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ABSTRACT (THAI) 
 มนรดา เพชรมาก : การดูดซบัแก๊สไฮโดรเจนบนผิวพหุสัณฐานเซอร์โคเนียมไดออกไซด.์ ( ADSORPTION OF 

HYDROGEN GAS ON POLYMORPHIC ZIRCONIUM DIOXIDE 

SURFACES) อ.ท่ีปรึกษาหลกั : ศ. ดร.วิทยา เรืองพรวิสุทธ์ิ 
  

การดูดซับแก๊สไฮโดรเจนบนผิวพหุสัณฐานเซอร์โคเนียมไดออกไซด์ ประกอบไปด้วย   โครงสร้างชนิดคิวบิก(111), 

เททระโกนอล(101) และโมโนคลินิก(111) ไดรั้บการค านวณดว้ยวิธี    พีริออดิกดีเอฟที  ความเสถียรของโครงสร้างผิวเซอร์โคเนียม
ไดออกไซด์แบบสมบูรณ์พบว่ามีล าดับดังน้ี  c-ZrO2(111) > t-ZrO2(101) > m-ZrO2(111) และแบบมีช่องว่างของ
ออกซิเจนอะตอมมีความเสถียรของโครงสร้างตามล าดับดัง น้ี [c-ZrO2(111)+VO] > [t-ZrO2(101)+VO] > [m-

ZrO2(111)+VO]   ความสามารถในการดูดซับแก๊สไฮโดรเจนบนผิวแบบสมบูรณ์และแบบมีช่องว่างของออกซิเจนอะตอมพบว่ามี
ล าดับดังน้ี  [c-ZrO2(111)+VO] (∆Eads = –4.13 eV) > [m-ZrO2(111)+VO] (∆Eads = –3.31 eV) > [t-

ZrO2(101)+VO] (∆Eads = –2.91 eV) > c-ZrO2(111) (∆Eads = –1.89 eV) > m-ZrO2(111) (∆Eads 

= –1.67 eV) > t-ZrO2(101) (∆Eads = –0.27 eV)   โครงสร้างผิว c-ZrO2(111) ท่ีถูกเจือดว้ยธาตุแลนทาไนดไ์ดรั้บ
การค านวณ และความสามารถในการดูดซับแก๊สไฮโดรเจนบนผิว Eu-[c-ZrO2(111)+VO] (∆Eads = –0.80 eV) มีค่า
มากกวา่การดูดซบับนผิว Ce-[c-ZrO2(101)] (∆Eads = –0.21 eV).โครงสร้างผิวเซอร์โคเนียมไดออกไซดแ์บบมีช่องว่างของ
ออกซิเจนอะตอมพบว่ามีศกัยภาพในการเป็นวสัดุกกัเก็บแก๊สไฮโดรเจน   และผิวเซอร์โคเนียมไดออกไซดช์นิด [t-ZrO2(101)+VO], 

[m-ZrO2(111)+VO] และ m-ZrO2(111) พบว่าสามารถใชเ้ป็นวสัดุตรวจจบัแก๊สไฮโดรเจน โดยการตรวจวดัความต้านทาน
ไฟฟ้า 
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ปีการศึกษา 2564 ลายมือช่ือ อ.ท่ีปรึกษาหลกั .............................. 
 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 iv 

ABSTRACT (ENGLISH) 
# # 6270093823 : MAJOR CHEMISTRY 

KEYWORD: Polymorphic ZrO2 surfaces, Hydrogen storage, Hydrogen adsorption 

energy, Periodic DFT 

 Monrada Petchmark : ADSORPTION OF HYDROGEN GAS ON 

POLYMORPHIC ZIRCONIUM DIOXIDE SURFACES. Advisor: Prof. 

VITHAYA RUANGPORNVISUTI, Dr.rer.nat. 

  

Adsorption of hydrogen gas on polymorphic zirconium dioxide (ZrO2) surfaces 

including cubic, tetragonal and monoclinic phase denoted by c-ZrO2(111), t-ZrO2(101) and 

m-ZrO2(111), respectively has been investigated using the periodic density functional theory 

(DFT) calculation. The stabilities of perfect and oxygen vacancy defective ZrO2 surfaces are 

in orders: c-ZrO2(111) > t-ZrO2(101) > m-ZrO2(111) and [c-ZrO2(111)+VO] > [t-

ZrO2(101)+VO] > [m-ZrO2(111)+VO], respectively. The abilities of hydrogen adsorption on 

perfect and oxygen vacancy defective ZrO2 surfaces are in orders: [c-ZrO2(111)+VO] (∆Eads 

= –4.13 eV) > [m-ZrO2(111)+VO] (∆Eads = –3.31 eV) > [t-ZrO2(101)+VO] (∆Eads = –2.91 eV) 

> c-ZrO2(111) (∆Eads = –1.89 eV) > m-ZrO2(111) (∆Eads = –1.67 eV) > t-ZrO2(101) (∆Eads = 

–0.27 eV). The lanthanide-doped c-ZrO2(111) surfaces were obtained and exhibit hydrogen 

adsorption stability. Hydrogen adsorption ability on Eu-[c-ZrO2(111)+VO] (∆Eads = –0.80 

eV)is higher than on Ce-[c-ZrO2(101)] (∆Eads = –0.21 eV). The oxygen vacancy defective 

polymorphic ZrO2 surfaces exhibit a high potential for hydrogen-storage materials. The [t-

ZrO2(101)+VO], [m-ZrO2(111)+VO] and m-ZrO2(111) surface types have been recommended 

as hydrogen-sensing materials via electrical resistance measurement. 
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CHAPTER I 

INTRODUCTION 

1.1 Background 

 

Hydrogen has been suggested as clean and sustainable energy. Hydrogen is the 

simplest and most abundant element in the universe, especially it is eco-friendly, high-

energy density and renewable thus hydrogen storage is the most important to apply in 

energy industries [1-4]. Nowadays, there are many materials which use for store 

hydrogen. Transition metal oxides (TMOs) have been broadly investigated materials 

for hydrogen storage materials [5-8]. Zirconium dioxide (ZrO2) is one of transition 

metal oxides which broadly studied in many fields such as ceramics [9], electro-optical 

materials [10], biomedical materials [11], electrolyte in solid oxide fuel cells (SOFCs) 

[12], gas sensor [13] and catalysts [14-17]. The distinguished properties of ZrO2 include 

mechanical strength, thermal stability, low corrosion potential, toughness, wide band 

gap, and biocompatibility contribute ZrO2 to be an attractive material to apply in many 

fields.  
ZrO2 consists of three main polymorphs including cubic, tetragonal, and 

monoclinic The cubic, tetragonal, and monoclinic zirconia (c-ZrO2, t-ZrO2, m-ZrO2) 

were studied, and the bandgap of the t-ZrO2 larger than m-ZrO2 by 0.35 eV was found 

[18]. The acid-base characteristics of surfaces of t-ZrO2 and their CO and CO2 

adsorption were studied [19]. Structural parameters, elastic, electronic, bonding, and 

optical properties of m-ZrO2 were investigated [20]. The structural, mechanical, and 

thermodynamic properties of c-ZrO2, t-ZrO2, m-ZrO2 were investigated by DFT [21]. 

Structural, electronic, optical, and elastic properties of ZrO2 were investigated using the 

DFT method [22]. Electronic, optical, and elastic properties of c-ZrO2 were studied 

[23]. The band structure, optical absorption, and emission spectra of ZrO2 were 

analyzed [24], and optical spectra of the ZrO2 crystal containing oxygen vacancy based 

on the DFT were studied [25]. The oxygen vacancy defective surface of ZrO2 as the 

blue luminescence centers was studied [26].  
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The adsorptions of small molecules, including H2, on the c-ZrO2(110) surface were 

studied [27]. The formation of protonated forms of c-ZrO2 was studied [28]. Hydrogen 

interstitials in pristine m-ZrO2 and hydrogen mono- and co-occupying oxygen vacancy 

were investigated [29]. 

Doping on zirconia has been widely studied for catalyst, energy storage and 

biomedical applications [30-34]. Nowadays, rare earth elements doped ZrO2 materials 

have been broadly studied. These studies show that rare earth elements doping affect to 

physical properties, optical properties, and crystal structure of materials [35-37]. Ce-

dope ZrO2 materials have been synthesized that exhibit monoclinic and tetragonal 

phase. Ce doping induced a modification of the ratio between tetragonal and monoclinic 

phase, increasing percentage of Ce doping can increase tetragonal phase [38, 39]. Ce-

dope ZrO2 nanophosphors was synthesized by co-precipitation method which is found 

to show in fluorite cubic structure with unit cell to be a=5.1280 Å. The Ce-doped-ZrO2 

nanophosphors showed photoluminescence emission spectra around 486 nm and 532 

nm, and at 236 nm and 346 nm when it is excited which can be suggest to be blue-green 

light emitting materials [40]. Eu-doped ZrO2 materials have been synthesized which 

have cubic fluorite structure (Fm3̅m) [41, 42]. Oxygen vacancies are observed which 

Eu related to the number of surface oxygen vacancies induced [41].  

The structural and electronic properties of the clean c-ZrO2 (111) surface, its oxygen 

vacancy defective surface, and yttria-stabilized zirconia (YSZ) were studied using DFT 

methods in a periodic approach [43]. The structure and stability of m-ZrO2 were studied 

and found that m-ZrO2 (111) and m-ZrO2 (1̅11)  surfaces were dominant indices [44]. 

The influence of the surface oxygen vacancy (VO) of YSZ compared with the bare 

YSZ(111) was investigated [45]. Nevertheless, a study of H2 adsorption on pristine c-

ZrO2, t-ZrO2, and m-ZrO2 surfaces and their oxygen vacancy defective surfaces was 

hardly found. 

 

 

1.2 Zirconium dioxide (ZrO2) 

 

Zirconium dioxide (Zirconia; ZrO2) can be essentially found from mineral 

baddeleyite. Baddeleyite is not commonly natural mineral, but it is in trace phase in 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 3 

various type of rocks. Chemical compositions of baddeleyite in various type of rocks 

are shown in Table 1.1. ZrO2 is prevalent in baddeleyite, 87–99% by weight [46] and it 

exists in the monoclinic phase [47].  

 

Table 1.1  Chemical composition (wt%) of baddeleyite in various type of rocks [46]  

 

 

ZrO2 exists in three stable polymorphs including cubic (c-ZrO2), tetragonal                     

(t-ZrO2), and monoclinic (m-ZrO2) forms. Unit cell structures of cubic, tetragonal, and 

monoclinic are shown in Figure 1.1. Monoclinic ZrO2 (space group P21/c) is abundant 

in baddeleyite and is stable at room temperature [48]. Upon heating, the monoclinic-

tetragonal phase transition occurs at 1000~1200๐C. Then tetragonal (space group 

P42/nmc) transforms to cubic (space group Fm3̅m) at 2370๐C. Cubic ZrO2 is stable 

above 1700๐C that induce large grain sizes of ZrO2 around 50-70 μm. When cubic ZrO2 

is cooled down, phase transition occurs, and tetragonal precipitates are found in cubic 

matrix. The mixture of cubic and tetragonal phases affect the strength of materials due 

to the closure of cracks by expansion of the precipitates. The cubic-to-monoclinic and 

tetragonal phase transition is diffusionless and coexists a volume expansion of about 

7% [49]. Since cubic and tetragonal modifications are unstable at low temperatures, a 

stabilizer for both phases are required. Most common stabilizer for cubic phase is 

 Lunar basalts Mafic-ultramafic rocks Metacarbonatites 

Ave. Min. Max. Ave. Min. Max. Ave. Min. Max. 

Nb2O5 0.8 0.6 1.1 0.4 – – 0.4 0.2 0.9 

SiO2 0.2 0.1 0.3 0.1 0.0 0.2 – – – 

ZrO2 92.5 87.2 94.8 97.0 92.5 98.7 96.9 95.0 99.0 

TiO2 3.2 1.3 8.0 1.1 0.1 2.6 0.7 0.0 1.7 

HfO2 2.0 1.6 2.6 1.5 0.9 2.2 1.8 1.0 2.5 

Al2O3 0.3 0.1 0.6 0.1 0.0 0.2 – – – 

Cr2O3 0.2 0.1 0.3 0.1 0.0 0.2 – – – 

Y2O3 1.4 1.2 1.5 0.1 0.0 0.3 0.2 0.0 0.3 

MgO 0.1 0.0 0.2 0.1 0.0 0.3 – – – 

CaO 0.3 0.1 0.6 0.1 0.0 0.4 0.4 0.0 0.9 

MnO 0.1 0.0 0.2 <0.1 0.0 0.1 – – – 

FeO 1.1 0.4 2.1 0.8 0.0 2.2 0.6 0.1 2.2 
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yttrium oxide (Y2O3) which is called Ytrria-stabilized zirconia (YSZ) [50] and yttrium 

stabilized cubic can improve the strength and toughness of materials [51]. Tetragonal 

phase can be stabilized by sintered body of partially stabilized zirconia (PSZ) which 

contain low concentrations of yttria. Tetragonal phase with PSZ is stronger and tougher 

[52]. 

