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Recent studies have indicated that nickel gallium alloys can be effective for the 

catalytic hydrogenation of CO2 to methanol. To simplify the characterization of NiGa 

catalysts, we are developing model systems using NiGa thin films. We prepared NiGa 

thin films by RF magnetron sputtering using an equiatomic alloy target, followed by 

annealing in ultrahigh vacuum. The resulting films were characterized by atomic force 

microscopy (AFM), X-ray diffraction (XRD), and X-ray photoelectron spectroscopy 

(XPS). AFM data showed that the film roughness and the grain size increased 

significantly as the film was annealed above 700 oC. The XRD patterns indicated that Ni-

Ga thin films were nanocrystalline as deposited and then converted to the Ni13Ga9 phase 

after annealing above 500 oC. XPS was used to determine chemical and thermal 

stabilities by monitoring changes in Ni 2p, Ga 2p, and O 1s spectra. It was found that 

surface segregation of gallium and oxygen occurred after annealing up to 600 oC, 

resulting in the formation of a Ga2O3 layer on the NiGa surface. For anneals above 600 

oC, the Ga2O3 XPS signal was reduced in intensity due to desorption of Ga2O3 from the 

NiGa surface.  



 

 

 

The ability to control the size and shape of porous materials is of considerable 

interest, where controllably modulating pore size may allow trapping and releasing 

molecules in the pores. MIL-53(Al) is a flexible metal organic framework (MOF) 

material with large breathing effect, which may be useful for these applications. In this 

study, MIL-53(Al) was successfully synthesized by a microwave reactor. To grow thin 

film MIL-53(Al), a Au surface was treated with an organic self-assembled monolayer 

(SAM). Isolated MIL-53(Al) particles were formed on the SAM-functionalized Au 

substrate by using the mother solution from the MW-assisted growth of MIL-53(Al). 

These thin films were studied by AFM, XRD and Raman spectroscopy. 
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Chapter 1: Introduction 

1.1 NiGa catalyst for CO2 reduction to methanol 

1.1.1 Methanol synthesis overview 

Methanol is most commonly produced from carbon monoxide, carbon dioxide, 

and hydrogen in a catalytic industrial process using a Cu/ZnO/Al2O3 catalyst.1,2,3 The 

industrial Cu/ZnO/Al2O3 catalyst has been optimized for reaction conditions at high 

pressures (50-100 bar) and low temperatures (200 - 300 oC).4 However, Cu/ZnO/Al2O3 is 

not efficient at lower pressures due to excess formation of by-products such as CO.5 New 

catalysts for the methanol synthesis at lower pressures are required for the distributed 

production of methanol. 

1.1.2 Methanol synthesis reaction paths 

Many studies have been performed with respect to the methanol synthesis 

reaction using copper supported catalysts.6,7,8 The elementary reaction steps suggested by 

Grabow and Mavrikakis are shown below:9 

H2(g)+ 2* ↔ 2H*                                                     (1) 

CO2(g)+ H* ↔ HCOO*                                                 (2) 

HCOO* + H* ↔ HCOOH* + *                                        (3) 

HCOOH* + H* ↔ H2COOH* + *                                       (4) 

H2COOH* +* ↔ H2CO* + OH*                                        (5) 

H2CO* + H* ↔ H3CO* + *                                            (6) 
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H3CO* + H* ↔ CH3OH(g)+ 2*                                         (7) 

OH* + H* ↔ H2O(g)+ 2*                                              (8) 

The symbol * represent the surface active sites or adsorbed species. All of the steps 

mentioned above could be a potential rate-determining step. The overall methanol 

synthesis reaction equations are shown below10: 

CO + 2H2 ⇌ CH3OH                                                          (9) 

CO2 + 3H2 ⇌ CH3OH + H2O                                                (10) 

CO2 + H2 ⇌ CO+H2O (reverse water gas shift reaction)                      (11) 

To better understand the methanol synthesis reactions, density functional theory (DFT) 

can be performed to determine the initial state energy, the final state energy, and the 

reaction barrier for the each fundamental reaction as shown in FIG. 1.1.2.11 Formate 

(HCOO*) is a very stable intermediate for the methanol synthesis using Cu catalysts, and 

its hydrogenation from HCOO* to CH3O* is considered as the rate-determining step.12 

This process requires the formation of two C-H bonds and breaking one C-O bond. A 

sequential mechanism was developed for the rate-determining step to illustrate how these 

events proceeded.11 Based on the energetic calculations from DFT model, the 

hydrogenation process on the O atom is kinetically and thermodynamically favorable, 

compared to the hydrogenation of the C atom, resulting in the more stable product of 

HCOOH*. This study suggests that the black curve is a more energetic favorable path for 

the methanol synthesis through CO2 hydrogenation. 
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FIG. 1.1.2.1. The surface potential energy of CO2 reduction to methanol on Cu catalysts. 

The symbol * represent the surface active sites or adsorbed species. [Plot is reproduced 

with the permission from a study by L. C. Grabow, et al.]11 

 

 
FIG. 1.1.2.2. Most stable adsorption states of selected intermediates in the methanol 

synthesis reaction on Cu(111). The red ball represents O atom. The black ball represents 

C atom and the small blue ball is hydrogen. [Image is reproduced with the permission 

from a study by L. C. Grabow, et al.]11 

 

FIG. 1.1.2.2 shows the most stable adsorption states of selected intermediates for 

the rate-determining step of the CO2 hydrogenation. Apparently, the reaction rate of CO2 
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hydrogenation to methanol correlates to the interaction between the O atoms and the 

Cu(111) surface. 

1.1.3 Overview of NiGa catalysts for CO2 reduction 

Bimetallic alloys have attractive properties for heterogeneous catalysis where 

their activity, stability, and selectivity can be tuned by their composition.13,14,15 Recent 

studies have indicated that nickel gallium alloys can be effective catalysts for CO2 

reduction to other products at atmospheric pressure.16,17,18 A volcano plot was used by 

Studt et al. to predict the catalytic activity of different metals by using scaling relations 

between the oxygen adsorption energy and the CO2 hydrogenation rate.16 A steady-state 

microkinetic model was solved by using the scaling relations of the oxygen adsorption 

energy to generate theoretical CO2 hydrogenation rates at ambient pressure. These studies 

indicated that the elemental metals such as nickel and palladium had too strong 

interaction with oxygen, or too weak interaction with oxygen, respectively. Several Ni-

Ga intermetallic compounds were modeled to determine the effect of surface alloy 

composition on oxygen adsorption energies. In combination with the theoretical studies, a 

series of Ni-Ga catalysts were synthesized with different compositions to test activities in 

a tubular fixed-bed reactor. The Ni-Ga catalysts had higher activity, selectivity, and 

stability for CO2 hydrogenation to methanol, at ambient pressure, compared to the 

standard Cu/ZnO/Al2O3 catalyst.16 In another study, three different compositions of NiGa 

films (NiGa, Ni3Ga, and Ni5Ga3) were tested for their catalytic activities for the 

electrochemical reduction of CO2 to methane, ethylene, and ethane.18 These studies 

indicated that the various products could be obtained by tuning the electrode potential 

during CO2 reduction. A range of factors influences the activity and selectivity of these 
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reactions, including the molar ratios of Ni:Ga, the preparation method, pretreatment 

conditions, particle sizes, and intermetallic phases.  

