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Abstract 

I 

Abstract 

My thesis focuses on metal and metal oxide clusters embedded in surface-mounted 

metal organic frameworks (SURMOFs). Metal organic framework (MOF) thin films 

were grown on functionalized substrates using liquid phase epitaxy (LPE) process, 

thus forming SURMOFs. LPE technique can well control the thickness (normally in 

nanometer range) of the MOF thin film when a layer-by-layer growth method is used. 

Loading of metal ions, clusters, or nanoparticles (NPs) inside the SURMOFs does not 

only change the crystal structure of the host material but also modifies its properties. 

Choosing appropriate nucleation sites in the MOFs is a crucial step and directly 

influences the interaction and reaction of the loaded metal–precursor species.  

The first strategy was to load metal-precursor from the solution, e.g., triphenyl- 

bismuth, into the pores of HKUST-1. In this method, the metal ions entered and were 

adsorbed on the phenyl ring of the ligands. However, the crucial factors were 

temperature, concentration, metal species, and solvent. A thorough theoretical 

calculation using classical force-field-based simulations analysis was performed to 

determine the possible number and position of metal species in the MOF. The results 

were found to be in full agreement with the experimental results. This structure was 

first stabilized by the pronounced dispersive interaction between La3+ or Bi3+ ions and 

the phenyl ring of the ligand. Then, the metal precursors in MOFs can be 

decomposed to form cluster or small NPs within the MOF network. Therefore, MOFs 

are an excellent template to limit the particle growth and impede the agglomeration 

process. 

The second approach was to utilize a functionalized ligand to increase the number of 

nucleation centers. The functionalized ligand does not change the crystal structure of 

the host materials, but improves their adsorption ability for metal ions. Ligand 

functionalized with sulfur and alkene side-chain were investigated and used to 

prepare a pillar-layer SURMOF [Cu2(atBDC)2(dabco)]. The results reveal that the 

sulfur- and alkene- functionalized side-chains improved the adsorption ability of 

metal clusters, but simultaneously hinder the diffusion of the precursor molecules. 

The last approach is to use open coordination sites (OCSs) at the metal center as 

nucleation center. Among the MOFs, those with OCSs at the metal center exhibit 

effective adsorption of small organic molecules. A metal complex with small organic 

molecules is required to effectively link the metal ion with the OCSs. In this study, 

volatile metal-organic precursors, such as [Au(CO)Cl], were loaded into an open MOF 

framework containing OCS sites, namely HKUST-1. 
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Zusammenfassung 

Diese Arbeit fokussiert auf die Herstellung von Metall- und Metalloxidischen Cluster 

sowie Nanopartikeln in Metallorganischen Gerüstmaterialien (SURMOFs). Dünne 

MOF Schichten können auf funktionalisierten Substraten aufgewachsen werden 

durch den Prozess der Flüssigphasenepitaxie (LPE). Die LPE-Technik kann auch die 

Dicke (in der Regel im Nanometerbereich) des MOF Films mittels Verwendung eines 

Schicht-für-Schicht-Wachstumsverfahren steuern. Durch die Beladung von 

Metallionen, Cluster oder Nanopartikel der SURMOFs wird nicht nur die 

Kristallstruktur des Wirtsmaterials (SURMOF) verändert, sondern auch die 

Eigenschaft solcher NP@SURMOF Filme. Die gezielte Verwendung aktiver Stellen in 

der metallorganischen Gerüstverbindungen (MOFs) ist wichtig, da die Beladung 

sowie die Anzahl und Art der molekularen Precursoren gesteuert werden kann.   

Eine erste nützliche Strategie zum Beladen von Metall-Precursoren, ist 

Phenyl-Liganden als aktive Stellen zu verwenden. Bei diesem Verfahren werden die 

Metallionen an der Phenylgruppe des Liganden adsorbiert. Dies ist jedoch ein 

stochastischer Prozess und die Haupteinflußfaktoren der Methode sind Temperatur, 

Konzentration sowie das verwendete Lösungsmittel. Theoretische Berechnungen mit 

klassischen Kraftfeld Rechnungen auf Basis von Monte Carlo Simulationen wurden 

auf der Grundlage der möglichen Anzahl sowie der Lage der Metallspezies im MOF 

durchgeführt. Die theoretischen Ergebnisse konnten in guter Ü bereinstimmung mit 

experimentellen Ergebnisse gefunden werden. Diese Struktur wird zum einen durch 

die ausgeprägte dispersive Wechselwirkung zwischen den La3+- und Bi3+-Ionen sowie 

dem Phenylring des Liganden stabilisiert. Anschliessend, können die beladenen 

Metall-Precursoren zersetzt werden, wobei sich kleine Cluster oder Nanopartikel 

(NPs) bilden. MOFs sind daher ausgezeichnete Template, um das Partikelwachstum 

zu steuern sowie die Agglomeration der hergestellten Cluster/Partikel zu verhindern. 