 

 

 

 

 

 

Figure 1.1  Unit cell of (a) cubic ZrO2 (c-ZrO2), (b) tetragonal ZrO2 (t-ZrO2), and           

(c) monoclinic ZrO2 (m-ZrO2). Zr and O are shown as green and red spheres 

respectively. 
 

 

 

 

 

 

 

 

 

Figure 1.2  Calculated PBE0/ZrECP  OECP a) band structure and b) total and Zr-4d, Zr-

4p, O-2s, O-2p projected DOS of I) cubic, II) tetragonal, and III) monoclinic ZrO2. The 

Fermi level has been set as origin of the energy scale. DOS for the cubic and tetragonal 

phases are multiplied by a factor of five and two, respectively [53].  
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Table 1.2  Physical Properties of Zirconia [49] 
 

Property Values 

Polymorphism  

Monoclinic → tetragonal 1273-1473 (K) 

Tetragonal → cubic 2643 (K) 

Cubic → liquid 2953 (K) 

Crystallography  

Monoclinic 

a 5.1454 Å  

b 5.2075 Å 

c 5.3107 Å 

          β 99๐14’ 

Space group P21/c 

Tetragonal  

a 3.64 Å 

c 5.27 Å 

Space group P42/nmc 

Cubic  

a 5.065 Å 

Space group Fm3̅m 

Density  

Monoclinic 5.68 

Tetragonal 5.86 

Cubic 6.29 

Thermal expansion coefficient (10-6/K)  

Monoclinic 7 

Tetragonal 12 

Heat of formation (kJ/mol) -1096.73 

Boiling point (K) 4549 

Thermal conductivity (W/m/K)  

at 100๐C  1.675 

at 1300 ๐C 2.094 

Refractive index 2.15 
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The metastable cubic ZrO2 can be synthesized by decomposition of Zr(OH)4 which 

be prepared by the reaction in equation (1.1). 

 

ZrOCl2 + 2NaOH + H2O → Zr(OH)4 + 2NaCl (1.1) 

 

After preparation of Zr(OH)4, the dehydration of Zr(OH)4 at 110–285๐C were obtained. 

The metastable cubic phase is present at 285๐C as determined by X-ray diffraction. 

XRD pattern of the metastable cubic phase showed that unit cell dimension is 5.09 Å. 

The highest integrated relative intensity from (111) plane in cubic ZrO2 suggested that 

this plane contains maximum numbers of Zr and O atoms [54]. The theoretical results 

show that (111) plane of cubic ZrO2 is the most stable, in agreement with experimental 

data [53]. 

The theoretical studies of tetragonal ZrO2 have been carried out. The structures of 

tetragonal phase of ZrO2 were studied by using a periodic ab initio Hartree-Fock 

method with effective core potentials (ECP) basis sets for oxygen and zirconium atoms. 

The calculated unit cell dimensions of tetragonal phase are a=3.558 Å and c= 5.258 Å 

which agree with experimental data [55]. The experimental studies with surface of 

tetragonal phase were obtained. Tetragonal ZrO2 were prepared via sol-gel method 

using high-purity reagents stabilized with Y2O3. The results from CO adsorption at 300 

and ~ 78 K implied that the most energetic sites are selectively eliminated, but new 

families of less and less energetic sites are produced [56]. The theoretical study showed 

that (101) surface is the most stable surface for tetragonal phase [53]. 

The structure of monoclinic ZrO2 was studied with X-ray techniques. The structure 

of monoclinic ZrO2 was determined and refined by using Patterson and Fourier 

projections on the three faces of unit cell. The unit cell dimensions of monoclinic phase 

are a = 5.169 Å, b = 5.232 Å, c = 5.314 Å, and 𝛽 = 99.0 Å. There are four ZrO2 in the 

unit cell of monoclinic phase [57]. The experimental study of monoclinic surface was 

obtained. Monoclinic ZrO2 was prepared by hydrolysis of Zr isopropoxide and 

calcination of amorphous hydroxide in air. Monoclinic ZrO2 crystal structure shows a 

moderately regular termination, mostly along the (111) plane [58].      
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Nevertheless, the theoretical studies showed that (1̅11) is the most stable plane for 

monoclinic ZrO2 [53]. The theoretical and experimental results are inconsistent. Despite 

the inconsistent results, the theoretical study using plane wave periodic DFT/PW91 

calculations jointly with statistical thermodynamics describe that the ability of water 

adsorption on (1̅11) and (111) plane is closely. Water adsorption on (1̅11) and (111) 

plane exhibit full coverage of water in a similar bimodal way (1 → 2 and 2 → 2, 

respectively) [59]. Therefore, the m-ZrO2 (111) surface was selected to study in this 

work to compare with the similar plane of cubic ZrO2. 

 

1.3 Literature reviews 

 

Nowadays, ZrO2 has been extensively used in many fields, such as industries or 

energy storage. A few experimental and theoretical studies of ZrO2 surfaces, the 

chemical properties of the various ZrO2 surfaces, and hydrogen gas or small gases 

storage on ZrO2 were investigated. 

In 2001, Pokrovski et al. [60] investigated the adsorption of CO and CO2 on 

tetragonal (t-ZrO2) and monoclinic ZrO2 (m-ZrO2) using infrared spectroscopy and 

temperature-programmed desorption spectroscopy. The results showed that the CO2 

adsorption capacity on m-ZrO2 is more than the adsorption capacity on t-ZrO2. The CO 

adsorption capacity of m-ZrO2 is more than that of t-ZrO2. The higher CO2 adsorption 

capacity of m-ZrO2 indicate the stronger Lewis basicity of O2- anions and stronger 

Lewis acidity of Zr4+ cations on the surface of m-ZrO2 is more than on the surfaces of 

t-ZrO2. Likewise the greater CO adsorption capacity of m-ZrO2 is ascribed to the higher 

Lewis acidity and basicity of m-ZrO2 compared with t-ZrO2. 

In 2014, Kogler et al. [61] studied surface reactivity of ZrO2 polycrystalline powder 

with H2 by a pool of complementary experimental techniques, comprising volumetric 

methods (temperature-programmed volumetric adsorption/oxidation and thermal 

desorption spectrometry), spectroscopic techniques (in situ electric impedance and in 

situ FT-IR spectroscopy), and structural characterization methods (XRD and SEM). 

The volumetric hydrogen uptake during temperature-programmed reduction (TPR) 

suggested that the corresponding hydrogen uptake traces with the zeolite trap installed 
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and comprises two steps of hydrogen uptake at 500 and 800 K for ZrO2 are observed. 

The results showed that ZrO2 polycrystalline with monoclinic structure readily react 

with H2 at lower temperatures. However, the H2 uptake was lower than others easy-

reducible oxides such as In2O3. The ability of ZrO2 to bind H2 molecularity was 

restricted to nearby regions in the strongly reduced and dehydroxylated. 

In 2014, Yang et al. [62] investigated the electronic structure properties of cubic-

ZrO2 (c-ZrO2) by hybrid density functional theory which have applied the PBE, HSE03, 

HSE06, PBE0 basis sets in the calculations. From the calculations, the PBE0 was the 

appropriate basis set for electronic structure properties of c-ZrO2 calculation. In this 

study, the c-ZrO2 (111)-O and (110) surfaces that were the most stable surfaces and 

showed good insulating properties. The (110) and (111)-O surfaces were stoichiometric 

and there were no surface states within the energy gap. Their optical band gaps for the 

surfaces of c-ZrO2 were considerably reduced in comparison to the c-ZrO2 bulk. The 

narrow band gap of c-ZrO2 surfaces made it possible to apply in photocatalyst or optical 

devices. 

In 2015, The dispersion of small amounts of Ce4+ ions within bulk ZrO2 have been 

synthesized in three methods by Gionco et al. [63]. Ce doped ZrO2 materials have been 

synthesized via sol-gel synthesis and hydrothermal process using different precursors 

and different synthetic procedure for preparation Ce4+ inclusion. The Ce doped ZrO2 

show charge separation that induced in the solid by photons having energy much lower 

than that of the ZrO2 band gap. The photoactivity of Ce doped ZrO2 has been monitored 

using Electron Paramagnetic Resonance (EPR) spectroscopy and showed  charge 

separation having 𝜆 > 420 nm. Therefore, lanthanide-doped Zirconium dioxide can be 

synthesized and affect to its band gap. 

In 2016, Sinhamahapatra et al. [64] studied solar light absorption properties of 

oxygen-deficient black ZrO2. Since ZrO2 is semiconductor with wide bandgap and can 

absorb ultraviolet light only, it is not recommended for sunlight absorption materials. 

The black ZrO2-x was synthesized by controlled magnesiothermic reduction of 

monoclinic white ZrO2 in 5% H2/Ar and the excess Mg in ZrO2 was removed by HCl 

washing, yielding the pure black films of monoclinic ZrO2. Raman spectroscopy 

revealed that the surface of black ZrO2 has a number of huge oxygen vacancies during 

reduction. The oxygen vacancies affect to the disordered of surface. Electron 
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paramagnetic resonance (EPR) techniques is used to confirm the formation of huge 

oxygen vacancy and the reduction to Zr species in black ZrO2. Black ZrO2 absorb light 

in range of VIS and IR region dramatic enhance compared with white ZrO2 which can 

only absorb UV light. Band gap of black ZrO2 is 1.52 eV which decrease from white 

ZrO2. The synthetic process of black ZrO2 via magnesiothermic reduction in presence 

H2/Ar affects to the efficiency of solar light absorption. 

In 2016, the oxygen vacancy stabilized cubic ZrO2 phase was experimentally and 

theoretically studied by Raza et al. [65]. In this study combined cold plasma-reactive 

magnetron sputtering with density functional theory (DFT) calculations. The 

experimental section used dc reactive magnetron sputtering (dc-RMS) to collect oxygen 

vacancies in ZrO2 film. The crystallinity of ZrO2 film was characterized by grazing 

incidence X-ray diffraction (GIXRD) and the result showed the peak positions matched 

reasonably to the cubic phase. The experimental result showed that integrating oxygen 

vacancies is single mechanism responsible of promoting ZrO2 to the high-temperature 

cubic phase. The DFT result agree with experimental result that oxygen vacancies 

doped ZrO2 film is cubic phase. Nevertheless, the experimental result exhibits that the 

ZrO2 films change to monoclinic phase when deposited in the oxidize mode.  

In 2016, Köck et al. [66] studied the adsorption and conduction behavior of H2O and 

D2O on yttria-stabilized zirconia (YSZ) with 8 mol% of Y2O3, Y2O3, and monoclinic 

ZrO2 by using a combination of operando FT-IR spectroscopy, operando 

electrochemical-impedance spectroscopy, and dynamic moisture-sorption 

measurements. FT-IR spectroscopy indicated the H2O adsorption ability of various 

surfaces as follow: Y2O3 > YSZ > monoclinic ZrO2. The lowest water adsorption 

capacity of monoclinic ZrO2 is due to the less hydroxylated than YSZ and Y2O3. 

Therefore, molecular water layers on monoclinic ZrO2 exhibit no measurable protonic 

conduction. 

In 2017, Ruiz Puigdollers et al. [67] investigated reduction of zirconia by water 

desorption from a hydrogenated surface using density functional theory (DFT) 

calculations with the PBE+U exchange-correlation functional and including dispersion 

forces on the adsorption, dissociation, diffusion of hydrogen on t-ZrO2(101) surface. 

H2 molecule is physisorbed with adsorption energies of −0.11 eV. The hydrogenated t-

ZrO2(101) surface was obtained by investigated adsorption and dissociation of a H2 
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molecule on t-ZrO2(101) surface. H2 molecule are dissociated through a heterolytic 

mechanism into H+ and H− ions. The energies of exothermic process of H2 dissociation 

are −0.06 eV and Gibbs free energy for this process is endergonic with +0.34 eV. The 

reduction process of t-ZrO2(101) surface in unfavorable due to the low reducibility. The 

hydrogenation reaction on t-ZrO2(101) surface is possible to performed at below 70 K. 

This study exhibits the role of the tetragonal ZrO2 surface on chemical and reducibility 

of oxide. 