The surface atoms of a solid dictate surface reactivity and these atoms have 

different bonding states compared to the atoms in the bulk.19 The surface atoms also have 

a remarkable impact on heterogeneous catalytic properties. In this study, we have 

deposited NiGa thin films using RF sputter deposition and characterized the stability of 

the films using bulk and surface methods. 

1.1.4 NiGa thermal stabilities in semiconductor 

Schottky and Ohmic contacts determine the electrical characteristics of devices. 

They can be created by forming a junction between a metal and a semiconductor. The 

thermal stability of the metal/GaAs contact significantly influence the electric properties 

after high temperature processing.20 Ni has been used as a component for both Schottky 

and Ohmic metallization in GaAs device technology. The phase equilibria of the Ga-Ni-

As ternary system have been investigated to determine the thermal stability of the 

Ni/GaAS contacts.20 A ternary eutectic temperature was found at 810±5 oC with the 

composition Ni0.48Ga0.30As0.22. This is the lowest temperature that the liquid phase of the 

material can exist within the region bounded by NiGa-NiAs-GaAs. The Ni/GaAs sample 

will start melting above 810 oC and significantly influence the contact’s morphology.20 

The morphology changes of (0001)-Oriented Ni/GaN contact were studied by 

annealing in ultrahigh vacuum.21 The Ni/GaN contact was formed by Ni vapor deposition 

on n-type GaN surface under ultrahigh vacuum at room temperature. The sample was 

then annealed at 650 oC for 6 mins and 800 oC for 6 secs, respectively. Annealing at 650 

oC leads to gallium diffusion into the nickel film and formation of Ni3Ga alloy. 



6 

Meanwhile, 3D islands of Ni3Ga were formed by the coalescence of the Ni film grains, 

and then converted to the Ni3Ga2 phase after annealing to 800 oC. Thermal instability 

may limit the application of Ni/GaN contacts after elevated temperature anneals, 

especially in Schottky contacts are required.21  

1.1.5 Other NiGa properties 

The magnetic behavior of the electrodeposited NixGay nanowires was studied by 

varying the Ni:Ga composition ratio.22 This study found that the gallium content could be 

adjusted by either bath composition during electrodeposition or current density. There 

was no significant improvement of the magnetic properties for Ga content up to 2-4%. 

For Ga content > 4%, Ga clusters formed which led to a decrease in magnetic properties 

of the nanowires. The NiGa nanowires synthesized incompletely when Ga content was 

larger than 30%. Also, a significant increase in Ga content (> 30%) in nanowires 

converted the crystalline phase of Ni to an amorphous phase.22  

The structural, elastic and mechanical properties of NiGa intermetallic 

compounds were studied for a range of potential applications such as structural 

materials.23 According to the analysis of the shear modulus (G), the Young modulus (E) 

and the Poisson ratio (σ) for NiGa compound, the authors indicated that the NiGa 

compound was mechanically stable up to 13 Gpa. They concluded that NiGa compound 

is high elastic anisotropy at different pressures and it is ductile in nature.23  

The industrial catalysts of metal alloy nanoparticles (NPs) are often synthesized 

on a high surface area 3D support. The in-situ synthesis of NiGa alloy nanoparticles was 

studied using an environmental transmission electron microscope (ETEM), where nitrate 

salt solutions were used to develop a less complex synthetic approach on a 2D support.24 
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Three different ways of preparing NiGa NPs were performed to disperse the solution on a 

2D support, which are drop casting (d.c) followed by drying in air (NiGaair), d.c followed 

by a spin coat step (NiGaspin), and d.c followed by a freeze-drying step (NiGafreeze). The 

study suggests that NiGafreeze has similar coverage and particle size distribution compare 

to 3D supported catalysts. Freeze-drying was determined to be the best method to make a 

homogeneous dispersion of NPs on the 2D model catalyst.24  

 A new binary phase diagram of Ni-Ga in the Ga-rich part was determined by 

powder X-ray diffraction (PXRD), differential thermal analysis (DTA), metallography 

and electron probe microanalysis (EPMA).25 The peritectic reaction Ga3Ni2 + L → 

Ga7Ni3 occurred at 369 oC, and GaNi + L → Ga3Ni2 occurred at 950 oC. Furthermore, the 

enthalpies of mixing liquid Ga-Ni were studied at various temperatures, suggesting that 

the system exhibits strong exothermic for all temperatures and concentrations. The 

minimum enthalpy for the entire range of Ga-Ni concentrations is ~35 kJ/mole at 52 at.% 

Ni.25 

 The synthesis of NixGay nanoalloy particles from organometallic precursors 

[Ni(COD)2] and GaCp* (Cp* ¼ pentamethylcyclopentadienyl) was studied for the 

straightforward formation of nanoalloys and alkyne semi-hydrogenation as catalysts.26 

The soft wet-chemical preparation of  Ni/Ga materials yields the nanocrystalline powder 

materials which are NiGa, Ni2Ga3 and Ni3Ga. The ionic liquid [BMIm][BF4] as a non-

conventional solvent can stabilize the nanoparticles during the reaction compare to 

conventional solvents such as hexadecylamine (HDA). For the catalytic semi-

hydrogenation of alkynes to alkenes/alkanes with NiGa, the conversion rates of 1-octyne 
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and diphenylacetylene (tolan) to 1-octene and diphenylethylene was ~90%, and the 

selectivity was ~94% and ~87%, respectively.26 

1.2 Introduction to MOFs for mechanical properties test 

1.2.1 Metal-Organic Frameworks 

Metal-Organic Frameworks (MOFs) consist of metal ions and organic ligands. It 

is a type of coordination organometallic polymer system containing metal cation nodes 

linked by organic ligands, with a unique feature that they are porous.27,28 The nm-sized 

pores in MOFs provide many potential applications in catalysis, gas separation and 

sensing.29 An advantage of this type of porous materials is their highly tunable properties 

of size and functionality.30 Consequently, the study in this area concentrates on 

responsive and flexible frameworks. 

1.2.2 MIL-53(Al) 

 MIL-53(M) is a well-studied flexible MOF where M is the metal.31,32,33 The 

general MIL-53 chemical structure is [M(BDC)(OH)]n (bdc = 1,4 benzenedicarboxylate, 

and M = Al, Fe, Cr, Sc,Ga,In).34 BDC is the organic linker, which can connect to 

different metals. The aluminum-based MIL-53(Al) has been widely studied due to its 

excellent breathing effect and thermal stabilities.35,36 MIL-53(Al) has been synthesized by 

a hydrothermal process using Al(NO3)3·9H2O as the metal source and 1,4-

benzenedicarboxylate (H2BDC) as the organic linker at 220 oC for 3 days.35 The as-

synthesized form (MIL-53(Al)-as) contained disordered BDC molecules with pore 

dimensions 7.3 x 7.7 Å2. The calcined form (MIL-53(Al)-ht) has empty pores with 

dimensions 8.5 x 8.5 Å2 after thermal activation at 275 oC. Cooling to room temperature 

caused the pores to shrink to 2.6 x 13.6 Å2, resulting in the low-temperature form (MIL-
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53(Al)-lt).35 This is due to reversible water absorption from the air, and it establishes the 

hydrogen bonds between water molecules and hydrophilic part of the frameworks.35 The 

large breathing effect observed for MIL-53(Al) is due to changes in hydrogen bonding. 

