomic Structures 

Figure 17 displays the atomic structures of adsorbent and adsorbate systems after being 

relaxed by the DFTB+ code. In all our calculations a super-cell containing 6x6 primitive 

cells (i.e., about 72 atoms) is used to describe the adsorbent bed of ZnO-2d. This supercell 

is chosen as being the optimum size to host relaxed extended defect (such as case of oxygen 

vacancy VO), as well as to carry relaxations of several H2 molecules in case of studying 

sensitivity versus gas dose. Furthermore, it is worth noting that a honeycomb supercell 

consisting of multiples of 3 of primitive cells along both directions would have a Brillouin 

zone with K-point folded into Γ-point [132], so Eg can be calculated just at center of BZ if 

need be. In this section, we focus on assessing the chemical activity of various sites of 

pristine ZnO-2d towards the adsorption of H2 molecule, namely on: (i) Zn-site, (ii) O-site, 

(iii) bridge site, and (iv) hollow site. Adsorption of H2 molecule on defect sites (.e.g., like 

on the vicinity of oxygen vacancy) will be discussed later below.  
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Figure 17: Both top-view and side-view of relaxed atomic structures of H2 molecule on 

ZnO-2d starting from putting the H2 molecule on:  (a) Zn-site; (b) O-site; (c) Bridge-site; 

and (iv) Hollow-site. Only case (b) is found to yield chemisorption. 
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  Table 5 summarizes the results of energetics and geometry of the previously-mentioned 

four configurations after getting fully relaxed. First of all, the honeycomb pristine ZnO 

relaxes to have an equilibrium bond length of b = 1.905 Å, which is consistent with the 

existing value in literature; for instance using DFT in Quantum-Espresso code Topsakal 

and coworkers [133] reported b = 1.895 Å, which is very close to our value within an error 

of less than 1%. Concerning the relaxations of H2 on the proposed four sites, the results 

showed that all of them yielded physisorption except in case of relaxing H2 on O-site, which 

generated a chemisorption. The O-site appeared to be the most chemically active and even 

more active than the vicinity of oxygen vacancy (VO), on which the H2 relaxation produced 

a physisorption (see more details below). 

 

Table 5 : Summary of energetics and geometry results of relaxations of H2 molecule on: 

(i) Zn-site; (ii) O-site; (iii) Bridge-site; and (iv) Hollow-site.  Both EF and Ebind are in 

eV-units; whereas the Zn-H and O-H distances are in Å-units. 

System EF (eV) Ebind 

(eV) 

DZn-H (Å) DO-H (Å) Type of 

Adsorption 
H2 on Zn-site -0.244 -0.331 2.386,3.128 ---- Physisorption 

H2 on O-site -0.363 -0.606 1.804 0.986 Chemisorption 

H2 on Bridge-

site 

-0.251 -0.337 2.665 3.041 Physisorption 

H2 on Hollow-

site 

-0.101 -0.065 2.761 2.647 Physisorption 
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 Figure 17 shows that all adsorption processes to be associated with buckling of ZnO-sheet 

except in case of relaxing H2 on a hollow site. Results are summarized in Table-1 and can 

be described as follows: (i) The relaxation of H2 on Zn-site yielded a physisorption with a 

binding energy Ebind = -0.331 eV and the H2 molecule hanging up the ZnO-2d sheet by a 

distance of about 2.386 Å and 3.128 Å from Zn to both sides of H2 molecule; (ii) The 

relaxation of H2 on O-side yielded a chemisorption, as an exceptional case, with a binding 

energy Ebind = -0.606 eV which included the dissociation of the molecule into two hydrogen 

atoms bonded to O-atom and Zn-atom neighboring the O-site responsible for the 

dissociation. The bond lengths of these latter single bonds are b(O-H) = 0.986 Å and b(Zn-

H) = 1.804 Å, respectively. One should further emphasize that the binding energy includes 

the dissociation energy of H2 molecule (which is about 4.52 eV per bond [134]); (iii) The 

relaxation of H2 on bridge site led to a physisorption with a binding energy a bit better than 

the case of Zn-site (i.e., Ebind  = -0.337 eV) accompanied with similar buckling of the 

adsorbent surface. The H2 molecule hangs up within a distances of D(Zn-H)= 2.665 Å and 