 

1.4 Objectives 

 

In this work, the c-ZrO2(111), t-ZrO2(101), m-ZrO2(111), their oxygen vacancy 

defective surfaces and lanthanide-doped c-ZrO2(111) surfaces have been studied in 

terms of geometrical stability and electric conductivity and resistivity. Adsorption of 

hydrogen molecules on the c-ZrO2(111), t-ZrO2(101), m-ZrO2(111), their oxygen 

vacancy defective surfaces and lanthanide-doped c-ZrO2(111) surfaces have been 

investigated. The charge-transfer processes due to H2 adsorption of the c-ZrO2(111),                                      

t-ZrO2(101), m-ZrO2(111), their oxygen vacancy defective surfaces and lanthanide-

doped c-ZrO2(111) surfaces have been analyzed for prediction of their adsorption 

strength. Adsorption strengths of all surfaces in this work correlated with their H2 

adsorption energies have been investigated. The utilities of all studied surfaces for H2 

sensing materials have been suggested. 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

CHAPTER II 

THEORETICAL BACKGROUND 

 

Quantum chemistry applies quantum mechanics to investigate physicochemical 

properties of substances. Quantum mechanics includes three main methods, namely, ab 

initio, semi-empirical and the density-functional methods. These methods based on 

quantum mechanical principles, applying to study various chemical systems. Quantum 

chemical calculation can calculate for ground state of individual atom and molecule, 

transition state and excitation state that occur throughout the chemical reaction. 

 

2.1 Ab Initio method 

 

Ab initio calculations are computational method based on quantum chemistry 

solving Schrödinger equation,  

 

H E =  (2.1) 

 

where 𝐻̂ is Hamiltonian operator, E is the total energy of the system and   is the n-

electron wave function. The kinetic and potential energies for each of the particles were 

indicated by Hamiltonian operator (𝐻̂) which are explained in equation (2.2). 
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 (2.2) 

 

 

where Z is the nuclear charge, me is the mass of electron, RAB is distance between nuclei 

A and B, rij is distance between electrons i and j, riA is distance between electrons i and 

nucleus A and ε0 is the permittivity of vacuum [68]. 
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Because the solution for many-electron system is absent, the Hartree-Fock method 

(HF) is the starting point of ab initio method. The Hartree-Fock method is the simplest 

approach of ab initio method that the instantaneous coulombic electron-electron 

repulsion is not specially considered. Only its average effect is included in this 

calculation. 

In many-electron system, linear combination of atomic orbitals (LCAO) which all 

atomic orbitals are combined is applied to represent  . The possible approximate 

polyelectronic wavefunction as product of one-electron wavefunctions is written in 

equation (2.3). 

 

0 0 0 0 0(1) (2) (3)... ( )n    =  (2.3) 

 

The function 0  relies on the coordinates of all electrons in atom, 0 ( )n  is a 

function of the n electron in atom which can be expanded by basis set. Because the HF 

nonlinearities approximation, the Self-consistent-field-procedure (SCF) is method that 

is used to solve the HF equation. The SCF cycles are continuously calculated until self-

consistency is achieved. The spin orbitals and configuration state functions can be 

constructed by HF equation. Electrons in the system can move independently in a mean 

field potential because the Hartree-Fock method ignores electron correlation in the 

system. It is hard to perform the accurate calculations with large basis sets containing 

many atoms and electrons. Additionally, wavefunction cannot measure observable 

feature of molecule or atom. Therefore, the density functional theory (DFT) method 

becomes popular method to calculate in chemical system simulation [69]. 

 

2.2 Density functional theory (DFT) method 

 

Density functional theory (DFT) method is based on the electron probability density 

function, simply called the electron density or charge density, and designated by 𝜌(x, y, 

z) which is related to the “component” one-electron spatial wavefunctions 𝛹𝑖                 

(the molecular orbitals) of a single-determinant wavefunction Ψ by equation (2.4) [70]. 
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2

1
i

n

i

i

n
=

=   (2.4) 

 

2.2.1 The Kohn-Sham equations 

 

From the wavefunction theory, the Hartree-Fock variational approach led to the 

Hartree-Fock equations which are used to calculate energy and the wavefunction. 

However, the Kohn-Sham equations which are the basis of current molecular DFT 

calculations have variational approach that might yield a way to calculate the energy 

and electron density. There are two ideas in Kohn-Sham method consist of (1) to 

express the molecular energy as a sum of terms, only one of which, a relatively small 

term. As a result, even moderately large errors in this term will not introduce large 

errors into the total energy. And (2) to use an initial guess of the electron density 𝜌 in 

the Kohn-Sham equations to calculate an initial guess of the Kohn-Sham orbitals and 

energy levels. Then, this initial guess used to iteratively refine these orbitals and energy 

levels. The final Kohn-Sham orbitals are used to calculate electron density that can be 

used to calculate the energy of molecule. The electron density distribution of the 

reference system, which is by order the same as that of the ground state of our real 

system is given by  

 

22
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r i

i
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=

= =  (2.5) 

 

where the 𝜓𝑖
𝐾𝑆 are the Kohn-Sham spatial orbitals. Substituting the above expression 

for the electron density in term of orbitals into the energy and varying E0 relating to the 

𝜓𝑖
𝐾𝑆 which leads to the Kohn-Sham equation 
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where 𝜀𝑖
𝐾𝑆 is the Kohn-Sham energy level and 𝜈𝑋𝐶(1) is the exchange correlation 

potential. The expression in bracket is the Kohn-Sham operator, ℎ̂𝐾𝑆. Because the 

Kohn-Sham equations are a set of one-electron equation with the subscript i running 

from 1 to 2n, over all the electrons in the system, they random installed electron number 

one in the Kohn-Sham orbitals and the exchange correlation potential. The exchange 

correlation potential 𝜈𝑋𝐶 obtained from the exchange-correlation energy 𝐸𝑋𝐶 which is 

a functional of 𝜌(𝐫) and the process to obtain 𝜈𝑋𝐶 is described as 

 

( )

( )
)(

C

xc

X
v

E 



  =
r

r
r

 (2.7) 

 

The differentiation of exchange correlation potential 𝜈𝑋𝐶 is shown as being with 

respect to 𝜌(𝐫), but 𝜌(𝐫) is explained in terms of Kohn-Sham orbitals. The Kohn-Sham 

equation can be defined by  

 

(1) (1) (1)
KS

KS KS KS

i i ih   =  (2.8) 

 

In Kohn-Sham system, the energy also compensates for self-repulsion in charge 

cloud of 𝜌.and for the deviation of the kinetic energy of noninteracting Kohn-Sham 

electrons from that of real electrons. For this reason, we should have the good functional 

handles that not only exchange correlation errors, but also self-repulson and kinetic 

errors. The hybrid functional is the choice to improve calculations [70].  

 

2.2.2 The functionals Ex and Ec 

 

The functionals xcE  represent to the sum of an exchange-energy functional xE  

and correlation-energy functional cE  which can be written as shown in equation (2.9). 

 

xc x cE E E= +  (2.9) 

 

xE  for close-shell molecule can explain with this equation 
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( ) ( ) ( ) ( )KS KS KS KS

12

1 1

1
1 2 1/ 1 2

4

n n

x i j j i

i j

E r   
= =

= −   (2.10) 

 

where the factor of 
1

4
 comes from the summing over the electrons, which gives four 

times as many terms in double sum in this equation. The DFT exchange energy is close 

to the Hartree-Fock exchange energy because KS orbitals are found to resemble rather 

closely Hartree-Fock orbitals. cE  is defined by the difference between xE  and xcE  

which can avoid the poor results from evaluation of cE  because of cancellation of error 

and giving better results. xE  and cE  are negative values, with 
xE  being much larger 

than 
cE  [69]. 

 

2.2.3 Generalized-gradient  (GGA) Functionals 

 

The generalized-gradient approximation (GGA) which also used in term 

gradient-corrected functionals is the functions that correct the local-spin-density 

approximation (LSDA) for the variation of electron density with position by including 

the gradients of 
  and 

  in the integrand of LSDA. Therefore  

 

( ) ( ) ( ) ( )( ), , , ,GGA

xcE f d
           =     r r r r r  (2.11) 

 

where f  is some function of the spin densities and their gradients. GGA represent to 

generalized-gradient approximation. Gradient-corrected functionals are relate the 

values of   at r  and in an infinitesimal neighborhood of r . 
GGA

xcE can be split into 

exchange and correlation parts, in form 

 

GGA GGA GGA

xc x cE E E= +  (2.12) 

 

Approximate gradient-corrected exchange and correlation energy functionals 

are developed via theoretical considerations which is the known behavior of true 
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functionals xE  and cE  in disparate limiting situations as a guide. The selection values 

of parameters in the functionals can give good performance to know values of numerous 

molecular properties. In this work uses the Perdew-Burke-Ernzerhof (PBE) exchange 

and correlation functional which has no empirical parameters. The PBE functional is 

not only used in periodic fields but also broadly use in solids calculation employing 

with DFT [69]. 

 

2.3 Basis sets 

 

Basis sets are collection of mathematical functions, linear combinations of which 

yield molecular orbitals that used to solve the Schrödinger equation. The functions are 

usually, but not regularly, centered on atomic nuclei. Basis functions usually explain 

the electron distribution around an atom and combining atomic basis functions yields 

the electron distribution in molecule as whole. Basis functions which are not center on 

atoms can be considered to be on ghost atoms. There are many types of basis sets that 

should select the appropriate basis set to atom to obtain the best result [71]. 

 

2.3.1 Gaussian basis set 

 

Basis sets that made up of a finite number of well-defined functions centered of 

each atom are required in the linear combination of atomic orbitals (LCAO) 

approximation. Those functions would be corresponding closely to the exact solution 

of hydrogen atom. Nevertheless, the use of these functions was not cost effective, and 

early numerical calculations were implemented using nodeless Slater-type orbitals 

(STOs) which defined by 
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Here, n, m, and l denote the usual quantum number and 𝜁 is the effective nuclear 

charge. The Slater functions was popular in the years immediately but soon deserted 

because they lead to integrals that are difficult if not impossible to evaluate analytically. 
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The cost of calculations can be reduced if the AOs are expanded in terms of Gaussian 

functions which are in form 

 

2

( ) i j k r

ijkg r Nx y z e −=  (2.14) 

 

In this equation, x, y, and z are the position coordinates measured from the nucleus 

of an atom; i, j, and k are non-negative integers that the sum of these values determines 

the types of orbitals, and α is an orbital exponent. Gaussian functions lead to integrals 

that are easily evaluated. Except for semi-empirical models, which do not actually entail 

evaluation of large number of difficult integrals, all practical quantum chemical models 

now make use of Gaussian functions.  

The different radial dependence of STOs and Gaussian function, first, the Gaussian 

functions are appropriate choices for AOs. The solution to this problem is to 

approximate the STO by a linear combination of Gaussian function having different α 

values, rather than by a single Gaussian function. Using more Gaussian functions can 

improve cloud electrons to fit well in AOs. 

In practice, instead of taking individual Gaussian functions as members of basis set, 

a normalized linear combination of Gaussian functions with fixed coefficients gives the 

value that is optimized either by searching minimum atom energies or by comparing 

calculated and experimental results for representative molecule. These linear 

combinations are called contracted functions that become the elements of the basis set. 

The coefficients are variable [68]. 

 

2.3.2 Minimal Basis set 

 

The minimal basis sets have one and only one basis function defined for each 

type of orbital core through valence. There are two types of minimal basis sets which 

are Slater type orbitals (STO) and Gaussian type orbital (GTO). The most widely used 

and extensively documented is the STO-3G basis set. Each of the basis functions is 

expanded in terms of three Gaussian functions, where the values of the Gaussian 

exponents and the linear coefficients have been determined by least squares as best fits 

to Slater-type (exponential) functions. There are two obvious deficiencies in the 

minimal basis sets: the first is that basis sets can be described atom with spherical 
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molecular environments or nearly spherical molecular environments better than atoms 

with aspherical environments. So, this basis set will be biased in favor of those 

incorporating the most spherical atoms. The second deficiency is that basis functions 

are atom centered. As a result, this basis cannot describe electron distribution between 

nuclei, which are a critical element of chemical bond [68]. 

 

2.3.3 Split-Valence Basis sets 

 

The split-valence basis set correspond to core atomic orbitals by one set of 

functions and valence atomic orbitals by two sets of functions, 1s, 2si, 2px
i, 2py

i, 2pz
i, 

2so, 2px
o, 2py

o, 2pz
o for lithium to neon and 1s, 2s, 2px, 2py, 2pz, 3si, 3px

i, 3py
i, 3pz

i, 3so, 

3px
o, 3py

o, 3pz
o for sodium to argon. Note that the valence 2s (3s) functions are also split 

into inner, i and outer,o components, and that hydrogen atoms are also represented by 

inner and outer valence (1s) functions. There are many types of split-valence basis sets, 

but the simplest basis sets are 3-21G and 6-31G [68].  