1.2.3 Mechanical properties of MOFs 

 MOF mechanical properties play an important role in regards to structural 

flexibility and framework breathing.37 In this study, we are investigating the elasticity of 

MOFs by measuring the Young’s modulus. Amplitude modulation and frequency 

modulation (AMFM) in the AFM system is able to map Young’s modulus of a material 

surface. The goal is to produce a thin film of MIL-53(Al) MOFs, which is flat enough for 

reproducible and consistent mechanical measurements using AFM. 

1.2.4 MOFs thin films Fabrication 

MOFs was usually synthesized by solvothermal conditions.35,38 These reactions 

are performed in a sealed vessel at temperatures higher than the normal boiling of the 

solvent and under autogenous pressure. Alternatively, the synthesis of MOFs by 

microwave heating provides the advantages of shorter reaction time, control of crystallite 

size, and good phase selectivity.39,40  

There are several different ways to fabricate MOF thin film.41 First, direct growth 

from solvothermal mother solution of MOFs material. Second, the assembly of 

nanocrystals. Third, layer by layer growth on the substrate. The surface functionality of 

the substrate is critical for successful film growth.38,42 In this study, we focused on the 

first method by using a microwave to make the mother solution of MOFs. To form a 

stable thin film of MOFs on the substrate, a self-assembled organic monolayer (SAM) 

such as MHDA [16- mercaptohexadecanoic acid, HS(CH2)15COOH], was used to direct 
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the nucleation, orientation, and the structure of the MOFs.38,43 The substrate needs to be 

first functionalized with an organic layer of SAMs, which will mimic the ligands used in 

solvothermal synthesis.44 The directed heterogeneous nucleation on the SAMs is possible 

if the mother solution of MOFs contains secondary building units (SBUs), which is the 

supramolecular arrays [metal(solv)n+].45,46 Ideally, the substrate will form dense, oriented 

MOF thin films on the substrate.36 

SAM Structure: MHDA, 16- mercaptohexadecanoic acid, HS(CH2)15COOH 

 

FIG. 1.2.1. A schematic of the MHDA SAMs.47 

Layer by layer method has been developed to grow MOFs on functionalized 

organic surface such as COOH, OH and pyridine terminated surfaces.48 The connection 

between the SBUs and metal clusters can form a homogeneous film on the substrate. The 

procedure for the growth of MOFs is shown in FIG. 1.2.2. The gold substrate is first 

functionalized with a SAM. The approach is completed by first immersion in the solution 

of the metal precursor [M2(CH3COO)2.H2O (M = Cu or Zn)] ethanol solution for 30 mins 

and subsequently immersion in a 0.1 nM of the organic ligands for 60 mins at room 

temperature. The substrate should be rinsed with ethanol and dried in a noble gas 
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between each immersion step. The thickness of the MOF thin film depends on the 

number of immersion cycles.48 

 

FIG. 1.2.2. A schematic of layer-by-layer approach for the growth of the MOFs on a SAM 

functionalized Au substrate.48 

Chapter 2: Experimental 

2.1 Preparation of NiGa thin films 

2.1.1 Overview of deposition of NiGa thin films 

All nickel gallium films were deposited using radio frequency (RF) magnetron 

sputtering from an alloy target (Ni/Ga: 50/50 at. %, 3-inch diameter) in a high vacuum 

sputter chamber (AJA International, Inc.). The sputter chamber was evacuated to a base 

pressure of ~5x10-7 Torr prior to deposition. Nickel gallium films were deposited onto 2 

x 2 cm2 n-type Si (100) substrates that had 100 nm thermal oxide. The substrates were 

pre-cleaned by acetone, methanol, DI water and then pre-treated with UV ozone for 15 

min. Argon was used during sputter deposition at 5 mTorr and a constant flow rate of 20 

sccm. Pre-sputtering of the target was performed for ten minutes with the shutter closed 

to remove the native oxide from the target surface. We first created a step feature by 

placing a mask on the substrate surface during film deposition. The thickness of sputter-

deposited films was determined by measuring the resultant step height after deposition 
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using Zescope optical profilometer. 200 nm thick NiGa films were deposited with 100 W 

RF power, 12 rpm stage rotation, 300 K substrate temperature, and 44 mm stage height 

using a 3.7 nm/min deposition rate. 

2.1.2 Plasma Process 

Plasmas can be produced by flowing a gas into a vacuum chamber and using 

electric power to excite the gas molecules resulting in a plasma. Different type of gas will 

emit different colors from the plasma. For example, argon emits purple light and nitrogen 

emits orange light. The fundamental property of light emission depends on its discrete 

quantum energy. An electron can be excited within a gas atom and the light will be 

emitted when the electron relaxes back to its ground state. The argon plasma emits purple 

light corresponds to the range of 400-435 nm.49 The plasma is controlled by the gas 

pressure and the electric power. If we put an object at the edge of the plasma, the charged 

particles will bombard the object and etch the atoms from the object surface. [See FIG. 

2.1.3]  
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FIG. 2.1.2. The electrons are introduced after closing the switch, and they are repelled by 

the cathode and traveling to the anode (grounded). The electrons will collide with the 

argon atoms and excite the argon atoms in the path of traveling.50 
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2.1.3 Magnetron Sputtering and Film Deposition 

The magnets behind the cathode are used to create a magnetic field to trap the free 

electrons around the target, and thus enhance the plasma near the target. Alternative 

voltages of radio frequencies are used to avoid charge building up on the target surface. 

The deposition rate depends on argon gas pressure, applied power to the target, substrate-

bias voltage and substrate temperature.51 The deposition rate decreases with an increase 

in gas pressure under constant power. This is due to the shorter mean free path (λ) of the 

atoms traveling in gas before colliding with another gas molecule.51 The gas pressure is 

inversely related to the mean free path:52  

𝜆 =  
1

√2𝜋𝑑𝑜𝑛
=  

𝐾𝑇

√2𝜋𝑑𝑜𝑃
 

where 𝑑𝑜the molecular diameter, n is the gas concentration, and P is the pressure. The 

shorter mean free path leads to higher scattering event between the target atoms and 

argon gas species. Some of the target atoms will scatter away before depositing on the 

substrate.51 Also, the ion flux and the average kinetic energy of the argon ions striking the 

target significantly influence the deposition rate. Both of these effects increase linearly 

with applied power.51 The high ion flux and high energy increase the probability of 

ejecting target atoms, which leads to an increase in the deposition rate.51 Figure 2.1.3 

shows a schematic of magnetron sputtering deposition. 
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FIG. 2.1.3.  Argon ions strike the target atoms. The displaced target atoms travel through 

the plasma. They deposit on the substrate and form a film.50 

 

2.2 Synthesize of MIL-53(Al) and growth of thin films 

2.2.1 Synthesize of MIL-53(Al)  

The MIL-53(Al) was synthesized by using 1 mmol aluminum nitrate nonahydrate 

[Al(NO3)3∙9H2O] and 1.5 mmol 1,4-benzenedicarboxylate acid [C6H4-1,4-(COOH)2], 

which were dissolved in dimethylformamide (DMF). This solution was put into 20 ml 

batch glass vessels.36,40 The batch glass vessels were heated to 140 oC in 90 seconds and 

held at this temperature for 3 hrs using a microwave reactor (CEM MARS Synthesis 

Microwave Reactor). The glass reactors were cooled to room temperature in 15 mins 

using the automated program in the microwave system. The white product was separated 

using a centrifuge and was repeatedly washed with ethanol. It was dried under vacuum at 

170 oC and stored for further characterization. The filtrate solution was used for growth 
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of thin films. Also, a batch chemical reactor synthesis of MIL-53(Al) in an oven was 

performed to obtain the fully crystallized particles for comparison. 