Bei einem zweiten Ansatz wurden funktionalisierte MOF-Liganden verwendet, um 

die aktive Stellen in MOFs zu erhöhen. Die verwendeten funktionalisierte 

MOF-Liganden ändern nicht die Kristallstruktur des Wirtsmaterialien (SURMOF), 

verbessern aber die Adsorptionsfähigkeit für Metallionen. In dieser Arbeit wurden 

funktionalisierte MOF-Liganden mit aktiven Schwefel und Alken-Seitenketten 

untersucht. Weiterhin wurde dadurch ein Pilliard (Säule-Schicht) SURMOF 

[Cu2(atBDC)2(dabco)] aufgebaut. Die Ergebnisse zeigen, dass Schwefel und 

Alken-Seitenkette in MOF-Liganden die Adsorptionsfähigkeit für Metallionen/cluster 

erhöhen aber zugleich die Diffusion erschweren. 

Bei dem letzten Ansatz handelt es sich um die Verwendung der offenen 

Koordinationsstellen (OCSs) an den Metallzentren im MOF-Gitter als aktive Stelle zur 
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Anbindung von Precursoren. Unter vielen MOF-Strukturen konnte aufgezeigt werden, 

dass kleine organische Moleküle mit OCSs wechselwirken oder adsorbiert werden. 

Um freien Metallionen oder Metal-Precursoren effektiv mit OCSs zu verknüpfen, wird 

ein Metall-Komplex mit niedermolekularen organischen Verbindungen aufgebaut. 

Hierbei beluden wir aus der Gasphase das leichtflüchtige Molekül [Au(CO)Cl] in den 

SURMOFs welcher an die freien OCSs des HKUST-1 SURMOFs anbindet. 
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1 Introduction 

1.1  Metal organic frameworks (MOFs) 

Inorganic porous materials, including those formed by metals and metal foams,[1] 

metal oxides,[2] porous carbons,[3] metal organic frameworks[4] and zeolites,[5] have 

attracted increasing attention because of their flexible pore sizes and large loading 

capacities for guest species. These materials are also used in catalysis,[6] chemical 

sensors,[7] and gas separations.[8] Inorganic porous materials can generally be 

classified into three types according to pore size: microporous (<2 nm), mesoporous 

(from 2 nm to 50 nm), and macroporous (>50 nm) materials. 

Among the inorganic porous materials, metal organic frameworks (MOFs) have 

emerged as an extensive class of crystalline materials with ordered and nanoscale 

topography.[9, 10] More than 20,000 MOF structures, such as HKUST-1, MOF-5, and 

ZIF-8, have been designed and synthesized since the first MOF material was reported 

in 1959.[11] These crystalline and nanoporous MOF materials are formed by mixing 

two essential building blocks, namely, metal ions (inorganic units) and organic ligands 

(Fig. 1.1). An MOF is a crystalline coordination network of metal ions and organic 

ligands containing nanometer-sized cavities. The metal ions and organic ligands first 

form a unit cell crystal nucleus, and finally this unit cell rapidly grows by repeating 

coordination entities extending to chains (1D), layers (2D), and three-dimensional 

(3D) structures.[12-14] This kind of material is widely applied in catalysis,[15] gas 

storage,[16] gas separations[17] and chemical sensors.[7] 

 

Figure 1.1 Components and structure of metal organic frameworks (MOFs): a general 

scheme illustrating the coordination of metal nodes and organic ligands to a MOFs. 

 

Metal Ligands

MOFs
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1.1.1 Design of MOFs 

MOF material structure achieves strong plasticity and flexibility when various 

components (metal ions and organic ligands) are selected and assembled. 

A total of 131 secondary building units (SBUs), such as triangle and rectangular 

(paddle-wheel) (see Fig. 1.2), have been introduced since the first metal atom was 

used as SBUs for the frameworks.[18] [19] [20] The SBUs share one or more central oxide 

ions and can bridge up to two, three, or more organic ligands that directly affect the 

structure of MOFs. For example, the paddle-wheel Cu(OAc)2 SBUs include two copper 

atoms and connect with four organic ligands to form a face-centered cubic lattice 

structure (e.g., HKUST-1[21]). By contrast, the Zn4O SBUs can bridge up to six organic 

ligands to form a cubic lattice structure (e.g., MOF-5[14]). However, choosing different 

kinds of metal SBUs can directly influence the performance of MOFs. For example, 

Co(OAc)2 and Cu(OAc)2 SBUs have shown the same paddle-wheel structure inside 

MOFs [e.g., Co2(BDC)2(dabco)[22] and Cu2(BDC)2(dabco)[23]], but the catalytic activity 

of the former is much higher than the latter one. 