 

2.3.4 Polarization Basis sets 

 

The second deficiency of a minimal basis sets that basis functions are centered 

on atom rather than between atoms can be improve by the inclusion of polarization 

functions. The inclusion of polarization functions can be thought about either in term 

of hybrid orbitals. The term arises from the fact that d functions permit the electron 

distribution to be polarized (displaced along a particular direction). Polarization 

functions enable the SCF process to establish a more anisotropic electron distribution 

than would otherwise be possible. The simplest polarization basis set is 6-31G* which 

formed from 6-31G by adding a set of d-type polarization functions written in term of 

a single Gaussian for each heavy atom. Polarization functions have chosen Gaussian 

exponents to give the lowest energies for representative molecules. However, the 

polarization basis function does not stand for initial atomic orbital (IAO) which is useful 

to analyses obtained atomic orbitals and molecular orbitals because, the basis function 

of p orbital is combined to s orbital, and the basis function of d orbital is combined to 

p orbital in many cases [68]. 
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2.3.5 Diffuse Basis sets 
 

The highest energy electrons for molecules in calculations involving anions 

such as absolute acidity calculations and calculations of molecules in excited states may 

only be associated with specific atoms (or pairs of atoms) loosely. Because, in highest 

spin state, electrons are assigned in more outer shell orbital where electron is 

unoccupied in lowest spin state. The diffuse basis functions can supplement for increase 

accuracy in specific calculations. For example, diffuse s- and p-type functions, on heavy 

(non-hydrogen) atoms (designated with a plus sign as in 6-31+G* and 6-31+G**). It 

may also be desirable to provide hydrogens with diffuse s-type functions (designated 

by two plus signs as in 6-31++G* and 6-31++G**) [68]. 

 

2.3.6 Effective Core Potentials (Pseudopotentials)  

 

The heavy elements which have many of electrons in periodic table require to 

use many basis functions to describe them. In heavy elements, the extra electrons are 

mostly core electron which can be enough a minimal representation. Effective core 

potentials (ECP) are functions that represent the combined nuclear–electronic core to 

the remaining electrons. ECP is a nuclear point charge reduced in magnitude by the 

number of core electrons. ECPs are greatly more complex in the ab intio theory. ECPs 

appropriately describe not only Coulomb repulsion effects, but also adherence to the 

Pauli principle. ECP describes the behavior of an atomic core, relativistic effects can 

be canceled, thus removed from the problem of finding proper wavefunctions for the 

remaining electrons, because the core electrons in very heavy elements reach velocities 

adequately near the speed of light that show relativistic effect which a non-relativistic 

Hamiltonian operator is unable of accounting for such effects. A non-relativistic 

Hamiltonian operator can be significant for chemical properties. The construction of 

ECP is about the number of electrons to include in the core. Large-core ECPs include 

everything but the valence shell, whereas small-core ECPs scale back to the next lower 

shell. It is valuable to explicitly include next lower shell of electron in the calculations 

because polarization of the sub-valence shell can be chemically importance in heavier 

metals. Popular ECPs include those of Hay and Wadt which is used in this study. The 
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Hay–Wadt ECPs are non-relativistic for the first row of transition metals because 

relativistic effects are usually quite small for them [70]. 

 

 

2.4 Mülliken population analysis 
 

Mülliken population analysis is method to calculated partial charges of molecule. 

The concept of this method is the electrons being divided up amongst the atoms 

according to the degree to which different atomic AO basis function contribute to the 

overall wavefunction. The equation expresses the total number of electrons are shown 

in equation (2.15), and expanding the wavefunction in its AO basis set 

 

 

( ) ( )
electrons

r r rj j j j j

j

N d =    

           ( ) ( )
electrons

,

jr r j js s j j

j r s

c c d =   r r r  

          
electrons

2

jr jr js rs

j r r s

c c c S


 
= + 

 
    (2.15) 

 

 

where r and s indicated to O basis function , jrc  is the coefficient of basis function r 

in MO j, and S is the usual overlap matrix element. 

From the last line of equation (2.15), it can be concluded that electron associated 

with only a single basis function should be thought of belonging entirely to the atom on 

which that basis function resides. From the second term of last line in equation (2.15), 

Mülliken recommended that one might as well divide these up evenly between the two 

atoms on which basis functions r and s reside. From this prescription and moreover 

divide the basis functions up over atom k so as to calculate the atomic population Nk 

which describe in equation (2.16). 
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electrons
2

, , ,

k jr jr js rs jr js rs

j r k r s k r s r k s k

N c c c S c c S
    

 
= + + 

 
     (2.16) 

 

Note that the orthonormality of basis functions of the difference of angular momentum 

both residing on the same atom k as many terms in the second sum on Eq to be zero. 

The Mülliken partial atomic charge can be described by equation (2.17). 

 

k k kq Z N= −  (2.17) 

 

where, Z is the nuclear charge and Nk is computed according to equation (2.16). 

Mülliken charges have disadvantage of their population analyses being orbital-based. 

However, the advantage of Mülliken charges is the great speed to computed the charges 

as can be recommended to use in qualitative analysis fields [70]. 

 

 

2.5 Band structure  
 

When two atoms are engaged to form a chemical bond, their atomic orbitals overlap, 

giving rise to two frontier orbitals, viz., valence bonding orbital and anti-bonding 

orbital. From this concept, the large number of atoms in solid affect to the number of 

orbitals and closely spaced energy level is also large. This result is a band of orbitals of 

similar energy, rather than the discrete energy levels of small molecules. The electrons 

are contained in these bands. The highest of electrons containing in energy band names 

the valence band. The nearby valence band which is empty of electrons in this band 

names the conduction band. 

The difference of energies between the highest valence band and the lowest 

conduction band which called band gap can be used as a criterion to classify type of 

materials. The large energy of band gap indicates the insulators. The electrons in 

insulator are restricted in their motion due to prevention motion of band gap. In case 

with partly filled orbitals, the gap between the valence and conduction bands is blurred. 

Electrons require little energy to move to higher energy levels within the band. 

Therefore, electron can move independently throughout the crystal, as are the holes in 
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the band. These materials are conductors. As a required of electrons occupying the 

lowest energy levels, the holes tend to be in the upper levels within the band. Electrons 

are being delocalized with these band which is corresponding with molecular orbital 

theory. Temperature can impact to bands. When temperature is raised up, more 

electrons are excited into upper band, more holes are found in lower band and 

conductance increase. These are the characteristics of semiconductors which have much 

higher conductivity than insulator and much lower conductivity than conductors. To 

describe the concentration of energy levels within bands, the density of states (DOS) is 

used [72]. 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

CHAPTER III 

COMPUTATIONAL DETAILS 

 

3.1 Polymorphic Zirconium dioxide structures optimization 

 

Optimized structures of the c-ZrO2(111), t-ZrO2(101) and m-ZrO2(111) surfaces 

with respective space groups Fm3̅m, P42/nmc, and P21/c, their hydrogen molecule 

adsorption, and the lanthanide-doped c-ZrO2(111) surfaces have been deduced by 

periodic density functional theory (DFT) calculation method including London-type 

empirical correction for dispersion interactions [73], which is called the D2 

version of Grimme's dispersion method. The empirical parameters of the D2 method of 

Grimme for the elements used in this work are shown in Appendices, Table A–1. 

The PBE GGA functionals, Perdew-Becke-Ernzerhof (PBE) exchange and 

correlation [74], based on the expansion of the crystalline orbitals, have been performed 

with the CRYSTAL14 software package [75]. The basis sets HAYWSC–311d31G [76] 

and 8-411 [77] were employed for Zr and O atoms, respectively of ZrO2 surfaces, which 

give well result in previous work [43, 78]. The basis sets 5-11G* [79] was employed 

for the H atom of hydrogen molucule gas. The effective core potentials (ECP) basis sets 

were used for lanthanide elements including Ce [80] and Eu dopants, which is 

appropriate for this calculation. All basis sets were taken from the CRYSTAL14 

homepage. The spin-polarization was applied for all calculations as the oxygen-vacancy 

defective structure of ZrO2 surfaces. The tolerances for geometry optimization 

convergence,  truncation threshold of 10-8, 10-8, 10-8, 10-8, and 10-16 for the coulomb-

exchange were selected, and Fock/Kohn-Sham matrices mixing was set to 80. The 

Monkhorst-Pack shrinking factor of 11×11×1 k–point was used to sample the Brillouin 

zone. 

The full optimized bulk lattice parameters of the c-ZrO2, t-ZrO2 and m-ZrO2 crystals 

are respectively (a=5.120), (a=3.622, c=5.205), and (a=5.150, b=5.287, c=5.295, β= 

98.0) which are in good agreement with the x-ray crystallographic data [55, 81, 82], as 

shown in Table A–2. 
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The polymorphic ZrO surfaces were respectively generated by slabbing parallel 

(111), (101), (111) planes of full optimized structures of the bulk c-ZrO2, t-ZrO2, and 

m-ZrO2, using SLABCUT keyword. All the structures of the polymorphic ZrO2 

surfaces consist of 48 ZrO2 (Zr48O96) because there are different layers of various 

polymorphic ZrO2 surfaces. The c-ZrO2(111), t-ZrO2(101), m-ZrO2(111) slab surfaces 

of which supercell sizes are (4×4), (4×2), and (2×2), respectively. These supercell sizes 

were selected due to the appropriate size to represent their surface structure in 

calculations. The nine layers (6 O- and 3 Zr-layers) of the c-ZrO2(111), 15 layers (12 

O- and 3 Zr-layers) of the t-ZrO2(101), and 30 layers (24 O- and 6 Zr-layers) of the m-

ZrO2(111), surfaces were modeled in the computations as shown in Figure A–1 in 

Appendices.  

The structure of c-ZrO2(111) surface is flat that constituted by the 3–fold coordinated 

oxygen O atoms (O3C) and 7–fold coordinated Zr atoms (Zr7C) as shown in                 

Figure A–4(a), and the vertical levels of atomic layers of the surface are in order:  O3C 

> Zr7C. The t-ZrO2(101) is constituted by the 3–fold coordinated oxygen O atoms (O3C) 

and 7–fold coordinated Zr atoms (Zr7C) shown in Figure A–4(b), and its vertical levels 

of atomic layers of the surface are in order:  O3C > O3C > Zr7C. The m-ZrO2(101) is 

constituted by the 6–fold coordinated Zr atoms (Zr6C), 7–fold coordinated Zr atoms 

(Zr7C), 2–fold coordinated oxygen O atoms (O2C), and 3–fold coordinated oxygen O 

atoms (O3C) as shown in Figure A–4(c) and its vertical levels of atomic layers of the 

surface are in order:  O2C > O3C > O2C > O3C > Zr6C > Zr7C. 

On the c-ZrO2(111) and t-ZrO2 surface, there are two coordinative types of Zr atoms, 

Zr7C and Zr8C, that are Zr3+ and Zr4+, respectively. For the m-ZrO2(111) surface, there 

are two coordinative types of Zr atoms, namely Zr6C and Zr7C, respectively Zr3+ and 

Zr4+, were found. 

The partial charges of atoms in molecules were obtained from the Mülliken 

population analysis as installed in the CRYSTAL14 software package. All calculation 

in this work were performed with CRYSTAL14 program and all the molecular images 

were plotted by using the VESTA 3.4.0 software [83]. 
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3.2 Adsorption of hydrogen molecule on the polymorphic ZrO2 surfaces 

 

The adsorption energies of H2 adsorbed on the pristine (∆𝐸𝑎𝑑𝑠
𝑝𝑟𝑖𝑠

) and oxygen vacancy 

defective ZrO2 (∆𝐸𝑎𝑑𝑠
𝑑𝑒𝑓

) surfaces are defined as shown in equations (3.1) and (3.2). 

 

∆𝐸𝑎𝑑𝑠
𝑝𝑟𝑖𝑠

 = 𝐸H2/ZrO2
 – (𝐸H2

+ 𝐸ZrO2
)  (3.1) 

∆𝐸𝑎𝑑𝑠
𝑑𝑒𝑓

 = 𝐸H2/[ZrO2+𝑉𝑂] – (𝐸H2
+ 𝐸[ZrO2+𝑉𝑂])  (3.2) 

 

where 𝐸H2/ZrO2
 is the total energy of the H2/ZrO2. 𝐸H2

and  𝐸ZrO2
 are the total energies       

of hydrogen gas and clean ZrO2  surface, respectively. 𝐸H2/[ZrO2+𝑉𝑂]  and 𝐸[ZrO2+𝑉𝑂]  are  

the total energies of the H2/[ZrO2 + 𝑉𝑂] and [ZrO2 + 𝑉𝑂], respectively. 