2.2.2 Growth of MIL-53(Al) thin films 

Gold-coated slides were cleaned with acetone, methanol and DI water (AMD 

wash) and then treated for 15 min with UV-Ozone. The cleaned gold slides were 

immersed into a 1 mmol ethanolic solution of 16- mercaptohexadecanoic acid (MHDA 

SAMs) (90 %, Aldrich) and left at RT for 48 h.53 The SAM-functionalized gold-slides 

were placed upside-down on a Teflon support and placed in the previously prepared 

crystallization solution. The growth step took place at RT, 75 oC and 140 oC in a sealed 

glass container for 3 days. A schematic of the experiment is shown below: 

 

FIG. 2.2.2. Illustration of the MIL-53(Al) thin films preparation procedure.38 
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2.3 X-ray Diffraction 

X-ray diffraction (XRD) is a technique to determine the crystal structure of 

materials, the atomic spacing in crystals, and estimate the size and orientation of crystals. 

The Scherrer formula is used to estimate the particle size of crystals from the full width at 

half maximum (FWHM) of their diffraction peaks using the following equation.54,55,56 

𝑡 =  
 0.9λ

𝐵 𝑐𝑜𝑠 (Θ)
 

where t is the crystallite size, which may be smaller or equal to the grain size. 𝜆 is X-ray 

wavelength. B is the FWHM of the peak, which is usually measured in radians. The peak 

width (B) is inversely proportional to crystallite size (t). 

 

 

FIG. 2.3.1. Schematic of grazing-incidence XRD 

X-rays scattered by atoms in an ordered lattice constructively interfere in 

directions given by Bragg’s law. 

𝑛𝜆 =  2𝑑 𝑠𝑖𝑛𝛩 

where n is an integer (1,2,3,…), λ is the X-ray wavelength, d is the spacing between 

atomic planes, and θ is scattering angle. When the path-length difference of the diffracted 

X-ray beams is an integer of λ, the waves will be in a phase for constructive interference. 
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The XRD peaks can be detected only when diffracted X-ray beams stay in constructive 

interference.  FIG. 2.3.2 shows an ordered lattice where constructive interference is given 

by Bragg’s law. 

 

FIG. 2.3.2. Illustration of X-ray interference pattern. 

The reflected X-rays from the second plane travel an extra distance ABC: 

𝐴𝐵𝐶 = 2d sinΘ 

When ABC is an integer number of the X-ray wavelength (λ), the beams that scatter from 

the first plane and the second plane are constructive. The reinforced beams from many 

planes result in a diffraction pattern. If ABC is not an integer number of the x-ray 

wavelength, the two beams are out of phase and they will cancel each other.  

Grazing-incidence X-ray diffraction (GI-XRD) was performed to determine the 

crystalline structure of the films using a Rigaku Ultima IV X-ray diffractometer with a 

Cu Kα (hν = 8.0478 eV) source. All GI-XRD scans were performed with an incidence 



19 

angle (ω) of 1 ± 0.0025o and a stage angle (φ) of 30o with respect to the original position. 

The NiGa sample was oriented to minimize diffraction features from the substrate. 

 The MIL-53(Al) samples were characterized using a Bruker D8 Discover X-ray 

diffractometer with Cu Kα radiation. MIL-53(Al) samples were scanned from 5° to 55° at 

2°/min with a 0.02° increment. The voltage and current on the tube were 40 kV and 40 

mA, respectively.  

2.4 Atomic Force Microscopy  

2.4.1 Atomic Force Microscopy  

Atomic force microscopy (AFM) is used to map the topography of a sample 

surface from a scale range of nanometer to micrometer.57 The top view of the MFP-3D™ 

component of the Asylum AFM system is shown in FIG. 2.4.1. It contains the optical 

detection system and controls the Z piezo function of the cantilever. It has thumbwheel 

adjustments to adjust the laser position and modify the deflection on the sample surface. 

It also contains three independent legs that adjust the height of the head relative to the 

sample. 

 

FIG. 2.4.1 Image of MFP-3D™ head, head shown.58 
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 AFM uses a cantilever with a very sharp tip which is scanned over a sample 

surface. The tapping mode is commonly used to avoid the sample damage due to the 

lateral force exerted on the sample compared to contact mode. As the tip approaches to 

the surface, the attractive force between the tip and the surface causes the cantilever to 

bend towards the surface. When the tip moves close to the surface, such as when the tip 

makes contact with the surface, the repulsive force between the tip and the surface is 

dominant, and causes the cantilever to deflect away from the surface. A laser beam is 

used to monitor the cantilever deflections towards or away from the surface. The 

reflected laser beam is recorded by a four-quadrant photodiode. FIG. 2.4.2 illustrates the 

basic AFM operation procedure, and FIG. 2.4.3 shows how the photodiode detects 

cantilever deflection.

 

FIG. 2.4.2. A schematic of essential AFM detection. The resulting of reflected beam is 

recorded by photodiode. 
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FIG. 2.4.3. Any cantilever deflection will cause slight changes in the direction of the 

reflected beam.59 

 

The surface height features will deflect the cantilever, and the reflected laser light 

is monitored by the photodiode. The feedback loop controls the height of the tip above 

the surface. For tapping mode, the cantilever oscillates just above the surface. The 

oscillations provide the topography feedback, which is used to map the surface features.    

2.4.2 Amplitude modulation and frequency modulation (AMFM) 

 AFM and AMFM images of MIL-53(Al) MOFs were taken with an Asylum 

Research MFP-3D atomic force microscope. AC-160TS-R3 cantilevers were used for 

AFM and AMFM. Scan sizes ranged from 1 to 5 μm and scan rates were 0.5 Hz. A 

Veeco di-Innova atomic force microscope (AFM) was used in tapping mode to determine 

the surface roughness and morphology for NiGa catalysts. 

AMFM mode is one of the operation modes in AFM system.60 AMFM imaging 

combines normal tapping mode (also called AM) and frequency modulation (FM) mode. 

AMFM mode gets image results from the cantilever amplitude and the cantilever 

frequency simultaneously.60 The Amplitude Modulation (AM) provide the topographic 

feedback to map surface height features. The frequency modulation (FM) of the 
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cantilever comes from the interaction between the tip and the sample. It can be converted 

to a quantitative modulus such as elasticity through different mechanical models.60 

2.5 X-ray Photoelectron Spectroscopy 

XPS is used for surface chemical and compositional analysis. X-rays are produced 

when electrons are accelerated into a metal target. FIG. 2.5.1 shows the XPS system we 

used to analyze NiGa catalysts. 

 

FIG. 2.5.1. An XPS image of a Perkin-Elmer Phi 5600 MultiTechnique system with a 

dual-anode X-ray source and monochromatic Al source in Gilbert 106, OSU. 