 

Figure 1.2 Structural representations of several SBUs, including (a) triangle, (b) 

rectangular (paddle-wheel), (c) tetrahedron, (d) square pyramid, (e) rigonal prism and 

(f) ctahedra (Figure taken from Ref.[20]). 

The second design point is choosing and assembling various organic ligands (Fig. 1.3). 

We can obtain different pore sizes and shapes of MOFs by adjusting the length of 

ligands using the same SBUs (e.g., Zn4O) (Fig. 1.3 up).[24] Moreover, different 

properties can be obtained by choosing and assembling different functional linkers 
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(Fig. 1.3 down). The ligands with special function groups will not change the crystal 

structure of host materials, but will improve the interaction with guest molecules for 

high loading capacity.[25] 

 

Figure 1.3 Structure of IRMOFs and their ligands (Figure taken from Ref.[26]). 

1.1.2 Synthesis methods of MOFs 

Numerous synthesis methods, such as solvothermal,[27, 28] ultrasonic,[29, 30] microwave 

synthesis,[31, 32] electrochemical synthesis[33] and mechanochemical synthesis.[34, 35] 

have been developed to prepare MOFs. Solvothermal synthesis is the most 

commonly used technique, because the self-assembly reaction between metal ions 

and organic ligands easily occur in liquid phase. 

Temperature is the most important factor for the synthesis of MOFs. Thus, the 

synthetic methods can be divided into several categories using different heating 

modes: room temperature synthesis, conventional electric heating, microwave 

heating, electrochemistry, mechanochemistry, and ultrasonic method (Fig. 1.4).[36] 

Various MOFs with different structures (such as size, shape, and crystallinity) could 

be obtained by controlling and selecting the reaction temperatures. For example, 

HKUST-1 particles with sizes between 0.1 and 40 μm can be obtained by controlling 

the temperature from 25 °C to 120 ˚C.[37] In addition to temperature, many other 
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factors, such as solvent,[38, 39] concentration of reactants,[40] pH value,[41] heating 

time,[42] heating and cooling rates[43] should also be carefully adjusted to optimize the 

crystallization reaction.  

 

Figure 1.4 Overview of synthesis methods, possible reaction temperatures, and final 

reaction products in MOF synthesis (Figure taken from Ref.[36]). 

1.1.3 Typical MOFs 

In this section, we introduce a few typical MOFs, namely, HKUST-1, MOF-5 and ZIF-8 

(see Fig. 1.5). 

HKUST-1 or Cu3(BTC)2 (BTC= 1,3,5-benzenetricarboxylic acid), which exhibits a face- 

centered cubic crystal structure that contains an intersecting three-dimensional (3D) 

system, was first reported by Chui et al. in 1999.[21] The interaction of metal SBUs of 

tetragonal symmetry (paddle-wheel complexes) with C3-symmetric BTC ligands 

results in a cubic network with three types of square-shaped pores (larger pore, 

1.35 nm; middle pore, 1.1 nm; and small pore, 0.5 nm). HKUST-1 has a favorable 

degree of thermal stability (up to 230 °C) and an alternative face-centered cubic 

close packing of the large and middle cavities with a large Langmuir surface area 
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(917.6 m2g-1). 

MOF-5 or Zn4O(BDC)3 (BDC= 1,4-benzenedicarboxylate acid), which is another widely 

investigated MOF, was first reported by Yaghi et al. in 1999.[14] MOF-5 shows a 

three-dimensional intersecting channel structure with 1.3 nm spacing between the 

centers of adjacent clusters. Its high thermal stability (up to 450 °C), high porosity 

(55.8%), and large Langmuir surface area (2630 m2g-1) are promising properties that 

make MOF-5 suitable for a broad range of applications. 

Zeolitic imidazolate framework (ZIF), especially ZIF-8, is another important MOF 

series material which was first reported by Yaghi et al. in 2006.[44] ZIF-8 exhibits high 

permanent porosity (Langmuir surface area=1.810 m2g-1), high thermal stability (up 

to 550 °C), and remarkable chemical resistance to boiling alkaline water and many 

organic solvents. 

 

Figure 1.5 The structure of HKUST-1 (Figure taken from Ref.[45]), MOF-5 (Figure taken 

from Ref. [26]), ZIF-8 (Figure taken from Ref.[46]). 

1.1.4 Application of MOFs 

MOF materials exhibit remarkable physical and chemical properties, such as 

significant thermal stability (over 200 °C), high porosity (over 50%), and high 

Langmuir surface area (from 1000 m2g-1 to 10000 m2g-1). These characteristics 

facilitate their worldwide application in research laboratories and industries. 