 

3.3 The electrical conductivity 
 

Electrical conductivity (σ) is a function of the energy gap (Eg) [84] , can expressed 

in equation (3.3) [85].  

 

𝜎 =  𝜎𝑜 𝑇3/2 𝑒𝑥𝑝 (
−𝐸𝑔

2𝑘𝐵𝑇
) (3.3) 

 

where 𝜎𝑜 is the constant. T and 𝑘𝐵 are the absolute temperature and Boltzmann constant 

(8.6181×10-5 eV K-1), respectively. As the energy gaps of the adsorption‒state (𝐸g
ads) 

and clean surface (𝐸g
clean), the sensitivity of electrical conductivity (𝑆𝜎) of a system of 

H2 adsorbed on individual surfaces is defined as shown in equation (3.4) [86]. 

 

𝑆𝜎
% = |

𝜎𝑎𝑑𝑠−𝜎𝑐𝑙𝑒𝑎𝑛

𝜎𝑐𝑙𝑒𝑎𝑛
| × 100 (3.4) 

 

 

where 𝜎𝑎𝑑𝑠 and  𝜎𝑐𝑙𝑒𝑎𝑛 are the electrical conductivities of the H2 adsorbed ZrO2 and 

clean ZrO2
 surfaces, respectively. As the same value of 𝜎𝑜 𝑇3/2  for the system of 
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individual ZrO2 and their H2 adsorptions was assumed, thus 𝑆𝜎
% can be described in 

equation (3.5). 

 

𝑆𝜎
% = |

𝑒𝑥𝑝(
−𝐸𝑔(𝑎𝑑𝑠)

2𝑘𝐵𝑇
)−𝑒𝑥𝑝(

−𝐸𝑔(𝑐𝑙𝑒𝑎𝑛)

2𝑘𝐵𝑇
)

𝑒𝑥𝑝(
−𝐸𝑔(𝑐𝑙𝑒𝑎𝑛)

2𝑘𝐵𝑇
)

| ×  100 (3.5) 

 

The electrical resistivity (𝜌) is a function of Eg as shown in equation (3.6). 

  

𝜌 =  𝜌𝑜 𝑇−3/2 𝑒𝑥𝑝 (
𝐸𝑔

2𝑘𝐵𝑇
) (3.6) 

 

where 𝜌𝑜 is constant. The sensitivity of electrical resistivity (𝑆𝜌
%) of a system of H2 

adsorbed on individual ZrO2 surfaces is defined as shown in equation (3.7). 

 

𝑆𝜌
% = |

𝑒𝑥𝑝(
𝐸𝑔(𝑎𝑑𝑠)

2𝑘𝐵𝑇
)−𝑒𝑥𝑝(

𝐸𝑔(𝑐𝑙𝑒𝑎𝑛)

2𝑘𝐵𝑇
)

𝑒𝑥𝑝(
𝐸𝑔(𝑐𝑙𝑒𝑎𝑛)

2𝑘𝐵𝑇
)

| ×  100 (3.7) 

 

3.4 The bond strength 

 

The bond strengths (BS in eV) of Zr bonding to H,  in all the  H2/[ZrO2 + 𝑉𝑂] 

complexes have been derived from Coulomb's law [87] as defined in equation (3.8) : 

 

𝐵𝑆 =
𝑘 𝑞𝑍𝑟𝑞𝐻

𝑟𝑍𝑟−𝐻
× 6.241506363094 × 1018  (3.8) 

 

where 𝑘 is the Coulomb's constant (8.9875517873681764 ×109 Nm2/C2).  𝑞𝑍𝑟 and 𝑞𝐻 

are electric charges (C) of Zr and H atoms, respectively and 𝑟𝑍𝑟−𝐻 (m) is the Zr-H bond 

length. 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

CHAPTER IV 

RESULTS AND DISCUSSION 

 

4.1 Surface structures and relative stabilities of polymorphic ZrO2 surfaces 

 

The optimized structures of the pristine c-ZrO2 (111), t-ZrO2 (101) and m-ZrO2(111) 

surfaces are shown in Figure 4.1. The optimized structures of (4x4) c-ZrO2(111), (4x2) 

t-ZrO2(101) and (2x2) m-ZrO2(111) surfaces are shown in Figure A–4. The selected 

geometrical parameters of the pristine polymorphic ZrO2 surfaces surfaces are shown 

in Table A–3. The Zr-Zr bond lengths of the surfaces are in order: t-ZrO2 (101) ( 3.622 

Å) ~ c-ZrO2 (111) (3.620 Å) > m-ZrO2 (111) (3.453, 3.948 Å). 

 

Figure 4.1  Structures of (a) c-ZrO2(111), (b) t-ZrO2(101), and (c) m-ZrO2(111) 

surfaces. The labeled atoms of these surfaces are shown. The top and bottom panels 

show the top and side views, respectively. 
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The optimized structures of the oxygen vacancy defective ZrO2 surfaces, namely    

[c-ZrO2(111)+VO], [t-ZrO2(101)+VO], and [m-ZrO2(111)+VO] are shown in Figure 4.2. 

The optimized structures of (4x4) [c-ZrO2(111)+VO], (4x2) [t-ZrO2(101)+VO] and (2x2) 

[m-ZrO2(111)+VO] surfaces are shown in Figure A–5. 

 

 

Figure 4.2  Structures of the (a) [c-ZrO2(111)+VO], (b) [t-ZrO2(101)+VO], and (c) [m-

ZrO2(111)+VO] surfaces. The labeled atoms of these surfaces are shown. The top and 

bottom panels show the top and side views, respectively. VO indicates the oxygen 

vacancy. 

 

The c-ZrO2 (111), t-ZrO2 (101), m-ZrO2(111) and their oxygen vacancy defective 

surfaces (see the modeling details in Section 3.1) consist of 48 ZrO2 (Zr48O96), which 

are equivalent to (4x4), (4x2) and (2x2) unit cells. Therefore, the relative stabilities of 

the pristine and oxygen vacancy defective surfaces are evaluated from the comparison 

of their total energies (Table 4.1). It shows that the relative stabilities of the pristine 

surfaces are in order: c-ZrO2(111) (∆Erel = 0.00 eV) > t-ZrO2(101) (∆Erel = 12.75 eV) > 

m-ZrO2(111) (∆Erel = 13.91 eV). And the relative stabilities of the oxygen vacancy 

defective surfaces are in order: [c-ZrO2(111)+VO] (∆Erel = 0.00 eV) > [t-ZrO2(101)+VO] 

(∆Erel = 12.05 eV) > [m-ZrO2(111)+VO] (∆Erel = 12.82 eV). The c-ZrO2(111) surface is 
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the most stable surface for pristine and oxygen vacancy defective surface due to high 

symmetry of cubic structure. 

 

Table 4.1  Total and relative energies of the c-ZrO2(111), t-ZrO2(101), and m-

ZrO2(111) surfaces and their oxygen vacancy defective surfaces. 

Forms a Etotal
 b ∆Erel

 c 

Pristine:   

c-ZrO2(111) −9467.52905449 0.00 

t-ZrO2(101) −9467.06040569 12.75 

m-ZrO2(111) −9467.01791227 13.91 

Oxygen vacancy defective: 

[c-ZrO2(111)+VO] −9392.13150240 0.00 

[t-ZrO2(101)+VO] −9391.68858706 12.05 

[m-ZrO2(111)+VO] −9391.66025170 12.82 

 

a The formulae of all the surface structures consist of 48 ZrO2 units (Zr48O96),                 

see Figure A–5. 

b In au. (1 Hartree = 27.2114 eV) 

c Compared with the most stable surface in eV. 

 

4.2 Adsorption of a single hydrogen molecule on polymorphic ZrO2 surfaces 

 

 The optimized surfaces of the structures of the c-ZrO2(111), t-ZrO2(101), and           

m-ZrO2(111) surfaces are shown in Figure 4.1. All the adsorption structures of 

hydrogen molecules on the c-ZrO2 (111), t-ZrO2 (101), and m-ZrO2 (111) surfaces are 

shown in Figure 4.3. The adsorption structures of single hydrogen molecule adsorbed 

on the c-ZrO2(111), t-ZrO2(101), and m-ZrO2(111) surfaces are denoted as H2/c-

ZrO2(111), H2/t-ZrO2(101), and H2/m-ZrO2(111), respectively.  
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Figure 4.3  Optimized structures of hydrogen molecule adsorption on (a) c-ZrO2(111), 

(b) t-ZrO2(101), and (c) m-ZrO2(111). The top and bottom panels show the top and side 

views, respectively. The bond lengths of H–H and separation distances between 

hydrogen molecule and ZrO2 surface are in Å. 

 

Adsorption structure of the H2/c-ZrO2(111) surface shows that the H2 locates over 

the Zr atom as the adsorption site with parallel to the molecular (111) plane and the 

separation distances of [Zr⸱⸱⸱H1(H2)] = 2.77 Å, [Zr⸱⸱⸱H2(H2)] = 2.82 Å, were found. 

The adsorption structure of the H2/t-ZrO2(101), the H2 situates over the Zr atom as the 

adsorption site with parallel to the molecular (101) plane which is consistent with 

previous work [88] and the separation distances of [Zr⸱⸱⸱H1(H2)] = 2.88 Å, 

[Zr⸱⸱⸱H2(H2)] = 2.88 Å, were found. Adsorption structure of the H2/m-ZrO2(111) shows 

that H2 situates over the Zr atom as the adsorption site with almost parallel to the 

molecular (111) plane which is similar to the geometry of H2 adsorbed on m-ZrO2(1̅11) 

in previous work [89]. The separation distances of [Zr⸱⸱⸱H1(H2)] = 2.79 Å, 

[Zr⸱⸱⸱H2(H2)] = 2.74 Å of H2 adsorption on m-ZrO2(111) surface, were found.  

The adsorption abilities of all the pristine ZrO2 surfaces on H2 are in order: c-

ZrO2(111) (∆Eads = −1.89 eV) > m-ZrO2(111) (∆Eads = −1.67 eV) > t-ZrO2(101) (∆Eads 

= −0.27 eV), as shown in Table 4.2. Adsorption energies of H2 molecule on                         
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t-ZrO2(101) surface are consistent with H2 adsorption energies on t-ZrO2(101) which 

equal to −0.31 eV surface in previous work [88]. H2 adsorption on these pristine ZrO2 

surfaces are physisorption. 

The optimized structures of the [c-ZrO2(111)+VO], [t-ZrO2(101)+VO], and                 

[m-ZrO2(111)+VO] surfaces are shown in Figure 4.2. All the adsorption structures of 

hydrogen molecules on the [c-ZrO2(111)+VO], [t-ZrO2(101)+VO], and                               

[m-ZrO2(111)+VO] are shown in Figure 4.4. The adsorption structures of a hydrogen 

molecule adsorbed on the [c-ZrO2(111)+VO], [t-ZrO2(101)+VO], and [m-

ZrO2(111)+VO] surfaces, denoted as H2/[c-ZrO2(111)+VO], H2/[t-ZrO2(101)+VO], and 

H2/[m-ZrO2(111)+VO] are all dissociative adsorptions as shown in Figure 4.4.    

 

 

 

Figure 4.4  Optimized structures of hydrogen molecule dissociative adsorption on (a) 

[c-ZrO2(111)+VO], (b) [t-ZrO2(101)+VO], and (c) [m-ZrO2(111)+VO] surfaces. The top 

and bottom panels show the top and side views, respectively. The bond lengths of Zr–

H are in Å. The rectangular areas (black dashed line) indicate oxygen vacancy position 

on surfaces. 

 

The adsorption structure of the H2/[c-ZrO2(111)+VO] is the dissociative H2 

adsorption of which one H atom was adsorbed on two Zr atoms (Zr1 and Zr2), and one 

H atom on the third Zr atom (Zr3), as shown in Figure 4.4(a) and the bond lengths of 
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[Zr1‒H1] = [ Zr2‒H1] = 2.09, and [Zr3‒H2] = 1.92 Å, were found. The separation 

distance [H1⸱⸱⸱H2] of 1.93 Å was found. The H2 dissociative adsorption structure of 

the H2/t-ZrO2(101), one H atom was adsorbed on two Zr atoms (Zr2 and Zr4) and one 

on the third Zr atom (Zr3), as shown in Figure 4.4(b) and the bond distances of [Zr2‒

H2] = 2.27, [Zr4‒H2] = 2.03, and [Zr3‒H1] = 1.90 Å, were found. The separation 

distance [H1⸱⸱⸱H2] of 2.20 Å was found. The H2 dissociative adsorption structure of 

the H2/m-ZrO2(111), one H atom was adsorbed on the Zr atom (Zr1) and one on two Zr 

atoms (Zr1 and Zr2) which is consistent with previous work [90], as shown in Figure 

4.4(c) and the bond distances of [Zr1‒H1] = 1.91, [Zr1‒H2] = 2.18, and [Zr2‒H2] = 

1.96 Å, were found. The separation distance [H1⸱⸱⸱H2] of 1.91Å was found. H2 

adsorption on oxygen vacancy defective ZrO2 surfaces exhibits similar in the 

dissociative chemisorption to previous work [91]. H2 molecule are positioned close to 

oxygen vacancy on these oxygen vacancy defective surface which is corresponding to 

previous work [92]. The dissociative chemical adsorption on oxygen vacancy defective 

ZrO2 surfaces infered that H atom prefer to adsorb on oxygen vacancy defective ZrO2 

surafces but does not for adsoprtion on pristine ZrO2 surfaces. H2 adsorption on oxygen 

vacancy defective ZrO2 surfaces is dissociative chemical adsorption due to the deficient 

electron on surface which electron in H atom fulfill in this deficient. 