 

  Atoms have core electrons with specific binding energies that depend on the 

element and the chemical state. When an X-ray beam impinges on the sample surface, the 

energy of the X-ray beam will be absorbed by the core electron of an atom.61 The core 

electron will escape from the atom orbital and travel to vacuum as long as the photon 
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energy is larger than the sum of electron binding energy and work function. The emitted 

electron has the kinetic energy (KE) which satisfy the relationship as shown below:61 

𝐾𝐸 = ℎ𝑣 − 𝐵𝐸 − 𝛷𝑠 

where ℎ𝑣 is the photon energy, BE is the electron binding energy from the core orbital, 

and 𝛷𝑠 is the spectrometer work function. The detail of the photoemission process is 

shown below: 

 

FIG. 2.5.2. An illustration of an electron photoemission process.  

XPS is very surface sensitive due to the short attenuation length (~1-5 nm) of the 

photoelectron. Except at very grazing incident angles the X-ray penetration depth (~1 

μm) is much higher than the photoelectron attenuation length. Since the number of 

photoelectrons emitted from an element depends on the atomic concentration of that 

element at surface, we can determine the element concentration from the peak intensity 

assuming a uniform distribution of atoms in a semi-infinite thick sample:61  
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𝐶𝑥 =  

𝐼𝑥

𝑆𝑥

∑
𝐼𝑖

𝑆𝑖

 

where  𝐼𝑥 is the peak intensity, and 𝑆𝑥 is the atomic sensitivity factor for element x for a 

given peak. XPS spectra were analyzed by using CasaXPS software package. The peaks 

were fit using mixed Gaussian and Lorentzian line shapes and a Shirley background. The 

atomic compositions were determined using atomic sensitivity factors for a Mg Kα X-ray 

source with an angle between the X-ray source and detector set at 54.7o. The sensitivity 

factors were corrected for the system’s transmission function.61 

2.6 Raman Spectroscopy 

Raman spectroscopy is commonly used for material identification using the 

interaction between light and matter.62 There are three types of scattering, which are 

Rayleigh scattering, Stokes scattering, and anti-Stokes scattering. When monochromatic 

light of a certain wavelength shines on a molecule, most of the light bounces off and 

remain unchanged, which is called “Rayleigh Scatter”. A small amount of light is shifted 

to different wavelengths due to different molecular vibrations (these appear as peaks in 

the spectrum) called “Raman scatter”. Each of molecular vibration is unique to their 

chemical structure. We can use reference spectra as a fingerprint of material, and this 

helps us identify the chemical identity of a sample.62 
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3.1 Abstract 

Recent studies have indicated that nickel gallium alloys can be effective for the 

catalytic hydrogenation of CO2 to methanol. To simplify the characterization of NiGa 

catalysts, we are developing model systems using NiGa thin films. We prepared NiGa 

thin films by RF magnetron sputtering using an equiatomic alloy target, followed by 

annealing in ultrahigh vacuum. The resulting films were characterized by atomic force 

microscopy (AFM), X-ray diffraction (XRD), and X-ray photoelectron spectroscopy 

(XPS). AFM data showed that the film roughness and the grain size increased 

significantly as the film was annealed above 700 oC. The XRD patterns indicated that Ni-

Ga thin films were nanocrystalline as deposited and then converted to the Ni13Ga9 phase 

after annealing above 500 oC. XPS was used to determine chemical and thermal 

stabilities by monitoring changes in Ni 2p, Ga 2p, and O 1s spectra. It was found that 

surface segregation of gallium and oxygen occurred after annealing up to 600 oC, 

mailto:greg.herman@oregonstate.edu
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resulting in the formation of a Ga2O3 layer on the NiGa surface. For anneals above 600 

oC, the Ga2O3 XPS signal was reduced in intensity due to desorption of Ga2O3 from the 

NiGa surface. 

3.2 Introduction 

Methanol is most commonly produced from carbon monoxide, carbon dioxide, 

and hydrogen in a catalytic industrial process using a Cu/ZnO/Al2O3 catalyst.1,2,3 The 

industrial Cu/ZnO/Al2O3 catalyst has been optimized for reaction conditions at high 

pressures (50-100 bar) and low temperatures (200 - 300 oC).4 However, Cu/ZnO/Al2O3 is 

not efficient at lower pressures due to excess formation of by-products such as CO.5 New 

catalysts for the methanol synthesis at lower pressures are required for distributed 

production of methanol. 

Bimetallic alloys have attractive properties for heterogeneous catalysis where 

their activity, stability, and selectivity can be tuned by their composition.6,7,8 Recent 

studies have indicated that nickel gallium alloys can be effective catalysts for CO2 

reduction at atmospheric pressure.9,10,11 A volcano plot was used by Studt et al. to predict 

the catalytic activity of different metals by using scaling relations between the oxygen 

adsorption energy and the CO2 hydrogenation rate.9 A steady-state microkinetic model 

was solved by using the scaling relations of the oxygen adsorption energy to generate 

theoretical CO2 hydrogenation rates at ambient pressure. These results indicated that 

elemental metals such as nickel and palladium had either a too strong interaction with 

oxygen, or a too weak interaction with oxygen, respectively. Several Ni-Ga intermetallic 

compounds were modeled to determine the effect of surface alloy composition on oxygen 

adsorption energies. In combination with the theoretical studies, a series of Ni-Ga 
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catalysts were synthesized with different compositions to test activities in a tubular fixed-

bed reactor. The Ni-Ga catalysts had higher activity, selectivity, and stability for CO2 

hydrogenation to methanol at ambient pressure, compared to the standard Cu/ZnO/Al2O3 

catalyst.9  In another study, three different compositions of NiGa films (NiGa, Ni3Ga, and 

Ni5Ga3) were tested for their catalytic activities for the electrochemical reduction of CO2 

to methane, ethylene, and ethane.11 These studies indicated that the various products 

could be obtained by adjusting the electrode potential during CO2 reduction. A range of 

factors influences the activity and selectivity of these reactions, including the molar ratios 

of Ni:Ga, the preparation method, pretreatment conditions, particle sizes, and 

intermetallic phases.  

The chemistry of the surface atoms in a solid dictate catalytic reactivity.12 The 

role of oxygen on poisoning the surface strongly impacts heterogeneous catalytic 

reactivities. In this study, we have deposited NiGa thin films using RF sputter deposition 

and characterized the stability of the films using bulk and surface methods. 

3.3 Experimental 

2.1 NiGa film deposition 

All nickel gallium films were deposited using radio frequency (RF) magnetron 

sputtering in a high vacuum sputter chamber (AJA International, Inc.). The sputter 

chamber was evacuated to a base pressure of ~5x10-7 Torr prior to deposition. Nickel 

gallium films were deposited onto 2 x 2 cm2 n-type Si (100) substrates that had 100 nm 

thermal oxide using an alloy target (Ni/Ga: 50/50 at. %, 3-inch diameter). The substrates 

were pre-cleaned by acetone, methanol, DI water and then pre-treated with UV ozone for 

15 min. Argon was used during sputter deposition at 5 mTorr and a constant flow rate of 
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20 sccm. Pre-sputtering of the target was performed for ten minutes with the shutter 

closed to remove the native oxide from the target surface. 200 nm thick NiGa films were 

deposited with 100 W RF power, 12 rpm stage rotation, 300 K substrate temperature, and 

44 mm stage height giving a 3.7 nm/min deposition rate. 