MOF materials have been comprehensively investigated. Numerous reports have 

focused on developing novel networks with different crystal sizes and shape 

topologies, as well as on their potential applications (e.g., hydrogen and methane 

storage,[47, 48] CO2 capture,[49] removal of harmful and toxic chemicals,[50] 

heterogeneous catalysis,[51] luminescence,[52] and metal corrosion inhibition[53]). 

These potential applications of MOF materials have been mainly devoted to 

academic concerns. However, most applications remained at the stage of a research 

laboratory. Further experimental studies are required to obtain a deeper 

understanding of the properties of various MOFs for fundamental research and 

HKUST-1 MOF-5 ZIF-8
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technological perspectives.  

Several applications of MOF-based materials have been achieved from academia to 

industry transposition in the last few years. BASF is the first company that 

successfully achieved the large-scale production of MOF-based materials in 2012 

[Striking examples are MTA1 (Al-based MOF), MTA2 (ZIF-8), MTA3 (ZIF-67), and MTA4 

(HKUST-1)].[54] 

1.2  MOF thin films: preparation and applications 

MOF thin films have attracted an increasing amount of attention because their 

optical, electrical, tribological, wetting or biological properties can be adjusted to 

improve or change the properties of the MOF surface, contrary to the numerous 

powder metal organic frameworks prepared by solvothermal technique.[55, 56] Many 

methods, such as growth/deposition from solvothermal mother solutions,[57, 58] liquid 

phase epitaxy (LPE),[59, 60] microwave-induced thermal deposition,[32] 

Langmuir-Blodgett,[13] evaporation induced crystallization,[61] colloidal deposition,[62] 

electrochemical synthesis,[63] reactive seeding[64] and gel-layer synthesis,[65] have 

been developed to prepare MOF thin films. In this section, major preparation 

methods of MOF thin films are introduced. 

1.2.1 Preparation method of MOF thin films 

1.2.1.1 Growth/deposition from solvothermal mother solutions 

This straightforward approach, which is based on the conventional MOF synthesis 

scheme using solvothermal method, was used in the first successful preparation of 

well defined MOF thin films. The synthesis of MOF in this method is similar to the 

powder solvothermal method. The crystal size of MOF in the “mother solution” 

should be carefully adjusted to optimize the crystallization reaction using 

temperature, concentration of reactants, pH value, heating time, heating and cooling 

rates. A suitable functionalized surface should first be chosen to obtain MOF thin 

films. 

Hermes et al. have employed a more sophisticated scheme to prepare MOF-5 thin 

film by immersing a COOH- terminated self-assembled monolayer (SAM) on Au wafer 

into nanometer-sized MOF-5 nuclei containing the “mother solution” (Fig. 1.6a).[57] 

The optical micrographs in Fig. 1.6b illustrate the formation of MOF-5 cubes (with 

sizes 1-10 μm) anchored rigidly on the functionalized surface. The X-ray diffraction 

(XRD) data shown in Fig. 1.6c demonstrate that the deposited material is MOF-5. 
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Figure 1.6 (a) The concept of anchoring a typical MOF-5 building unit to a carboxylic 

acid-terminated SAM. (b) Optical microscope (left) and an AFM image (right) of a 

selectively grown film of MOF-5 on a patterned SAM. (c) A PXRD pattern of 

Pd@MOF-5@SAM is shown in comparison to a sample of an authentic polycrystalline 

MOF-5 (trace below) (Figure taken from Ref.[57]). 

Bein et al. reported a more interesting experiment to achieve growth of highly 

oriented and crystalline MOF thin films on different types of functionalized 

substrates, in contrast to the preparation of the polycrystalline MOF thin films, as 

described above (Fig. 1.7a).[58] The core strategy of this MOF thin film is the use of 

SAMs with different terminations to control the growth of HKUST-1 MOF on the 

corresponding crystallographic direction. For example, only the peaks belonging to 

the (001) crystallographic direction were observed in the case of COOH- terminated 

SAM. However, the situation was quite different for the case of the OH- terminated 

SAM, in which only (111) crystallographic direction was seen in this type HKUST-1 

thin film (Fig. 1.7b). 

 

Figure 1.7 (a) Schematic illustrations of oriented growth of HKUST-1 nanocrystals 

(a) (b)

(c)

(b)(a)
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controlled via surface functionalization on an 11-mercaptoundecanoic acid (up), and 

11-mercaptoundecanol (down) gold surfaces. (b) X-ray diffraction patterns of thin 

films of Cu3(BTC)2 on functionalized gold surfaces, compared with a randomly 

oriented Cu3(BTC)2 powder sample measurement (Figure taken from Ref.[58]). 