The adsorption abilities of all the oxygen vacancy defective ZrO2 surfaces on H2 are 

in order: [c-ZrO2(111)+VO] (∆Eads = −4.13 eV) > [m-ZrO2(111)+VO] (∆Eads = −3.31 eV) 

> [t-ZrO2(101)+VO] (∆Eads = −2.91 eV), as shown in Table 4.2. The results can be 

concluded that the oxygen vacancy defective ZrO2 surfaces tend to be used as hydrogen 

storage materials due to their H atom adsorption to form hydride which can be heating 

to release hydrogen [93]. 
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Table 4.2  Adsorption energies (in eV) of a hydrogen molecule on the c-ZrO2(111),        

t-ZrO2(101), and m-ZrO2(111) surfaces and their oxygen vacancy defect. 

Systems ∆Eads
 a 

Pristine:  

H2/c-ZrO2(111) −1.89 

H2/t-ZrO2(101) −0.27 

H2/m-ZrO2(111) −1.67 

VO defective:  

H2/[c-ZrO2(111)+VO] −4.13 

H2/[t-ZrO2(101)+VO] −2.91 

H2/[m-ZrO2(111 )+VO] −3.31 

 

a In eV. 

 

4.3 The charge transfers process on adsorption structures of polymorphic ZrO2 

surfaces 

 

Charges and charge transfers over the Zr adsorption center of the c-ZrO2(111), t-

ZrO2(101), and m-ZrO2(111) and their oxygen vacancy defective surfaces during 

adsorptions are shown in Table 4.3. It shows that charge transfers over the Zr adsorption 

center of adsorption surfaces are in order: c-ZrO2(111) (∆𝑞Zr = −0.047 e) >                        

m-ZrO2(111) (∆𝑞Zr = −0.041 e) > t-ZrO2(101) (∆𝑞Zr = −0.010 e) for the pristine ZrO2 

surfaces. For the oxygen vacancy defective ZrO2 surfaces, the results show that charge 

transfers over the Zr adsorption center of adsorption surfaces are in order: [t-

ZrO2(101)+VO] (∆𝑞Zr = −0.002 e) > [m-ZrO2(111)+VO] (∆𝑞Zr = 0.075 e) > [c-

ZrO2(111)+VO] (∆𝑞Zr = 0.127 e). Charges of  the Zr adsorption center of H2 adsorption 

on pristine ZrO2 surfaces are in order: H2/c-ZrO2(111) (𝑞Zr = 2.022 e) > H2/m-

ZrO2(111) (𝑞Zr = 1.917 e) > H2/t-ZrO2(101) (𝑞Zr = 1.890 e) surfaces. Charges of the Zr 

adsorption center of H2 adsorption on oxygen vacancy defective ZrO2 surfaces are in 

order:  H2/[c-ZrO2(111)+VO] (𝑞Zr = 2.006 e) > H2/[t-ZrO2(101)+VO] (𝑞Zr = 1.898 e) > 

H2/[m-ZrO2(111)+VO] (𝑞Zr = 1.830 e) surfaces. The Partial Mülliken–charge of H atom 

after adsorption on the oxygen vacancy defective ZrO2 surfaces exhibit negative value 
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that can confirm homolytic dissociative adsorption on these surfaces which is 

corresponding to previous work [89, 92]. 

 

 

Table 4.3  The partial charge of the Zr adsorption-site atom, and its change after 

adsorption. of a hydrogen molecule on the c-ZrO2(111), t-ZrO2(101), and m-ZrO2(111) 

surfaces and their oxygen vacancy defect. 

Systems 𝑞Zr
 a ∆𝑞Zr

 b 𝑞𝐻1, a 𝑞𝐻2
 a 

Pristine:     

c-ZrO2(111) 2.069 – – – 

H2/c-ZrO2(111) 2.022 −0.047 −0.006 −0.012 

t-ZrO2(101) 1.900 – – – 

H2/t-ZrO2(101) 1.890 −0.010 −0.013 −0.013 

m-ZrO2(111) 1.958 – – – 

H2/m-ZrO2(111) 1.917 −0.041 −0.006 −0.009 

VO defective:     

[c-ZrO2(111)+VO] 1.879 – – – 

H2/[c-ZrO2(111)+VO] 2.006 0.127 −0.432 −0.543 

[t-ZrO2(101)+VO] 1.900 – – – 

H2/[t-ZrO2(101)+VO] 1.898 −0.002 −0.451 −0.535 

[m-ZrO2(111)+VO] 1.755 – – – 

H2/[m-ZrO2(111 )+VO] 1.830 0.075 −0.400 −0.471 

 

a Partial Mülliken–charge of Zr atom, in e. 

b Change of partial Mülliken–charges of Zr atom, in e. 

 

The partial Mülliken–charges of selected atoms on the pristine ZrO2 surfaces, their 

H2 adsorption complexes of which Zr (Zr1, Zr2, Zr3) and O (O1 to O4 or O6) that are 

around the adsorption site and changes of their charges are shown in Table 4.4. The 

results show that the charge transfers (q) during hydrogen adsorption on adsorption 

atom (Zr1) of the pristine ZrO2 surfaces are found to be highest value. 
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The partial Mülliken–charges of selected atoms on the oxygen vacancy defective 

ZrO2 surfaces, their H2 adsorption complexes of which Zr (Zr1, Zr2, Zr3) and O (O1 to 

O4 or O6) that are around the adsorption site and changes of their charges are shown in 

Table 4.5. The results show that the charge transfers (q) during dissociative H2 

adsorption on adsorption atom (Zr2) of [t-ZrO2(101)+VO] and [m-ZrO2(111)+VO] and 

on adsorption atom (Zr1) of [c-ZrO2(111)+VO] are found to be the highest value. The 

charge transfer on Zr1 of [t-ZrO2(101)+VO] (qZr1) is slightly negative value (−0.002 e) 

which is rather to be neutral but other adsorption atom (Zr2 and Zr3) is high positive 

value. From the partial Mülliken–charges, it can be concluded that electron transfer 

directions are from O atom to Zr atom through O–Zr bond and Zr to H atom through 

Zr–H bond.  
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Table 4.4  Partial Mülliken–charges (in e) of selected atoms on the pristine ZrO2 

surfaces, their H2 adsorption complexes, and changes of their charges (Δq). 

Selected atom a Clean surfaces H2 adsorbed surfaces q b 

c-ZrO2 surface: c-ZrO2(111) H2/c-ZrO2(111)  

Zr1(Zr7C) c,d 2.069  2.022 −0.047 

Zr2(Zr7C) c 2.069 2.035 −0.034 

Zr3(Zr7C) c 2.069 2.035 −0.034 

O1(O3C) e −1.074 −1.062 0.012 

O2(O3C) e −1.074 −1.062 0.012 

O3(O3C) e −1.074 −1.063 0.011 

O4(O3C) f −0.998 −0.963 0.035 

O5(O3C) f −0.998 −0.964 0.034 

O6(O3C) f −0.998 −0.963 0.035 

t-ZrO2 surfatce: t-ZrO2(101) H2/t-ZrO2(101)  

Zr1(Zr6C) g,d 1.900 1.890 −0.010 

Zr2(Zr6C) g 1.900 1.895 −0.005 

Zr3(Zr6C) g 1.900 1.895 −0.005 

O1(O3C) h −0.964 −0.950 0.014 

O2(O3C) h −0.952 −0.943 0.009 

O3(O3C) h −0.964 −0.950 0.014 

O4(O3C) i −1.019 −1.019 0.000 

O5(O3C) i −0.972 −0.970 0.002 

O6(O3C) i −0.972 −0.970 0.002 

m-ZrO2 surface: m-ZrO2(111) H2/m-ZrO2(111)  

Zr1 (Zr6C) j,d 1.958 1.917 −0.041 

Zr2 (Zr7C) j 1.921 1.893 −0.028 

Zr3 (Zr7C) j 1.921 1.893 −0.028 

O1 (O2C) k −0.821 −0.798 0.023 

O2 (O3C) l −0.952 −0.928 0.024 

O3 (O3C) m −1.039 −1.009 0.030 

O4 (O2C) n −0.909 −0.880 0.029 
 

a Labeled atoms are shown in Figure A–2 in Appendices. 

b Change of partial Mülliken–charges of selected atom in specific surfaces, in e, 

compared with a clean surface. c The L-2 layer for c-ZrO2(111). d The adsorption site. e 

The L-1 layer for c-ZrO2(111).f The L-3 layer for c-ZrO2(111). g The L-1 layer for t-

ZrO2(101). h The L-2 layer for t-ZrO2(101). i The L-3 layer for t-ZrO2(101). j The L-5 

layer for m-ZrO2(111). k The L-1 layer for m-ZrO2(111). l The L-2 layer for m-

ZrO2(111). m The L-3 layer for m-ZrO2(111). n The L-4 layer for m-ZrO2(111). 
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Table 4.5  Partial Mülliken–charges (in e) of selected atoms on the oxygen vacancy 

defective ZrO2 surfaces, their H2 adsorption complexes, and changes of their charges 

(Δq). 

Selected atom a Clean surfaces H2 adsorbed surfaces q b 

[c-ZrO2+VO] surface: [c-ZrO2(111)+VO] H2/[c-ZrO2(111)+VO]  

Zr1(Zr7C) c,d 1.879 2.006 0.127 

Zr2(Zr7C) c 1.879 2.006 0.127 

Zr3(Zr7C) c 1.879 1.937 0.058 

O1(O3C) e −1.030 −0.965 0.065 

O2(O3C) e −1.030 −0.965 0.065 

O3(O3C) e −1.030 −0.920 0.110 

O4(O3C) f −1.166 −1.082 0.084 

O5(O3C) f −1.166 −1.082 0.084 

O6(O3C) f −1.073 −1.065 0.008 

[t-ZrO2+VO] surface: [t-ZrO2(101)+VO] H2/[t-ZrO2(101)+VO]  

Zr1(Zr6C) g,d 1.900 1.898 −0.002 

Zr2(Zr6C) g 1.836 1.993 0.157 

Zr3(Zr6C) g 1.836 1.931 0.095 

O1(O3C) h −0.976 −0.958 0.018 

O2(O3C) h −1.015 −0.960 0.055 

O3(O3C) h −0.976 −0.903 0.073 

O4(O3C) i −1.100 −1.009 0.091 

O5(O3C) i −1.052 −0.971 0.081 

O6(O3C) i −1.052 −1.012 0.040 
[m-ZrO2+VO] surface: [m-ZrO2(111)+VO] H2/[m-ZrO2(111)+VO]  

Zr1 (Zr6C) j,d 1.755 1.830 0.075 

Zr2 (Zr7C) j 1.724 1.954 0.230 

Zr3 (Zr7C) j 1.939 1.946 0.007 

O1 (O2C) k −1.031 −0.949 0.082 

O2 (O3C) l −0.996 −0.864 0.132 

O3 (O3C) m −1.052 −1.025 0.027 

O4 (O2C) n −1.048 −0.947 0.101 
 

a Labeled atoms are shown in Figure A–3 in Appendices. 

b Change of partial Mülliken–charges of selected atom in specific surfaces, in e, 

compared with a clean surface. c The L-2 layer for [c-ZrO2(111)+VO]. d The adsorption 

site. e The L-1 layer for [c-ZrO2(111)+ VO]. f The L-3 layer for [c-ZrO2(111)+ VO]. g The 

L-1 layer for [t-ZrO2(101)+ VO]. h The L-2 layer for [t-ZrO2(101)+ VO]. i The L-3 layer 

for [t-ZrO2(101)+ VO]. j The L-5 layer for [m-ZrO2(111)+ VO]. k The L-1 layer for [m-

ZrO2(111)+ VO]. l The L-2 layer for [m-ZrO2(111)+ VO]. m The L-3 layer for [m-

ZrO2(111)+ VO]. n The L-4 layer for [m-ZrO2(111)+ VO]. 
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4.4 The difference of bandgap and electrical conductivity and resistivity of a 

hydrogen molecule adsorption on polymorphic ZrO2 surfaces. 