D(O-H) = 3.041 Å. Nevertheless, H2 molecule being in midway between Zn-O seems to 

be more stable than being above Zn-site; (iv) The relaxation of H2 on the hollow site yielded 

the weakest physisorption with a binding energy Ebind = - 0.065 eV. The effects of such 

weak van der Waals like interaction is revealed not only through the weak binding energy 

but also through the large distances D(Zn-H) = 2.761 Å and D(O-H) = 2.647 Å and the 

complete absence of buckling in the ZnO-sheet. 
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4.3.2    Density of States 

Among the important output results of the relaxation is the electronic density of states 

(DOS). Such calculation requires the inclusion of 301 k-vectors from within the irreducible 

wedge of BZ. We made sure that further increase of k-vectors would not change the DOS 

profile as a signature of achieving the full convergence.  Figure 18 takes Fermi level as an 

energy reference and shows the results of DOS of: (a) pristine ZnO-sheet containing 72 

atoms (36-Zn and 36-O atoms). It is worth emphasizing that using DFTB+ with the 

currently-available SK_files of reference [123] would yield reliable atomic structure but 

with an over-estimated band-gap energy (i.e., Eg = about 5.814 eV). Thus, one should keep 

in mind to apply a renormalization of the relative energies with a ratio of about 3.3/5.814 

= 0.568. This looks kind of weird but normally DFT underestimate band gaps by an order 

of magnitude whereas DFTB+ does the opposite; it overestimate the band gap by about an 

order of magnitude.  (b) H2 molecule showing two states (i.e., bonding and anti-bonding 

states of about ± 8.0 eV around Fermi level). (c) H2 chemisorbed on ZnO-2d after a start 

being on O-site. The chemisorption is associated with a dissociation of the H2 molecule to 

form O-H and Zn-H single bonds. These latter single bonds are represented by a donor 

“ED” and acceptor “EA” states in the gap, respectively. Such behavior occurred because of 

the orders in electronegativity values which are as follows [135]: χ(Zn) = 1.6 <  χ(H) = 2.1 

< χ(O) = 3.5 in units of Pauling. Based on these electronegativity values, one can expect 

that: (i) H-atom can attract the electron more than Zn-atom does in the Zn-H single bond, 

so that H-atom plays the role of an acceptor and would yield “EA” state in the gap; whereas 
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(ii) O-atom can attract the electron more than H-atom does in the O-H single bond, so that 

H-atom plays the role of a donor and would yield “ED” state in the gap.  
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Figure 18: Density of electronic states of relaxed: (a) pristine ZnO containing 6x6 

primitive cells (72 atoms); (b) isolated H2 molecule; and (c) H2 molecule chemisorbed on 

ZnO associated with its dissociation and the formation of Zn-H and O-H single bonds. 

These latter two bonds form acceptor and donor states, respectively. Fermi level is taken 

as an energy reference.  
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 4.3.3    Simulation of Gas Sensing  

Traditionally, gas sensing is based on measurements of conductance before the exposure 

of the sample (or adsorbent) to the target gas and after. The response function (named 

sensitivity) is proportional the normalized variation of conductance. Definitely, in absence 

of chemisorption no variation in conductance should be expected. In our current case of 

study, a gas sensing of H2 on ZnO-2d should be expected as there exists at least one case 

of occurrence of chemisorption, which is the one of adsorption of H2 on O-site. For this 

reason, we have considered the relaxations of N = 1-4 H2 molecules on scattered O-sites 

and assessed their possible effects on the density of states at Fermi level (NF) and the 

sensitivity, thereafter. Figure 19 shows the relaxed atomic structures of N = 1-4 H2 

molecules on pristine ZnO-2d starting from putting H2 molecule(s) on O-site(s). Both top-

view and side-view are shown for each relaxed configuration. The H2 molecules are shown 

to exhibit chemisorption processes with dissociation of H2 molecules; where each H2 

molecule split to form Zn-H and O-H single bonds. Our simulation of relaxation also 

included the supercell primitive vectors (i.e., relaxation of supercell’s size to reduce the 

pressure and consequently minimize further the total energy) and yielded the shown 

structures in Figure-19. All structures are shown to exhibit buckling.  
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Figure 19: Relaxed structures of H2 molecule(s) on ZnO, starting from on O-sites and 

leading to chemisorption versus gas dose (i.e., versus N = 1-4 molecules). 
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 Figure 20 shows the DOS of the four relaxed structures of (a) 1 H2 molecule; (b) 2 H2 

molecules; (c) 3 H2 molecules ; and (d) 4 H2 molecules after being chemisorbed on ZnO-

2d. As we mentioned in Figure-18, the chemisorption of each H2 molecule is associated 

with a dissociation of the molecule into two separate H-atoms which make Zn-H and O-H 

single bonds. These two bonds form EA and ED states in the gap, respectively. 