1.2.1.2 Liquid phase epitaxy (LPE) of SURMOFs 

Liquid phase epitaxy (LPE) is another major method used to easily prepare MOF thin 

films on functionalized substrates. Using this method we can directly grow highly 

ordered, crystalline MOF thin film on modified substrate via step-by-step approach at 

mild conditions, contrary to the growth/deposition from solvothermal mother 

solutions. The crystallographic direction of SURMOFs can be controlled by employing 

SAMs formed on substrates with different types of functional terminal groups. 

Shekhah et al. prepared HKUST-1 thin films by sequentially immersing a COOH- or 

OH- terminated SAM modified Au substrate first into a Cu(OAc)2 ethanol solution and 

then into a BTC ligand ethanol solution.[59, 60] The substrate was rinsed after each step 

to remove unreacted components. Finally, the SURMOF was gradually fabricated 

through repetition of this process (Fig. 1.8a). The XRD data clearly demonstrated that 

the growth of HKUST-1 MOF proceeds along the (001) crystallographic direction 

using a COOH- functionalized Au substrate and on an OH- terminated surface 

MOF-layer with a (111) orientation (Fig. 1.8b). 

 

Figure 1.8 (a) Schematic of the step-by-step approach for the growth of the SURMOFs 

on a SAM-functionalized substrate. (b) Out-of-plane XRD data for [Cu3(BTC)2(H2O)3]. a) 

Powder, b) growth on a MHDA SAM (calculated), c) growth on MHDA SAM 

(a)

(b)
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(experimental), d) growth on MUD SAM (calculated), e) grown on MUD SAM 

(experimental) (Figure taken from Ref.[59]). 

The growth of HKUST-1 on 16-mercaptohexadecanoic acid (MHDA) and 

11-mercapto-1-undecanol (MUD) SAMs was further characterized via the 

step-by-step approach. The authors performed investigations using quartz crystal 

microbalance (QCM) with dissipation (Fig. 1.9), in which the increase in the mass of 

deposited molecular species on Au sensor surface can be monitored. The data 

showed a stepwise increase in the mass of the deposited layers with subsequent 

addition of Cu(OAc)2 and the ligand H3BTC. 

 

Figure 1.9 QCM-D signal as a function of time recorded in situ during sequential 

injections of Cu(Ac)2, ethanol and H3btc on the QCM substrate covered by a MHDA 

SAM (left), and a MUD SAM (right) (Figure taken from Ref.[60]). 

1.2.1.3 Microwave-induced thermal deposition 

Jeong et al. demonstrated a rather straightforward approach for the selective 

patterned deposition of MOF-5 crystals on substrate. [32] The substrates coated with a 

conductive thin-film layer were vertically placed in vials containing the MOF-5 

precursor mother solution. MOF-5 crystals were subsequently grown under 

microwave irradiation in a domestic microwave oven with 500 W power for 5-30 s. 

The patterns of MOF-5 crystals prepared on carbon-patterned AAO substrates within 

30 s, demonstrating the ability of this microwave-induced thermal deposition 

method to rapidly generate patterns (Fig. 1.10a). The XRD data shown in Fig. 1.10b 

demonstrate that the deposited material is MOF-5. 
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Figure 1.10 (a) SEM images of a) patterned growth of MOF-5 crystals on patterned 

C-AAO substrates using a TEM grid and b) a multi-layer MOF/silicalite-1 on Au-AAO. 

Inset image in figure b) is from the underlying silicalite-1 layer. (b) XRD pattern of 

MOF-5 thin film grown on G-AAO as compared with that of MOF-5 powder prepared 

under MW and a calculated pattern based on single crystal MOF-5 structure (Figure 

taken from Ref.[32]). 

1.2.1.4 Langmuir-Blodgett method 

Langmuir-Blodgett technique is an excellent method for fabricating organic films by 

depositing well-ordered monolayer of an organic material from the surface of a liquid 

onto a solid substrate. This technique has been applied to various functional 

molecular systems, resulting in the successful assembly of well-organized 2D 

arrays.[66] 

Makiura et al. prepared a highly-oriented, defect-free copper-mediated CoTCPP 2D 

array thin film onto unmodified silica and quartz substrates using Langmuir-Blodgett 

method (Fig. 1.11).[13] The copper-mediated CoTCPP 2D array monolayer adsorbs 

homogeneously with each immersion step, forming films with highly accurate 

thickness. The total thickness of a Langmuir-Blodgett film can be accurately 

determined because the thickness of each monolayer is known. 