2.2 NiGa film characterization  

       The thickness of the NiGa films was determined using a ZeScope optical 

profilometer by measuring the step height on a masked substrate. The surface roughness 

and morphology were determined by a Veeco di-Innova atomic force microscope (AFM) 

using tapping mode. Grazing-incidence X-ray diffraction (GI-XRD) was performed to 

determine the crystalline structure of the films using a Rigaku Ultima IV X-ray 

diffractometer with a Cu Kα (hν = 8.0478 eV) source. All GI-XRD scans were performed 

with an incidence angle (ω) of 1 ± 0.0025o and a stage angle (φ) of 30o with respect to the 

original position. The NiGa sample was oriented to minimize diffraction features from 

the substrate. 

X-ray photoelectron spectroscopy (XPS) was performed using a Perkin-Elmer Phi 

5600 MultiTechnique system with a Mg Kα X-ray source (hν = 1254 eV) and a base 

pressure of 2x10-10 Torr. The binding energy (EB) scale of the spectrometer was 

calibrated to Au 4f7/2 at 84.0 eV and Cu 2p3/2 at 932.7 eV. The NiGa films were initially 

argon ion sputtered for ten minutes to remove the native surface oxide, followed by in-

situ annealing to 300 oC, 400 oC, 500 oC, 600 oC, 700 oC, and 800 oC for 15 mins. The 

sputter and annealing process were performed in-situ to minimize surface contamination. 

Each spectrum was obtained after the sample cooled down to less than 100 oC. The data 

was obtained using a 45o emission angle with respect to the sample surface normal and a 
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29.4 eV analyzer pass energy. XPS spectra were analyzed by using CasaXPS software 

package. The peaks were fit using mixed Gaussian and Lorentzian line shapes and a 

Shirley background. The atomic compositions were determined from the peak intensity 

assuming a uniform distribution of atoms in a semi-infinite thick sample, and using 

atomic sensitivity factors for a Mg Kα X-ray source with an angle between the X-ray 

source and detector set at 54.7o. The sensitivity factors were corrected for the system’s 

transmission function.13 

3.4 Results and Discussions 

3.1 X-ray diffraction 

XRD was used to determine the bulk crystal structure of the NiGa films for a 

range of annealing conditions. In FIG. 1 grazing-incidence XRD patterns are shown for 

the as-deposited film and films annealed between 300 oC to 800 oC. The XRD pattern of 

the as-deposited film had a narrow peak for 2θ ~ 44.6o, which corresponds to the (110) 

reflection of the β-NiGa phase.9,10,14 Increasing the annealing temperature resulted in a 

shift of the diffraction peak to higher 2θ. This shift suggests that the as-deposited samples 

contained many defects and annealing resulted in a contraction of the lattice, causing the 

peak to shift to higher 2θ.15 A new crystalline phase of the NiGa film started to form 

when the annealing temperature reached 500 oC. XRD indicate that NiGa converted to 

the Ni13Ga9 crystalline phase after annealing above 700 oC.16,17 Recent studies indicated 

that four stable NiGa phases could exist at 700 oC, which includes Ni3Ga, Ni13Ga9, NiGa 

and Ni2Ga3.
16 These results indicate that a phase transition from NiGa to Ni13Ga9 is 
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possible when annealing to 700 oC, which may be due to the loss of Ga at higher 

annealing temperatures. 

 

FIG. 1. GI-XRD patterns for an as-deposited 1:1 NiGa film and after a 15 min post-anneal 

in ultrahigh vacuum. Reference data for GIXRD patterns were taken from ICSD no. 

103854 (NiGa) and 103866 (Ga9Ni13).  

The average crystallite size in the NiGa films was estimated using the Scherrer 

equation.18,19,20 For this analysis, the peak at 2θ ~ 66o was used and the results are 

summarized in Table 1. The Scherrer analysis indicated that annealing the films in 

ultrahigh vacuum led to a significant increase in crystallite size. 
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TABLE I. The NiGa crystallite sizes were analyzed by Scherrer equation based on the 2θ 

peak position at ~66 degrees. The Scherrer constant K was assumed to be 1. 

Anneal 

Temp(oC) 

Peak  Position 

(deg) 

FWHM 

(deg) 

 Crystallite 

Size (Å) 

RT 65.7 1.82 57.7 

300 65.9 1.71 61.5 

400 66.1 1.36 77.4 

500 66.2 1.14 92.4 

600 66.3 0.90 117.1 

700 66.3 0.77 136.9 

800 66.4 0.83 127.0 

 

3.2 Atomic force microscope  

 AFM was used to collect images of NiGa films and evaluate the surface 

roughness for a range of annealing conditions. FIG. 2(a) shows AFM images where the 

lowest and highest points of the NiGa surface were mapped to a common z-scale. The as-

deposited film had smooth surfaces without distinguishing features. Annealing between 

300-700 oC did not significantly change the images, while annealing to 800 oC led to the 

formation of large grains on the surface. The root-mean-square roughness was measured 

at three different spots on each film over a 5 x 5 µm2 region. FIG. 2(b) shows the film 

roughness versus annealing temperature. A small increase in roughness (~0.4 nm) was 

observed for annealing temperature up to 700 oC. There was a significant increase in 

roughness after annealing to 800 oC due to grain enlargement. 
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a)                                                                                          b) 

  

FIG. 2. (a) AFM images and (b) AFM RMS roughness versus temperatures, for NiGa 

films, annealed at different temperatures in ultrahigh vacuum. 

3.3 X-ray photoelectron spectroscopy 

To characterize the surface composition and chemical states of the NiGa films, 

XPS spectra were obtained for the Ni 2p, Ga 2p, and O 1s core levels. 
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Ni 2p spectra. The Ni 2p spectra were obtained to investigate the nickel content 

and chemical state in the NiGa films. In FIG. 3(a), we show Ni 2p spectra for various 

NiGa sample treatments. The two broad peaks at binding energy (EB) of 852.7 eV and 

869.9 eV correspond to the metallic nickel spin-orbital split Ni 2p3/2 and Ni 2p1/2, 

respectively. The EB of the Ni 2p peaks for the NiGa intermetallic are very close to 

literature values for Ni of 852.9 eV (±0.1 eV) and 870.1 eV (±0.1 eV).21,22 The as-

deposited film had a native oxide layer and significant carbon contamination at the 

surface which results in the low relative intensity observed for the spectrum. After 

sputtering with argon ions for ten minutes, no evidence of carbon surface contamination 

was present and the intensity of the Ni 2p increased significantly. For the annealed and 

as-deposited films, there was no binding energy peak shift for the Ni 2p. However, the 

intensity of the Ni 2p peaks were found to vary significantly with annealing temperature. 

No evidence for the formation of nickel oxide was observed due to lack of multiplet 

states in Ni 2p spectra.21,22,23 

Ga 2p spectra. The XPS spectra of Ga 2p are shown in FIG. 3(b) for the same 

NiGa samples from FIG 3(a). For the as-deposited film and the 600 oC annealed film, the 

main Ga 2p3/2 EB was at 1118.2 eV, which corresponds to Ga2O3.
24 For the other films, 

the main Ga 2p3/2 EB was at 1116.3 eV, which is associated with metallic Ga in Ni-Ga 

alloys.25 The Ga 2p had a high binding energy shoulder for films annealed up to 500 oC, 

where the Ga3+ to Gao ratio increased at higher anneal temperatures. This is related to the 

oxidation of gallium metal to Ga2O3 at the surface. These results show that gallium has a 

higher affinity to oxygen compared to Ni and this results in the formation of Ga2O3 for 

annealing temperatures up to 700 oC. Since the films were annealed in ultrahigh vacuum, 
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we believe that the residual oxygen comes from the bulk of NiGa films, which is 

incorporated during the magnetron deposition process. 