Consequently, Fermi level shifts upper than ED (i.e., EF ≥ ED). As the number of H2 

molecules increases, the DOSs at energies EA, ED and EF increase (see Table-6).   

Table 6: Density of states at Fermi level (NF) and the response-function (i.e., gas 

sensitivity) are shown versus gas dose (i.e., N = 1-4 molecules). 

Number of 

H2 

molecules 

EF (eV) Ebind (eV) 

per 

molecule 

NF (1/eV per 

Supercell) 

Relative 

Sensitivity 

(%) 

1 -0.363 -0.606 3.37 Reference 

2 -0.441 -0.853 83.31 23.72 

3 -0.690 -0.731 163.72 47.58 

4 -0.597 -0.775 243.21 71.17 

 

Figure 20e and Table-6 summarize the variations of both DOS at Fermi level (NF) and the 

response function (or named “sensitivity”). It should be emphasized that in evaluating the 

sensitivity, one needs a reference for the NF before the exposure of the sample to the target 

gas. We have considered the case of 1 H2-chemisorbed to ZnO as that reference. In real 

life, ZnO behaves as n-type and oxygen vacancies inevitably exist in ZnO samples.  
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So, one could take the case of VO as a reference for NF. In any case, based on our 

assumption, the sensitivity is shown to vary linearly with gas dose (i.e., with the number 

of H2 molecule chemisorbed on ZnO-2d). Such behavior confirms that ZnO defected with 

VO would be a good gas sensor of H2. 
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Figure 20: (a-d) DOS of relaxed structures of Figure 19. Fermi level is taken as an energy 

reference. (e) The DOS at Fermi level and sensitivity are shown versus number of H2 

molecules (i.e., versus gas dose). 
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4.3.4    Defected ZnO 

Among the defects and perhaps the most abundant and important one is the oxygen 

vacancy. Here, we considered the case of single oxygen vacancy and performed atomic 

relaxation using DFTB+ code. (a) The result of atomic structure, without H2 molecule, is 

shown in Figure 21a. It seems that the relaxed structure remains to be 2 dimensional and 

does not contain any buckling; meanwhile it includes a formation of an extended defect 

composed of a triangle of three Zn-atoms surrounded by three pentagon rings of ZnO. As 

shown DOS of Figure 21c, such extended defect forms 1 acceptor state at about (EA – EV) 

≈ 0.225 eV and 3 donor states: 2 degenerate ED1 states below one single state ED2 by about 

0.238 eV, and this latter state is below the conduction band by about (EC-ED2) ≈ 0.751 eV. 

Of course, these values are over-estimated using DFTB+ code and in real life they should 

be much smaller or renormalized. (b) The relaxation of one H2 molecule on the extended 

defect (i.e., on the reconstructed oxygen vacancy) has predicted the occurrence of a 

physisorption, in which H2 molecule hangs upper the triangle of Zn-atoms by distances: 

D(Zn-H) = 2.834 Å, 2.834 Å, and 2.420 Å. Actually the polarity of the new surface, after 

the formation of extended defect, would induce a dipole moment into H2 molecule. Such a 

weak van-der-Waals interaction has a minor effect of the DOS as can been in Figure 21c. 
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Figure 21: Relaxed atomic structures of ZnO with VO (a) and with H2 molecule (b). The 

corresponding DOSs to (a-b) are shown in (c), with Fermi level as an energy reference. 
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4.3.5 Band Structures 

For accurate readings of the energetics of relaxed structures, one needs to show the band 

structures for various cases. Figure 22 shows the bands structures along three high-

symmetry lines along the irreducible wedge of the BZ: (a) Pristine ZnO; (b) H2 

chemisorbed on ZnO starting its relaxation from the top of O-site; (c) ZnO containing 

single oxygen vacancy after a relaxation leading to the formation of extended defect; and 

(d) H2 in a physisorption on VO-defected ZnO. The results clearly show the following: (i) 

The chemisorption of H2 on O-site would lead to the formation of a shallow donor state 