(a)

(b)
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Figure 1.11 Schematic illustration of the fabrication method of NAFS-1. The repetitive 

process of successive sheet deposition and rinsing/solvent immersion leads to the 

sequential layer-by-layer growth of NAFS-1 with any desired thickness (Figure taken 

from Ref.[13]). 

1.2.1.5 Evaporation induced crystallization 

Evaporation-induced crystallization is a particularly simple method for producing 

MOF crystallite thin films on different substrates. This method is based on MOF 

nuclei containing the “mother solution,” similar to the first method discussed in 

section 1.2.1.1 above. 

Vos et al. employed soft lithographic techniques to deposit monodispersed HKUST-1 

crystals in patterns down to the single-crystallite level by in situ crystallization (Fig. 

1.12).[61] Moreover, the deposited crystals were highly oriented and displayed 

physical boundaries formed during crystallization. 
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Figure 1.12 (a) Schematic of nucleation, growth, and orientation of HKUST-1 crystals 

in confinement during solvent evaporation. (b) Characterization of HKUST-1 prepared 

from precursor solution by evaporation. A) Powder XRD pattern. B) SEM image. D) 

Thermogravimetric analysis, showing exclusively water desorption (37 wt%) at a 

temperature of T<600 K (Figure taken from Ref.[61]). 

1.2.2 Application of MOF thin films 

1.2.2.1 QCM-based sensors 

The most simple and direct application of MOF thin films is for the monitoring of the 

change in mass of loaded guest molecules using QCM. This approach is based on 

coating a QCM sensor substrate with MOF thin films of varying thicknesses. 

Numerous studies have already demonstrated during the past decade the application 

of MOF thin films on sensors for detecting changes in the concentration of guest 

molecules by loading or depletion, in particular for the sensor used in QCM devices. 

QCM-based MOF thin-film sensors have considerable advantages over powder MOFs 

because they can be easily prepared and are relatively stable. QCM-based MOF 

thin-film sensors can generally be classified into three main types according to their 

different applications, namely, for gas storage, gas separation, and measurement of 

(a)

(b)
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diffusion coefficient in MOFs. 

Heinke et al. recently reported a SURMOF-based hybrid system with photo- 

switchable azobenzene side groups for gas adsorption and storage.[67] A two-layer 

MOF on an MOF system with a passive bottom layer Cu2(bpdc)2(bipy) and a 

photo-switchable top layer Cu2(azo-bpdc)2(bipy) (azo-bpdc: 3-azobenzene-4,40- 

biphenyldicarboxylate) has been synthesized on the QCM sensor surface by LPE. Gas 

molecule storage and releases on SURMOF are realized by illumination with visible 

light (Fig. 1.13). Specifically, the bottom layer acts as a molecular container, and the 

top layer serves as a valve. The switching of the azobenzene groups from its basic 

trans state (open state, by UV light) to the cis state (close state, by red light) could 

control the adsorption and storage of gas molecules within MOF thin films. 

 

Figure 1.13 (a) Optically triggered release from two-component SURMOFs. (b) Sketch 

of the layered photoswitchable SURMOF. (c) Release of the prototypemolecule 

(butanediol, BD) from a two-layered, photoswitchable SURMOF determined by a 

quartz crystal microbalance. Beginning at the time indicated by the red arrow, the 

sample is irradiated with light at 560 nm wavelengths (Figure taken from Ref.[67]). 

Tu et al. reported a similar experiment in which reactive NH2 functional groups were 

incorporated at the top layer of the MOF thin film, and the performance for selective 

adsorption was studied.[68] An MOF on an MOF system with a passive bottom layer 

Cu2(bdc)2(dabco) and an active top layer Cu2(NH2-bdc)2(dabco) is shown in Fig. 1.14. 

The NH2 groups in the top layer allow subsequent modification with tert-butyl 

isothiocyanate (tert-BITC). The adjusted pore structure within the material by the 

combined tert-BITC presents remarkable effects on the transmittance of cyclohexane 

molecules, but no negative effects on hexane molecules.  

(a)

(b)

(c)
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Figure 1.14 Schematic illustration of programmed functionalization of SURMOFs via 

liquid phase heteroepitaxial growth and post-synthetic modification: initially, 

SURMOF [Cu2(bdc)2(dabco)] (A) was deposited on pyridyl-terminated SAM on Au 

covered QCM substrates using the LPE method. Sequentially, SURMOF 

[Cu2(NH2-bdc)2dabco] (B) was deposited on A using the LPE procedure giving rise to 

SURMOF B@A. Finally, SURMOF B@A was modified by post-synthetic modification 

with tert-butyl isothiocyanate (tBITC) (Figure taken from Ref.[68]). 