O 1s spectra. In FIG. 3(c), the dominant peak of the as-deposited sample is located 

at ~532.1 eV. This is most likely due to the hydroxylation and carbonation of the film 

through adsorbed oxygen species on the NiGa films.26 The EB = 530.6 eV, can be 

assigned to the O2- formal charge, and several other oxidation states may be present on 

the surface. For the sputtered samples from RT to 600 oC, the peak at 531.0 eV is due to 

oxygen in Ga2O3.
24 We found that all the surface oxygen disappeared when the NiGa 

films were annealed to 800 oC.  

Atomic Concentrations. The thermal stability of the NiGa films was determined 

through in-situ annealing under ultrahigh vacuum. FIG. 3(d) indicates that the nickel 

concentration decreases while the gallium and oxygen concentrations increase for 

annealing temperatures up to 600 oC. During annealing Ga and O segregate to the surface 

to reduce the surface energy. This is often seen for metal alloys, as well as segregation of 

surface impurities in metals, such as carbon and oxygen.27 In this study, we find that 

gallium and oxygen segregate to the surface upon annealing up to 600 oC. This leads to 

the formation of Ga2O3 at the surface since gallium is more reactive to the oxygen than 

nickel.23,24 The atomic concentrations of Ni increase for anneals > 600 oC, while there is a 

reduction in the O concentration. We observe a decrease in the surface oxide (Ga2O3) 

after annealing to 600 oC as indicated by the change in the Ga 2p spectra shown in FIG. 

3(b). The main Ga 2p3/2 peak position for the 600 oC annealed film is located at 1118.2 

eV which corresponds to the Ga-O bond.24 The Ga 2p peak shifted to lower EB at 1116.3 

eV when annealing above 600 oC, indicating metallic Ga.25 At temperatures ≥700 °C, the 
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Ga2O3 surface oxide layer desorbs from the surface. As shown in FIG. 3(d), the 

concentration of nickel increases for anneals greater than 600 oC. The gallium content 

increases continuously because the gallium atoms segregate to the surface during 

annealing, and the Ga2O3 surface oxide layer is reduced to solid Ga and gaseous oxygen 

and form the strong Ni-Ga intermetallic bond at the surface. It results in an atomic 

composition difference between the surface (Ni50Ga50) and the bulk (Ni13Ga9) for the 800 

oC anneal. Other studies have reported that the in-situ annealing of nanoparticles under 

vacuum can eliminate surface oxides through thermal desorption.28,29,30 
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FIG. 3. XPS spectra of in-situ NiGa annealing films from room temperature to 800 oC for 

(a) Ni 2p, (b) Ga 2p and (c) O 1s. All spectra (other than bottom most) obtained after 

sputtering off the native oxide layer prior to annealing. (d) shows the atomic 

concentration changes after annealing to various temperatures. 

 The theoretical activity volcano curve presented by Studt et al. was used to 

predict the catalytic activity of different elements and alloys as a function of the oxygen 

adsorption energy. It was determined that scaling relations existed between the oxygen 

adsorption energy and transition-state energies of CO2 hydrogenation rates. The optimum 

catalytic activity for CO2 hydrogenation was having neither a strong nor a weak 

interaction with oxygen. In our study, we found that oxygen had different effects on the 

NiGa films depending on the annealing temperatures. We found that up to 600 oC that 

both gallium and oxygen segregate to the surface, and Ga2O3 is formed. This can lead to 

surface poisoning of the NiGa surface and inhibit the catalytic activity. It would be useful 

to characterize the NiGa surface under reaction conditions to determine the role of Ga2O3 

in the CO2 hydrogenation reactions. 

3.5 Summary and conclusions 

Characterization of in-situ annealed NiGa films was performed to determine the 

chemical and structural stability. XRD results indicated that the as-deposited Ni-Ga films 

were nanocrystalline, and that a transition to the Ni13Ga9 phase occurred for films 

annealed up to 500 oC or higher. AFM data showed that the morphology and roughness of 

the nanocrystalline NiGa films changed abruptly after annealing to 800 oC. XPS results 

indicated that gallium and oxygen segregate to the surface, forming a Ga2O3 layer at the 

surface. The Ga2O3 film reached a maximum in XPS intensity after a 600 oC anneal. For 

higher annealing temperatures, the Ga2O3 was found to desorb from the surface. The 
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formation of Ga2O3 at the NiGa surface and the ultimate desorption may indicate issue 

that may limit long term stability of NiGa catalysts.  
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Chapter 4: Deposition and Characterization of MIL-53(Al) Thin Films 
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4.1 Abstract 

The ability to control the size and shape of porous materials is of considerable 

interest, where controllably modulating pore size may allow trapping and releasing 

molecules in the pores. MIL-53(Al) is a flexible metal organic framework (MOF) 

material with large breathing effect, which may be useful for these applications. In this 

study, MIL-53(Al) was successfully synthesized by a microwave reactor. To grow thin 

film MIL-53(Al), a Au surface was treated with an organic self-assembled monolayer 

(SAM). Isolated MIL-53(Al) particles were formed on the SAM-functionalized Au 

substrate by using the mother solution from the MW-assisted growth of MIL-53(Al). 

These thin films were studied by AFM, XRD and Raman spectroscopy. 
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4.2 Introduction 

Metal-Organic Frameworks (MOFs) consist of metal ions and organic ligands. It 

is a type of coordination organometallic polymer system containing metal cation nodes 

linked by organic ligands, with a unique feature that they are porous.1,2 The nm-sized 

pores in MOFs provide many potential applications in catalysis, gas separation and 

sensing.3 An advantage of this type of porous materials is their highly tunable properties 

of size and functionality.4 Consequently, the study in this area concentrates on responsive 

and flexible frameworks. 

 MIL-53(M) is a well-studied flexible MOF where M is the metal.5,6,7 The general 

MIL-53 chemical structure is [M(BDC)(OH)]n (bdc = 1,4 benzenedicarboxylate, and M 

= Al, Fe, Cr, Sc,Ga,In).8 BDC is the organic linker, which can connect to different 

metals. The aluminum-based MIL-53(Al) has been widely studied due to its excellent 

breathing effect and thermal stabilities.9,10 MIL-53(Al) has been synthesized by a 

hydrothermal process using Al(NO3)3·9H2O as the metal source and 1,4-

benzenedicarboxylate (H2BDC) as the organic linker at 220 oC for 3 days.11 The as-

synthesized form (MIL-53(Al)-as) contained disordered BDC molecules with pore 

dimensions 7.3 x 7.7 Å2. The calcined form (MIL-53(Al)-ht) has empty pores with 

dimensions 8.5 x 8.5 Å2 after thermal activation at 275 oC. Cooling to room temperature 

caused the pores to shrink to 2.6 x 13.6 Å2, resulting in the low-temperature form (MIL-

53(Al)-lt).11 This is due to reversible water absorption from the air, and it establishes the 

hydrogen bonds between water molecules and hydrophilic part of the frameworks. The 

large breathing effect observed for MIL-53(Al) is due to changes in hydrogen bonding.11 
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 MOF mechanical properties play an important role in regards to structural 

flexibility and framework breathing.12 In this study, we are investigating the elasticity of 

MOFs by measuring the Young’s modulus. The goal is to produce a thin film of MIL-

53(Al) MOFs, which is flat enough for reproducible and consistent mechanical 

measurements using AMFM. 