(EC-ED) ≈ 0.153 eV due to formation of O-H bond in which H plays the role of a donor; 

also it leads to formation of a deep acceptor state (EA-EV) ≈ 0.672 eV due to formation of 

Zn-H bond in which H plays the role of an acceptor. Of course, it should be understood 

that these values are overestimated using DFTB+ code. (ii) The reconstruction of the 

oxygen vacancy leads to a formation of an extended defect, composed of a triangle of three 

Zn atoms surrounded by 3 pentagon rings of ZnO. The results of bands for such an extended 

defect are shown in Figure 22c. The extended defect produces an acceptor state of (EA-EV) 

≈ 0.225 eV and a doublet and singlet of donor states ED1 and ED2, respectively. (ED1-ED2) 

≈ 0.238 eV and (EC-ED2) ≈ 0.751 eV. Again, these values are overestimated when using 

DFTB+ code. (iii) The occurrence of physisorption of H2 on reconstructed VO would not 

affect much the locations of the donor and acceptor states as shown in Figure 22d. The 

interaction between the extended defect and H2 molecule is via van der Walls weak dipole-

dipole interaction.  
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Figure 22: Band structures are shown for: (a) Pristine ZnO-2d; (2) Relaxed H2 on ZnO in 

case of chemisorption (i.e., stating from on O-site); (c) Reconstructed oxygen vacancy; 

(d) relaxed H2 on reconstructed VO, which yields physisorption. 
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4.4   Conclusions 

The adsorption of H2 gas molecule on graphitic ZnO-2d is investigated using DFTB, with 

the inclusion of van der Waals interaction and exclusion of heat effects (i.e., T = 0 oK). The 

chemical activities of many sites were assessed, namely by putting H2 molecule on: (i) Zn-

site, (ii) O-site, (iii) bridge-site, (iv) hollow-site, and (v) oxygen-vacancy site. The results 

show the following: 

(1) The only case for occurrence of chemisorption is when H2 molecule is put on O-

site. The chemisorption is associated with a dissociation of H2 molecule into two 

separate atoms that make single bonds to O and Zn atoms. These two bonds (O-H 

and Zn-H) produce a shallow donor and a deep acceptor states in the gap, 

respectively; 

(2) The reconstruction of oxygen vacancy would form an extended defect consisting 

of a triangle of three Zn atoms, surrounded by three pentagon rings of ZnO. Such 

defect produces one singlet shallow acceptor state and a triplet of deep donor states. 

Consequently, Fermi level raises upper than the donor states due to such extended 

defect;s 

(3) The estimations of band gap energy as well as relative energies of donor and 

acceptor states are overestimated using DFTB with the currently-available Slater-

Koster files. In more realistic calculations, one should expect the following 

scenarios: (i) The reconstruction of oxygen vacancy leading to extended defect 

would introduce shallow donor states and make the material n-type; Then (ii) The 

chemisorption of H2 molecules on O-site leading to formation of shallow donor and 
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deep acceptor states would definitely enrich the negative-charge carrier density and 

make the n-type semiconductor heavily-doped n-type. In this case Drude formula 

of conductivity would be validated and the estimation of conductivity would be 

reliable; 

(4) Under the assumption of validity of metallic conductivity because of heavily-

degenerated n-doping due to the chemisorption of H2 molecules on O-sites, the 

sensitivity is shown to linearly increase versus the H2 gas dose. Such behavior 

demonstrates the sensitivity of n-type ZnO towards detecting H2 gas; 

(5) This study is of great importance in the field of energy production and 

environmental protection, where ZnO can be used for both storage and detection of 

H2 gas, respectively. 
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CHAPTER 5 

CONCLUSIONS  

This chapter restates the conclusions of the three studies conducted in this thesis. 

For the first problem, the self-consistent-charge density-functional tight-binding (SCC-

DFTB) method was employed to study the adsorption properties of CO2 molecules on both 

pristine graphene and pure conducting ac-CNT, after being decorated with Fe metal-

catalyst atoms. It was found that the catalyst plays a crucial role in inducing and enhancing 

the interaction to a level of achieving chemisorption state. The results of chemisorption of 

CO2 molecule on G-Fe and ac-CNT-Fe compounds can be summarized as follows: 

(1) It is recommended to deposit Fe atoms in a scattered manner on the surface of 

graphene or CNT, since any clustering of Fe atoms yields less binding to the surface 

and less coupling with CO2 molecules. Thus, the clustering is found to yield lower 

sensitivity. The Fe atoms should be scattered and their ratio should be restricted with 

respect to the total number of existing carbon atoms. The optimum number should not 

exceed the order of a doping density in semiconductors (i.e., much less than 1% of 

total number of carbon atoms). Below that limit, Fe will enhance the DOS at Fermi 

level and lead to considerable reduction of NF by the chemisorption of CO2 molecules. 