In 2010, Zybaylo et al. reported the first study that used QCM-based sensor to 

determine the diffusion constant in MOFs.[69] The authors used an HKUST-1 thin film 

grown on gold QCM sensor surfaces by LPE. The homogeneous, highly ordered, and 

thickness-controlled SURMOFs were appropriate for analyzing the QCM data using 

Fickian diffusion to yield the diffusion constant. The authors calculated the diffusion 

coefficient of the pyridine diffusion into HKUST-1 at room temperature, and the 

coefficient was 1.5 × 10-19 m2·s-1. This fairly simple and straightforward method can 

help measure the diffusion coefficients of molecules within MOFs. 
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Figure 1.15 Data trace of a QCM experiment on HKUST-1 (20 deposition cycles). (a): 

normalized shifts of frequency (Δf/n) and bandwidth (ΔΓ/n) vs. time. Pyridine is 

removed from the gas stream and t = 84 min. (b) Mass loading (averaged over the 

three harmonics shown in (a)) vs. square root of adsorption time. The dashed line is a 

fit to Fickian diffusion. From the slope at small times, one estimates the diffusion 

coefficient as D ~ 1.5 × 10-19 m2 s-1 (Figure taken from Ref.[69]). 

1.2.2.2 Drug delivery 

Drug delivery is another interesting area for MOF thin films. Low stability of acids and 

bases usually restricts the application of MOF thin films in biological science and 

pharmacy. 

Tsotsalas et al. reported a new type of material, namely, SURGEL, which was 

obtained by covalent cross-linking of MOF ligands via click chemistry (Fig. 1.14).[70] 

This process yielded robust SURGEL thin films which corresponded to SURMOFs and 

showed high stability under biological conditions. These thin films have been 

successfully used in drug delivery. SURGELs are considered as substrates that can be 

used to deliver biomolecules to the interior of adhering cells. The fabricated SURGEL 

was first loaded with arabinose and subsequently exposed to bacterial cells that 

were gene-modified with an arabinose-triggered GFP switch. Induction of GFP 

expression has proved to be highly site-specific; expression occurred only for those 

bacteria in direct contact with the SURGEL substrate. 
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Figure 1.14 (a) Schematic representation of the cross-linking process within the 

SURMOF-2 structure. (b) Schematic representation and fluorescence microscopy 

images after 24 h of incubation in the presence of SURGEL substrates (Figure taken 

from Ref.[70]). 

1.2.2.3 Selective sensor for chemical vapors and gases 

The third low-cost and rather straight-forward application is the use of thin films with 

different thicknesses to monitor the loading of these porous coatings with guest 

molecules. 

Lu et al. reported that ZIF-8 MOF thin films with different thicknesses show different 

colors because of the constructive and destructive interference of light beams 

reflected from the upper surface of the substrate (Fig 1.15a).[71] In addition, loading 

of ZIF-8 MOF thin films by guest molecules can change the optical constant of the 

MOF material itself, and the surface color subsequently changes. The change in the 

color of ZIF-8 MOF thin films was analyzed by loading guest molecules. The authors 

presented constructed MOF-based Fabry-Perot devices that act as selective sensors 

for chemical vapors and gases. Incorporating any polarizable molecules into the 

cavity of MOF will displace vacuum and increase the overall refractive index. This 

process results in red shifts of the interference peaks (Fig 1.15b). 

(a)

(b)
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Figure 1.15 (a) Photograph of a series of ZIF-8 films of various thicknesses grown on 

silicon substrates. (b) (A) UV-vis transmission spectra of 10-cycle ZIF-8 film grown on 

glass substrate after exposure to propane of various concentrations (blue curve for 0% 

and red curve for 100%) and (B) corresponding interference peak (originally at 612 

nm) shift versus propane concentration. The propane concentration is expressed as a 

percentage of the total gas flow where nitrogen is used as diluents (Figure taken from 

Ref.[71]). 

1.3  Surface-mounted metal-organic frameworks (SURMOFs) 

This thesis was aimed to prepare and apply SURMOFs using LPE growth on 

functionalized substrates (see Fig. 1.16). The detailed process was discussed in 

section 1.2.1.2. The LPE method can suitably control the thickness (normally 

nanometer range) of the MOF thin film via layer-by-layer growth method. The other 

important feature of this technique is the growth of homogeneous, highly oriented, 

and highly crystalline SURMOFs. 

 

Figure 1.16 schematic of the step-by-step growth MOFs on substrate. 

(a)

(b)

SAM
Au

Organic ligand

Metal precursor

n cycles

SURMOFs
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1.3.1 Substrate 

In principle, MOFs can be grown on any smooth and functionalized substrate surfaces. 