 

The band gaps of the pristine and oxygen vacancy defective polymorphic ZrO2 

surfaces are shown in Table 4.6. The previous work shows that band gap of t-ZrO2 is 

larger than band gap of m-ZrO2 (0.35 eV), which agreed with this work that band gap 

of t-ZrO2 is larger than band gap of m-ZrO2 (0.36 eV) [94]. The band gaps of all ZrO2 

surfaces are in order: c-ZrO2 (111) (Egap = 3.44 eV) > t-ZrO2 (101) (Egap = 3.09 eV) > 

m-ZrO2 (111) (Egap = 2.73 eV) > [c-ZrO2(111)+VO] (Egap = 0.48 eV) > [t-ZrO2(101)+VO] 

(Egap = 0.39 eV) > [m-ZrO2(111)+VO] (Egap = 0.23 eV), as shown in Table 4.6. It can be 

concluded that the c-ZrO2 (111) surface showed the lowest electrical conductivity 

compared with the t-ZrO2 (101) and m-ZrO2 (111) for pristine and oxygen vacancy 

defective surfaces. 
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Table 4.6  Energy gaps and sensitivity of electrical conductivity and resistivity of 

adsorption of hydrogen molecule on pristine and oxygen vacancy defective 

polymorphic ZrO2 surfaces. 

Systems Eg 
a Δ𝐸g

% b 𝑆𝜎
%or 𝑆𝜌

% c 

Pristine:    

c-ZrO2(111) 3.44 – – 

H2/c-ZrO2(111) 3.43 −0.23 𝑆𝜎
% = 21.5 

t-ZrO2(101) 3.09 – – 

H2/t-ZrO2(101) 2.99 −3.09 𝑆𝜎
% = 600.0 

m-ZrO2(111) 2.73 – – 

H2/m-ZrO2(111) 2.84 3.98 𝑆𝜌
% = 750.4 

VO defective:    

[c-ZrO2(111)+VO] 0.48 – – 

H2/[c-ZrO2(111)+VO] 0.49 1.71 𝑆𝜌
% = 21.5 

[t-ZrO2(101)+VO] 0.39 – – 

H2/[t-ZrO2(101)+VO] 2.22 463.37 𝑆𝜌
% = 2.9⨯1017 

[m-ZrO2(111)+VO] 0.23 – – 

H2/[m-ZrO2(111 )+VO] 1.21 439.29 𝑆𝜌
% = 1.9⨯1010 

 

a In eV. 

b Percentage of energy–gap change for hydrogen adsorbed on the surface compared 

with its clean surface. 

c Defined in equations (3.5) and (3.7). 

 

The sensitivity of electrical conductivity (𝑆𝜎
%) and resistivity (𝑆𝜌

%) of adsorption of 

hydrogen molecule on polymorphic ZrO2 surfaces are shown in Table 4.6. The 

sensitivity of electrical conductivity of adsorption H2 on surfaces are in order:                    

t-ZrO2(101) >> c-ZrO2(111). The sensitivity of electrical resistivity of adsorption H2 

on surfaces are in order: [t-ZrO2(101)+VO] >> [m-ZrO2(111)+VO] >> m-ZrO2(111) > 

[c-ZrO2(111)+VO]. It can be suggested that [t-ZrO2(101)+VO], [m-ZrO2(111)+VO], and 

m-ZrO2(111) could be used as hydrogen sensing material via resistance measurement. 

 

Table 4.7 shows energy gaps of pristine polymorphic ZrO2 surfaces compared with 

their oxygen vacancy defects. Energy gaps of oxygen vacancy defective polymorphic 

ZrO2 surfaces are much lower than pristine polymorphic ZrO2 surfaces. 
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Table 4.7  Energy gaps of the c-ZrO2(111), t-ZrO2(101), and m-ZrO2(111) surfaces 

compared with their oxygen vacancy defect in terms of energy–gap change. 

Systems Eg 
a Δ𝐸g

%(surface) b 

c-ZrO2(111) 3.44 – 

[c-ZrO2(111)+VO] 0.48 −86.05 

t-ZrO2(101) 3.09 – 

[t-ZrO2(101)+VO] 0.39 −87.38 

m-ZrO2(111) 2.73 – 

[m-ZrO2(111)+VO] 0.23 −91.58 

 

a In eV. 

b Percentage of energy–gap change between the pristine ZrO2 surface and its oxygen 

vacancy defect. 

 

4.5 Bond strengths of adsorption of a hydrogen molecule on polymorphic ZrO2 

surfaces 

 

Due to the hydrogen dissociative adsorption on oxygen vacancy defective 

polymorphic ZrO2 surfaces, the relevant Zr–H bond strengths deserve further 

investigation. Table 4.8 shows the bond strengths of Zr–H bond resulted from hydrogen 

adsorption on oxygen vacancy defective polymorphic ZrO2 surfaces.                                   

[c-ZrO2(111)+VO] shows the highest bond strength with −7.89 eV at Zr3–H1 bond.  
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Table 4.8  Zr-H bond strengths of a hydrogen molecule on oxygen vacancy defective 

ZrO2 surfaces, computed by equation (3.8). 

Parameters 𝑞𝑋
 a Zr-H bond b BS c 

H2/[c-ZrO2(111)+VO]:    

Zr1 2.006 – – 

Zr2 2.006 – – 

Zr3 1.937 – – 

H1 −0.432 – – 

H2 −0.543   

Zr1-H2 – 2.09 −5.97 

Zr2-H2 – 2.09 −5.97 

Zr3-H1 – 1.92 −7.89 

H2/[t-ZrO2(101)+VO]:     

Zr2 1.993 – – 

Zr3 1.931 – – 

Zr4 1.931 – – 

H1 −0.451 – – 

H2 −0.535 – – 

Zr2-H2 – 2.27 −6.76 

Zr4-H2 – 2.03 −7.33 

Zr3-H1 – 1.90 −6.60 

H2/[m-ZrO2(111 )+VO]: 
  

  

Zr1 1.830 – – 

Zr2 1.954 – – 

H1 −0.400 – – 

H2 −0.471 – – 

Zr1-H1 – 1.91 −5.52 

Zr1-H2 – 2.18 −5.69 

Zr2-H2 – 1.96 −6.76 
 

a Atomic charge in e. 

b Bond length in Å. 

c Bond strength in eV. 
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4.6 Hydrogen adsorption on Lanthanide-doped c-ZrO2(111) surface 

 

The study of hydrogen adsorption on Lanthanide-doped c-ZrO2(111) was 

investigated to compare with hydrogen adsorption on c-ZrO2(111) surface. The 

optimized surfaces of c-ZrO2(111) and Ce-[c-ZrO2(111)] are shown in Figure A–6. 

Bond length of Ce-O which is on L-1 is 2.16 Å and Ce-O which is on L-3 is 2.22 Å. 

The total energies of c-ZrO2(111), Ce-[c-ZrO2(111)+Vo], [c-ZrO2(111)+Vo], and Eu-

[c-ZrO2(111)+Vo] are shown in Table 4.9. The total energies of Ce-[c-ZrO2(111)+Vo] 

is much lower than c-ZrO2(111) but the total energies of Eu-[c-ZrO2(111)+Vo] is higher 

than [c-ZrO2(111)+Vo] due to the larger size of Eu3+ than Zr4+ on                                             

[c-ZrO2(111)+Vo] surface. Adsorption of a hydrogen molecule on c-ZrO2(111) surface 

compare with Ce-[c-ZrO2(111)] surface structures are shown in Figure 4.5. The 

adsorption of a hydrogen molecule on Ce-[c-ZrO2(111)] show the similar to the 

adsorption of a hydrogen molecule on c-ZrO2(111) which is physisorption. H2 

adsorption on c-ZrO2(111) and Ce-[c-ZrO2(111)] is non-dissociative. The separation 

distance between H2 and Ce-[c-ZrO2(111)] is 2.93 and 2.86 Å. The adsorption energies 

of hydrogen molecule adsorption on Ce-[c-ZrO2(111)] are shown in Table 4.10 with 

−0.21 eV which is lower than the adsorption energies of hydrogen molecule on c-

ZrO2(111). The change of charges of Ce dopant atom after hydrogen molecule 

adsorption on Ce-[c-ZrO2(111)] (∆𝑞𝑀) is slightly negative with −0.004 e. Since Ce 

doped on c-ZrO2(111) is Ce3+ that substituted Zr4+ in surface, H2 adsorb on Ce-[c-

ZrO2(111)] is reduced Ce3+ to Ce4+ which stable on ZrO2 surface. The partial Mülliken–

charges of selected atoms on the [c-ZrO2(111)] and Ce-[c-ZrO2(111)] surfaces are show 

in Table 4.11. The partial Mülliken–charges exhibit that electron transfer from H2 to 

Ce-[c-ZrO2(111)] surface is less than electron transfer to c-ZrO2(111) surface. 
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Figure 4.5  Optimized structures of hydrogen molecule adsorption on (a) c-ZrO2(111) 

and (b) Ce-[c-ZrO2(111)]. The top and bottom panels are top and side views, 

respectively. The bond lengths of H–H and separation distance between hydrogen 

molecule and ZrO2 surfaces are in Å. 
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Table 4.9  Total energies of the c-ZrO2(111), Ce-[c-ZrO2(101)], [c-ZrO2(111)+VO] and 

Eu-[c-ZrO2(111)+VO] surfaces. 

 

Systems Etotal
 a 

c-ZrO2(111) −9467.52905449 

Ce-[c-ZrO2(101)] −9896.02922386 

c-ZrO2(111)+VO −9392.13150240 

Eu-[c-ZrO2(111)+VO] −9380.97194800 

 

a In au. (1 Hartree = 27.2114 eV) 

 

The optimized surfaces of [c-ZrO2(111)+Vo] and Eu-[c-ZrO2(111)+Vo] are shown in 

Figure A–6. Eu3+ substitute in Zr4+ in [c-ZrO2(111)+Vo] surface. Bond length of Eu-O 

is 2.22 Å. Adsorption of a hydrogen molecule on Eu-[c-ZrO2(111)+Vo] surface compare 

with a hydrogen molecule adsorption on [c-ZrO2(111)+Vo] surface structures are shown 

in Figure 4.6. The H2 adsorption on Eu-[c-ZrO2(111)+Vo] is chemisorption which is 

similar to the H2 adsorption on [c-ZrO2(111)+Vo]. Nevertheless, H2 molecule adsorbed 

on Eu-[c-ZrO2(111)+Vo] is non-dissociative with bond length of [H-H] = 0.93 Å that is 

different from the H2 adsorption on [c-ZrO2(111)+Vo]. Hydrogen molecule adsorbs on 

Eu-[c-ZrO2(111)+Vo] surface on top of Zr atom next to Eu dopant atom on surface. 

Bond distance between hydrogen molecule and Eu-[c-ZrO2(111)+Vo] are 2.15 and   

2.24 Å. The adsorption energies of hydrogen molecule adsorption on Eu-[c-

ZrO2(111)+Vo] are shown in Table 4.10. Adsorption energies of a hydrogen molecule 

on Eu-[c-ZrO2(111)+Vo] are −0.80 eV which is much lower than H2 adsorption energies 

on [c-ZrO2(111)+Vo]. The change of charges of Eu atom doped on [c-ZrO2(111)+Vo] 

surface after H2 adsorption is positive with 0.115 e. The partial charges of H atom that 

are adsorbed on Eu-[c-ZrO2(111)+Vo] surface is −0.303 and −0.115 e. The negative 

partial charges of H, Zr1, and Zr2 atom which are shown in Table 4.12 can be conclude 

that electron from H atom transfer to Zr atom on Eu-[c-ZrO2(111)+Vo] that suggest 

being chemical bond on surface.  
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Figure 4.6  Optimized structures of hydrogen molecule adsorption on (a) [c-

ZrO2(111)+Vo] and (b) Eu-[c-ZrO2(111)+Vo]. The top and bottom panels are top and 

side views, respectively. The bond lengths of H-H and separation distance between 

hydrogen molecule and ZrO2 surfaces are in Å. 
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Table 4.10  Adsorption energies (in eV) of single H2 molecules on the c-ZrO2(111),  

Ce-[c-ZrO2(101)], [c-ZrO2(111)+VO] and Eu-[c-ZrO2(111)+VO] surfaces, energy gaps, 

Mülliken charge of the dopant and Zr adsorption-site atoms and their change after 

hydrogen adsorption.  
 