4.3 Experimental 

The MIL-53(Al) was synthesized by using 1 mmol aluminum nitrate nonahydrate 

[Al(NO3)3∙9H2O] and 1.5 mmol 1,4-benzenedicarboxylate acid [C6H4-1,4-(COOH)2], 

which were dissolved in dimethylformamide (DMF). This solution was put into 20 ml 

batch glass vessels. The batch glass vessels were heated to 140 oC in 90 seconds and held 

at this temperature for 3 hrs using a microwave reactor (CEM MARS Synthesis 

Microwave Reactor). The glass reactors were cooled to room temperature in 15 mins 

using the automated program in the microwave system. The white product was separated 

using a centrifuge and was repeatedly washed with ethanol. It was dried under vacuum at 

170 oC and stored for further characterization. The filtrate solution was used for growth 

of thin films. Also, a batch chemical reactor synthesis of MIL-53(Al) in an oven was 

performed to obtain the fully crystallized particles for comparison. 

Gold-coated slides were cleaned with acetone, methanol and DI water (AMD 

wash) and then treated for 15 min with UV-Ozone. The cleaned gold slides were 

immersed into a 1 mmol ethanolic solution of 16- mercaptohexadecanoic acid (MHDA 

SAMs) (90 %, Aldrich) and left at RT for 48 h.10 The SAM-functionalized gold-slides 

were placed upside-down on a Teflon support and placed in the previously prepared 
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crystallization solution. The growth step of MIL-53(Al) thin films took place at 140 oC in 

a sealed glass container for 3 days. 

4.4 Results and Discussions 

4.3.1 Synthesis of MIL-53(Al) 

FIG. 4.1.1 shows the powder X-ray diffraction patterns (PXRD) for bulk MIL-

53(Al) particles for several reaction conditions. The powder XRD pattern indicated that 

both of microwave and batch chemical reactor successfully synthesized the MIL-

53(Al).13,11 The MIL-53(Al) particles synthesized in the batch chemical reactor were fully 

crystallized. The reactions performed in the microwave for short times formed smaller 

crystallites as indicated by peak broadening. 

 

FIG. 4.3.1. The PXRD of the bulk MIL-53(Al) particles after thermal activation at 170 oC 

under vacuum overnight. 
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4.3.2 SAMs Characterization 

XPS was used to characterize the SAMs composition, chemical states, and 

concentration on the surface. MHDA SAMs were absorbed onto a gold substrate where 

the thiol bonded to the gold and the (–COOH) groups terminated the surface. FIG. 4.3.1 

shows C1s region for MHDA SAMs after different immersion time with the C-H 

component at ~284.9 eV, the C-O component at ~285.6 eV, and the C=O component at 

~289.3 eV.14 The surface compositions of the MHDA SAMs with XPS at 45o emission 

angle are summarized in TABLE I. The composition results suggest that 24hrs immersion 

time is sufficient to form a complete monolayer of MHDA.15 For 48 hrs and 96 hrs, we 

suggest that the Au surface formed partial second layers of SAMs by forming hydrogen 

bonds between the bound thiolate on the substrate and free thiols in the MHDA solution, 

as indicated by the increase of oxygen composition.16 

 

TABLE II. XPS-Analyzed surface composition of the MHDA COOH SAMs on the gold 

substrate.15 

 

 

24hrs 48hrs 96hrs

C_1s 66.88 66.39 66.03

Au_4f 19.51 13.96 16.13

O_1s 11.38 17.44 15.65

S_2p 2.23 2.21 2.19

XPS Atomic (%) with 45o emission angle
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FIG. 4.3.2. The XPS spectrum of MHDA SAMs on the gold substrate. 

4.3.3 Growth of MIL-53(Al) thin films  

After contacting the MHDA treated substrates with the filtrated MIL-53(Al) 

solution, we found large chunks of particles (μm size) formed on the surface. FIG. 4.4.3 

shows a microscale and a nanoscale of the particles on the substrate surface. During this 

process, the Au substrate surface was covered by an opaque film which might be due to 

the formation of intermediate species on the surface. To identify the material nucleated 

on the gold substrate in the MOF studies, reference spectra were obtained for bulk MIL-

53(Al) particles as shown in FIG. 4.3.4. These big particles were identified by comparing 

reference spectra from the bulk MIL-53(Al) particles.17 We concluded that MW-
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synthesized MIL-53(Al) solution was able to form isolated MIL-53(Al) particles on the 

substrate. However, a uniform MIL-53(Al) thin film was not successfully formed.   

 
FIG. 4.3.3. A microscope image (left) and a nanoscale image (right) of MIL-53(Al) 

particles on the SAMs-functionalized Au substrate. 
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FIG. 4.3.4. The Raman spectrum of MIL-53(Al) bulk particles and nucleated particles on 

the SAMs-functionalized Au substrate. 

 

4.3.4 MIL-53(Al) particles elasticity measurements  

AMFM was performed to measure Young’s modulus of the MIL-53(Al) particles 

on the Au substrate. The elastic modulus of the particle was mapped to a color bar as 

shown in FIG. 4.3.5. The average value of the particle elasticity is 2.6 MPa based on the 

elasticity calibration value in the system. The average elastic value of aluminum thin film 

was also measured (5.5 MPa) for scaling up the value for the MOFs particles, and the 

literature value is 69 GPa.18 The elastic modulus of MIL-53 is highly anisotropic with 

elastic moduli values range from 0.9 GPa to 94.7 GPa.19 The calculated elastic modulus 

for our MOFs particles is 32.6 GPa.  

 
 

FIG. 4.3.5. This is the AMFM elasticity 1x1 μm2 image for one of the big MIL-53(Al) 

particles on the Au substrate. 
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4.5 Summary and Conclusion 

MIL-53(Al) was investigated to grow a thin film on the Au substrate for the 

mechanical property test. XRD results indicated that the MIL-53(Al) was successfully 

synthesized by the microwave reactor. XPS results indicated that one monolayer of 

MHDA SAMs was formed on the Au surface for 24 hrs immersion. Raman Spectra 

indicated that isolated MIL-53(Al) particles were formed on the SAM-functionalized Au 

substrate by using the mother solution from the MW-assisted growth of MIL-53(Al). To 

form a thin film of MIL-53(Al) particles, the concentration of the nucleation solution 

required to be modified, as well as the growth temperature. 
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that gallium and oxygen segregate to the surface, and gallium readily reacts with oxygen. 

Surface poisoning can occur by the formation of Ga2O3 and which can inhibit the 
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analyzed to find the optimal Ni and Ga composition to improve CO2 reduction efficiency. 

Isolated MIL-53(Al) particles were formed on the SAM-functionalized Au 

substrate by using the mother solution from the MW-assisted growth of MIL-53(Al). To 
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