The reduction of NF will enhance both the surface electrical resistance and sensitivity 

versus gas dose. 
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(2) The atomic relaxations demonstrate that the deposition of Fe on hollow site yields the 

most stable configuration. Additionally, the ac-CNT were found to have sensitivity 

much higher than those of graphene and zz-CNT. Thus, our study of sensitivity and 

selectivity was focused only on ac-CNT. 

(3) In the study of sensitivity, CO2 molecules were deposited on ac-CNT-Fe compound 

one by one (N = 0-5 molecules). NF was found to decrease, resulting in enhancement 

of resistance and sensitivity. The C=O double bonds were found to partially break 

down and become weaker and longer than those in free CO2 molecule. The O-C-O 

angle was found to decrease to 154o (this angle is likely dependent on curvature). 

Meanwhile, the average charge of oxygen increases against gas dose, because oxygen 

has higher electronegativity than carbon and would drain more charge from Fe atom 

with increasing gas dose. 

(4) On the issue of selectivity, ac-CNT-Fe compound was found to be highly sensitive 

and selective towards three gases (CO, CO2 and H2O) to a greater degree than any 

other gas studied (such as O2, N2, H2). The cost of production of ac-CNT-Fe systems 

being relatively low, would make them promising candidates for mass production of 

ac-CNT-Fe based sensors, filters, and storage devices. 

For the second problem, using DFT calculations in combination with the non-equilibrium 

Green’s function formalism we study the electronic transport properties of Fe-doped 

graphene nanoribbon to explore its properties for CO2 detection. We found that the 

electronic transport in such hybrid system strongly depends on how metal atoms are 

attached to graphene. For example, the sFe-graphene system, where the metal atom  
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replaces one carbon atom, shows better electronic transport as compared to the aFe -

graphene sample with the Fe atom adsorbed on the hollow site. The latter system is also 

less sensitive to the gas molecule adsorption, whereas the transmission of the former 

sample exhibits extra features due to the CO2 attachment. The obtained changes in the 

electronic transmission originate from the nanoscale charge localizations in the system. 

Our findings indicate the importance of the metal atom attachment for developing 

graphene-based gas sensors. 

 For the third problem, the adsorption of H2 gas molecule on graphitic ZnO-2d is 

investigated using DFTB, with the inclusion of van der Waals interaction and exclusion of 

heat effects (i.e., T = 0 oK). The chemical activities of many sites were assessed, namely 

by putting H2 molecule on: (i) Zn-site, (ii) O-site, (iii) bridge-site, (iv) hollow-site, and (v) 

oxygen-vacancy site. The results show the following: 

(1) The only case for occurrence of chemisorption is when H2 molecule is put on O-

site. The chemisorption is associated with a dissociation of H2 molecule into two 

separate atoms that make single bonds to O and Zn atoms. These two bonds (O-H 

and Zn-H) produce a shallow donor and a deep acceptor states in the gap, 

respectively; 

(2)  The reconstruction of oxygen vacancy would form an extended defect consisting 

of a triangle of three Zn atoms, surrounded by three pentagon rings of ZnO. Such 

defect produces one singlet shallow acceptor state and a triplet of deep donor states. 

Consequently, Fermi level raises higher than the donor states due to such extended 

defects. 
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(3) The estimations of band gap energy as well as relative energies of donor and 

acceptor states are overestimated using DFTB with the currently-available Slater-

Koster files. In more realistic calculations, one should expect the following 

scenarios: (i) The reconstruction of oxygen vacancy leading to extended defect 

would introduce shallow donor states and make the material n-type; Then (ii) The 

chemisorption of H2 molecules on O-site leading to formation of shallow donor and 

deep acceptor states would definitely enrich the negative-charge carrier density and 

make the n-type semiconductor heavily-doped n-type. In this case Drude formula 

of conductivity would be validated and the estimation of conductivity would be 

reliable; 