Systems ∆Eads
 a Eg 

a ∆Eg
 b 𝑞M

 c ∆𝑞M
 d 𝑞H1

 e 𝑞H2
 e 

c-ZrO2(111) – 3.44 – 2.069 – – – 

H2/c-ZrO2(111) −1.89 3.43 −0.23 2.022 −0.047 −0.006 −0.012 

Ce-[c-ZrO2(101)] – 2.73 – 2.144 – – – 

H2/Ce-[c-ZrO2(101)] −0.21 2.75 0.85 2.140 −0.004 −0.014 −0.012 

c-ZrO2(111)+VO – 0.48 – 1.879 – – – 

H2/ c-ZrO2(111)+VO −4.13 0.49 1.71 2.006 0.127 −0.432 −0.543 

Eu-[c-ZrO2(111)+VO] – 2.71 – 1.612 – – – 

H2/Eu-[c-ZrO2(111)+VO] −0.80 2.77 2.04 1.727 0.115 −0.303 −0.115 

 

a In eV. 

b Percentage of energy–gap change for hydrogen adsorbed on the surface compared 

with its clean surface. 

c Partial Mülliken–charge of dopant and Zr atom, in e. 

d Change of partial Mülliken–charges of dopant and Zr atom, in e. 

e Partial Mülliken–charge of H atom, in e. 
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Table 4.11  Partial Mülliken–charges (in e) of selected atoms on the [c-ZrO2(111)] and 

Ce-[c-ZrO2(111)] surfaces, their H2 adsorption complexes and changes of their charges.  

Selected atom a Clean ZrO2 surfaces H2 adsorption ZrO2 surfaces q b 

c-ZrO2(111) surface: c-ZrO2(111) H2/c-ZrO2(111)  

Zr1(Zr7C) c,d 2.069  2.002 −0.047 

Zr2(Zr7C) c 2.069 2.035 −0.034 

Zr3(Zr7C) c 2.069 2.035 −0.034 

O1(O3C) e −1.074 −1.062 0.012 

O2(O3C) e −1.074 −1.062 0.012 

O3(O3C) e −1.074 −1.063 0.011 

O4(O3C) f −0.998 −0.963 0.035 

O5(O3C) f −0.998 −0.964 0.034 

O6(O3C) f −0.998 −0.963 0.035 

Ce-[c-ZrO2(101)] surface: Ce-[c-ZrO2(101)] H2/Ce-[c-ZrO2(101)]  

Zr1(Zr6C) g,d 2.031 2.030 −0.001 

Ce(Ce6C) g 2.144 2.140 −0.004 

Zr3(Zr6C) g 2.031 2.029 −0.002 

O1(O3C) h −0.979 −0.969 0.010 

O2(O3C) h −0.979 −0.965 0.014 

O3(O3C) h −0.979 −0.969 0.010 

O4(O3C) i −1.075 −1.075 0.000 

O5(O3C) i −1.075 −1.075 0.000 

O6(O3C) i −1.075 −1.075 0.000 
 

a Atomic labels are shown in Figure A–2 in Appendices. 

b Change of partial Mülliken–charges of selected atom in specific surfaces, in e, 

compared with clean surface. c The L-2 layer for c-ZrO2(111). d The adsorption site.         

e The L-1 layer for c-ZrO2(111).f The L-3 layer for c-ZrO2(111). g The L-2 layer for Ce-

[c-ZrO2(111)]. h The L-1 layer for Ce-[c-ZrO2(111)]. i The L-3 layer for Ce-[c-

ZrO2(111)]. 
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Table 4.12  Partial Mülliken–charges (in e) of selected atoms on the [c-ZrO2(111)+Vo] 

and Eu-[c-ZrO2(111)+Vo] surfaces, their H2 adsorption complexes and changes of their 

charges.  

Selected atom a Clean surfaces H2 adsorbed surfaces q b 

[c-ZrO2+VO] surface: [c-ZrO2(111)+VO] H2/[c-ZrO2(111)+VO]  

Zr1(Zr7C) c,d 1.879 2.006 0.127 

Zr2(Zr7C) c 1.879 2.006 0.127 

Zr3(Zr7C) c 1.879 1.937 0.058 

O1(O3C) e −1.030 −0.965 0.065 

O2(O3C) e −1.030 −0.965 0.065 

O3(O3C) e −1.030 −0.920 0.110 

O4(O3C) f −1.166 −1.082 0.084 

O5(O3C) f −1.166 −1.082 0.084 

O6(O3C) f −1.073 −1.065 0.008 

Eu-[c-ZrO2+VO] surface: Eu-[c-ZrO2+VO] H2/ Eu-[c-ZrO2+VO]  

Zr1(Zr6C) g,d 1.891 1.910 0.019 

Zr2(Zr6C) g 2.039 1.946 −0.093 

Eu(Eu6C) g 1.612 1.727 0.115 

O1(O3C) h −0.989 −0.977 0.012 

O2(O3C) h −1.007 −0.952 0.055 

O3(O3C) h −1.009 −0.973 0.036 

O4(O3C) i −1.009 −0.988 0.021 

O5(O3C) i −1.016 −1.017 −0.001 

O6(O3C) i −1.006 −1.010 −0.004 
 

a Atomic labels are shown in Figure A–3 in Appendices. 

b Change of partial Mülliken–charges of selected atom in specific surfaces, in e, 

compared with clean surface. c The L-2 layer for [c-ZrO2(111)+VO]. d The adsorption 

site. e The L-1 layer for [c-ZrO2(111)+VO]. f The L-3 layer for [c-ZrO2(111)+VO]. g The 

L-2 layer for Eu-[c-ZrO2(111)+Vo]. h The L-1 layer for Eu-[c-ZrO2(111)+Vo]. i The L-

3 layer for Eu-[c-ZrO2(111)+Vo]. 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

CHAPTER V 

CONCLUSIONS 

The hydrogen adsorption on the pristine and oxygen vacancy defective polymorphic 

ZrO2 surfaces were investigated using a periodic DFT-D2 calculation method. This 

thesis covers the studies on geometrical stability, electric conductivity and resistivity, 

and charge transfer process of hydrogen adsorption on both surface types of ZrO2.  

The c-ZrO2 (111), t-ZrO2 (101), and m-ZrO2 (111) surfaces, and their oxygen 

vacancy defective surfaces [c-ZrO2(111)+VO], [t-ZrO2(101)+VO], and                                

[m-ZrO2(111)+VO] were studied and found that their relative stabilities are in orders:  

c-ZrO2(111) (∆Erel = 0.00 eV) > t-ZrO2(101) (∆Erel = 12.75 eV) > m-ZrO2(111) (∆Erel = 

13.91 eV), and [c-ZrO2(111)+VO] (∆Erel = 0.00 eV) > [t-ZrO2(101)+VO] (∆Erel = 12.05 

eV) > [m-ZrO2(111)+VO] (∆Erel = 12.82 eV), respectively. The hydrogen adsorption 

energies of both surface types are in order: c-ZrO2(111) (∆Eads = −1.89 eV) > m-

ZrO2(111) (∆Eads = −1.67 eV) > t-ZrO2(101) (∆Eads = −0.27 eV), and [c-ZrO2(111)+VO] 

(∆Eads = −4.13 eV), [m-ZrO2(111)+VO] (∆Eads = −3.31 eV) > [t-ZrO2(101)+VO] (∆Eads = 

−2.91 eV). Furthermore, the hydrogen adsorption ability on lanthanide-doped                   

c-ZrO2(111) surfaces were obtained. Both of the hydrogen adsorption energies on Ce-

[c-ZrO2(111)] (∆Eads = −0.21 eV) and on Eu-[c-ZrO2(111)+VO] (∆Eads = −0.80 eV) are 

less than hydrogen adsorption energies on the pristine and oxygen vacancy defective  

c-ZrO2(111) surfaces. 

The hydrogen adsorption abilities orders of the pristine and oxygen vacancy 

defective surfaces are consistent with the charge transfer on Zr adsorption center. The 

oxygen vacancy defective polymorphic ZrO2 surfaces are suggested as potent materials 

for hydrogen storage. The m-ZrO2(111)+VO], [t-ZrO2(101)+VO], and m-ZrO2(111) 

surfaces are promising sensing materials for hydrogen based on their electrical 

resistances. 
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Figure A–1  The atomic layers assigned for the surfaces of the (a) c-ZrO2(111), (b) t-

ZrO2(101), and (c) m-ZrO2(111) surfaces. The L-n, n=1 to 30, is the nth layers. 

 

 

 

Figure A–2  The labeled atoms of the surfaces of the (a) c-ZrO2(111), (b) t-ZrO2(101), 

and (c) m-ZrO2(111) surfaces.  

 

 

 

 

Figure A–3  The labeled atoms of the surfaces of the oxygen vacancy defective (a) c-

ZrO2(111), (b) t-ZrO2(101), and (c) m-ZrO2(111) surfaces.  
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Figure A–4  Structures of (a) (4x4) c-ZrO2(111), (b) (4x2) t-ZrO2(101), and (c) (2x) m-

ZrO2(111) surfaces. The top and bottom panels show the top and side views, 

respectively. 

 

 

 

 

 

Figure A–5  Structures of (a) (4x4) [c-ZrO2(111)+VO], (b) (4x2) [t-ZrO2(101) VO], and 

(c) (2x2) [m-ZrO2(111)+ VO] surfaces. The top and bottom panels show the top and side 

views, respectively. VO indicates the oxygen vacancy. The rectangular areas              

(black dashed lines) indicate oxygen vacancy on these surfaces. 
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Figure A–6  Structure of (a) c-ZrO2(111), (b) Ce-[c-ZrO2(111)], (c) [c-ZrO2(111)+Vo], 

and (d) Eu-[c-ZrO2(111)+Vo] surfaces. The top and bottom panels are top and side 

views, respectively. The bond length between dopant and surface are in Å. 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 60 

Table A–1  The Grimme, D2 parameters of the London-type empirical correction for 

dispersion interactions of all the elements used in this work. 

 

 

a dispersion coefficient for atom in J nm6 mol-1. 

b Van der Waals radius for atom, in Å. 

c Scaling factor. 

d Steepness. 

e Cutoff distance to truncate direct lattice summation. 

 

 

Table A–2  The lattice parameters of the c-ZrO2, t-ZrO2 and m-ZrO2 from x-ray 

crystallographic and their DFT optimized structures. 

 
 

a  The a, b, and c parameters are in Å, and β is in degree. 

b The c-ZrO2, t-ZrO2, and m-ZrO2 were taken from refs. [81], [55], and [82], 

respectively. 

 

 

 

 

 

 

Elements C6
 a Rvdw 

b 
s6 = 0.75 c, d= 20.0 d, Rcut = 25.0 e   

Surfaces:   

Zr 24.67 1.639 

O 0.70  1.342 

Adsorbate:   

H 0.14 1.001 

Dopants   

Ce 140.68 1.753 

Eu 140.68 1.753 

Crystals 

Space group, 

Structural 

form 

Lattice parameters a 

X-ray b DFT 

a b c β a b c β 

c-ZrO2 Fm3̅m, cubic 5.090     5.120    

t-ZrO2 P42/nmc, 

tetragonal 

3.558 5.258   3.622 5.205   

m-ZrO2 P21/c, 

monoclinic 

5.169 5.232 5.341 99.2 5.150 5.287 5.295 98.0 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 61 

Table A–3  Selected geometrical parameters of the clean c-ZrO2(111), t-ZrO2(101),    

m-ZrO2(111) surfaces.  
 

 

 a In Å. 

b In degree. 

 

Crystal Forms Bond length a Bond angle b 
c-ZrO2(111)    

Zr1-Zr2, Zr1-Zr3 3.620 - 

Zr1-O1, Zr1-O2, Zr1-O3 2.217 - 

Zr1-O4, Zr1-O5, Zr1-O6 2.217 - 

Zr1-O1-Zr2, Zr1-O3-Zr3 - 109.47 

t-ZrO2(101)   

Zr1-Zr2, Zr1-Zr3 3.622 - 

Zr1-O1, Zr1-O2, Zr1-O3 2.482 - 

Zr1-O4, Zr1-O5, Zr1-O6 2.025 - 

Zr1-O1-Zr2, Zr1-O3-Zr3 - 93.73 

O1-Zr1-O3 - 93.73 

O5-Zr1-O6 - 126.86 

O1-Zr1-O2, O2-Zr1-O3, - 117.87 

O4-Zr1-O5, O4-Zr1-O6 - 101.54 

m-ZrO2(111)   

Zr1-Zr2 3.453 - 

Zr2-Zr3 3.948 - 

Zr2-O1 2.160 - 

Zr1-O1 2.100 - 

Zr1-O3 2.164 - 

Zr2-O2 2.256 - 

O1-Zr1-O3 - 98.46 

O2-Zr2-O1 - 84.52 
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