(4) Under the assumption of validity of metallic conductivity because of heavily-

degenerated n-doping due to the chemisorption of H2 molecules on O-sites, the 

sensitivity is shown to linearly increase versus the H2 gas dose. Such behavior 

demonstrates the sensitivity of n-type ZnO towards detecting H2 gas; 

(5) This study is of great importance in the field of energy production and 

environmental protection, where ZnO can be used for both storage and detection of 

H2 gas, respectively. 
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APPENDIX 

 METALLIC CONDUCTIVITY AND GAS SENSITIVITY 

  

In a free-electron gas, such as in metals, Ohm’s law relates the current density to the electric 

field (j=σE, where σ is the electric conductivity). Within the picture of the classical Drude’s 

model [127], the only possible interaction of a free electron with its environment is through 

instantaneous collisions. The average time between subsequent collisions is τ, and 

conductivity is given by the formula: 

                                           𝜎 =
𝑛𝑒2𝜏

𝑚∗ = 𝑛𝑒𝜇                                                            (A-1) 

where n is the number density of free electrons, e and m are charge and mass of free 

electron, and μ is the electron mobility. This formula is derived under assumptions of an 

applied static electric field and uniform temperature. 

 It should be further emphasized that the above conductivity depends only on the properties 

of the electrons at the Fermi surface, not on the total number of electron in the metal. The 

high conductivity of metals is to be ascribed to the high current, 𝒋𝑭 = 𝑛 𝑒 𝒗𝑭 , carried by 

the few electrons at the top of the Fermi surface, rather than to the total density of free 

electrons (i.e,𝒗𝑭 vF is Fermi velocity, and electrons of lower energy than  

 



 
 

98 
 
 

Fermi energy are slowly drifting). Thus, the electrical conductivity gains its main  

contribution from states near Fermi surface and may be written as [50]: 

                                  σ =  
1

3
 𝑗𝐹

2 𝜏 𝑔(𝐸𝐹)                                                          (A-2) 

𝑔(𝐸𝐹) is the density of states at Fermi level and 𝐸𝐹 is Fermi energy.  

 From another perspective, using free-electron model at 0 K temperature, the density of 

states at Fermi level is given [127] by: 

                                𝑔(𝐸𝐹)  =
3 𝑛

2𝐸𝐹
                                                                    (A-3)  

Furthermore, it should be emphasized that in Ohm’s law, the resistance R is connected to 

the resistivity ρ by: 

                                    𝑅 = ρ
𝐿

𝐴
                                                                       (A-4) 

where L and A are the length and cross-sectional area of the sample. The counter-part of 

resistance is the conductance (G = 1/R) and the counter-part of resistivity is conductivity 

(σ = 1/ρ); so the conductance may be written as: 

                                   𝐺 = 𝜎
𝐴

𝐿
                                                                        (A-5) 

In gas-sensing, the concept of gas sensitivity “S” is based on the variation of resistance 

between two states (before and after exposure to gas). It is customary to define the 

sensitivity as follows [128-130]: 
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                                      𝑆 =
|𝐼𝑔−𝐼𝑜|

𝐼𝑜
×100% =

|𝐺𝑔−𝐺𝑜|

𝐺𝑜
×100%                                     (A-6) 

where the pairs of Ig, Ia, Gg, and Ga are the electric current intensity and the conductance 

before and after gas exposure, respectively. If we assume that the mobility of electron, its 

relaxation time, and samples size (L and A) to be gas independent, then the sensitivity may 

be written as: 

               𝑆 =
|𝜎𝑔−𝜎𝑎|

𝜎𝑎
×100% =

|𝑛𝑔−𝑛𝑎|

𝑛𝑎
×100%                                               (A-7) 

where ng and na are the respective densities of electrons in presence and absence of gas. 

These densities should concern the electrons most responsible for conduction. As shown 

in equation (A-3), and neglecting the variation of Fermi energy before and after the landing 

of a gas molecule on the sample, the sensitivity can be written as: 

                               𝑆 =
|𝑁𝐹

(𝑔)
−𝑁𝐹

(𝑎)
|

𝑁𝐹
(𝑎) ×100%                                                                (A-8)                                                                                                

where 𝑁𝐹
(𝑔)

 and 𝑁𝐹
(𝑎)

are the density of states (DOS) at Fermi level with and without gas 

molecule, respectively. Furthermore, total DOS of either pristine graphene or CNT should 

be normalized (such as 8 electrons per hexagon) in order to keep a reference in dealing 

with ratio in equation (A-8).  
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