However, only a limited number of solid materials, such as gold, silver, silicon, 

alumina, glass, quartz glass, FTO, and metallic oxide (Fig. 1.17), have been 

successfully used to prepare SURMOFs. A range of surface treatments are required 

for all substrates to meet the conditions of growing different MOFs on the substrate 

surface. However, inhomogeneous, mixed-oriented, and polycrystalline MOFs will be 

obtained on the substrate with pronounced surface defects and relatively high 

roughness. 

 

Figure 1.17 Pictures of different types substrates. 

Functionalization of a substrate through a chemical or physical process depends on 

the substrates used and the required functional groups. For example, gold wafer 

post-grafted with specific functional group molecules may form SAM through 

chemisorptions of thiol-terminated molecules, such as MHDA (COOH-)[72], 

(4-(4-pyridyl)phenyl)-methanethiol (PP1, pyridyl)[73] or MUD (OH-) . Further details 

are discussed in section 3.1.2.  

1.3.2 Methods 

Several techniques, such as spray,[74] pump,[75] dipping[76] and QCM[77] method have 

been established to prepare SURMOFs. They will be described in the following. 

1.3.2.1 Spray method 

A straightforward approach based on the layer-by-layer MOF synthesis scheme was 

employed in the rapid and successful preparation of well-defined SURMOF thin films 

on a functionalized substrate. The four-step method was performed as follows: (1) 

the metal solution was sprayed on the substrate; (2) the substrate was rinsed with 

pure ethanol to remove residual reactants; (3) ligand solution was sprayed on the 

substrate; and (4) the substrate was further rinsed with pure ethanol. The number of 

Au silver silicon

glass

alumina

quartz glass metallic oxideFTO
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spray cycles was dependent on the experimental requirements (Fig. 1.18). 

The spray method (LEP process) has become one of the widely used methods to 

prepare SURMOFs because of its short time consumption, high automatic intensity, 

mild reaction condition, and remarkable saving solution. Several important SURMOFs, 

such as Cu3(BTC)2, Cu(BDC), and Cu(BPDC), have been successfully prepared by the 

spray method through four years of development. However, other complex 

three-dimensional SURMOFs, such as Cu2(BDC)2(dabco) and Cu2(BPDC)2(dabco), have 

not been successfully prepared. This method should be further improved in the 

future to avoid pitfalls. Controlling temperature and humidity using a vacuum 

glove-box system should be considered. 

 

Figure 1.18 schematic of the setup employed for the fabrication of MOF thin films 

with the spray method: (1) Gas supply, (2) gas flow controller (3) three-way valve gas 

distributor (4) (A, B, C) solutions storage containers (5) sample holder (6) dosing 

valves, (7) spray chamber, (8) PC (Figure taken from Ref.[74]). 

1.3.2.2 Pump method 

Pump method is another major technique that facilitates the preparation of SURMOF 

thin films. This system is controlled by a central computer, and a thermostatic oil 

bath is employed to precisely control the temperature. Compared with the LPE spray 

method, similar four steps are employed in this method: pumping of metal solution, 

rinsing with pure solvent, pumping ligand solution, and rinsing with pure solvent 

again (Fig. 1.19). These steps are repeated up to the required number of times. 

The pump method can control the temperature of a system in a wide range, in 

contrast to the spray method. In addition, MOF growth on the surface can be 
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improved by increasing reaction time after each step. More interestingly, we 

successfully prepared several three-dimensional SURMOF with complex structures, 

such as Cu2(BDC)2(dabco) and Cu2(BPDC)2(dabco), which cannot be prepared by the 

spray method. However, this method is limited by its long preparation time and low 

yield. Additionally, some known MOFs, such as Cu(BDC) and Cu(BPDC), cannot be 

fabricated using this method. 

 

Figure 1.19 Schematic diagrams for the automated LBL growth of MOFs thin films on 

substrates functionalized with SAMs. The preparation is done by repeated immersion 

cycles first in solution of the metal precursor and subsequently in the organic ligand 

solution, with solvent rinsing in between (Figure taken from Ref.[75]). 

1.3.2.3 Dipping method 

The dipping method was the first successful LPE method that has been used to 

prepare SURMOF thin films. The core parts in the dipping system are four containers 

with three different solutions (metal, ligand, and two rinsing solutions). A robot 

control system has recently been developed (Fig. 1.20). The following steps were 

conducted in the dipping method: (1) substrate was placed in the metal solution for a 

few minutes; (2) substrate was removed and immersed in rinsing solution; (3) 

substrate was immersed in ligand solution for few minutes; and (4) substrate was 

immersed in another rinsing solution. Thus, SURMOF thin films with different 

thicknesses were prepared by repeating the steps of the dipping method. 

Dipping method has advantages, such as simple preparation, adjustable operating 

time, and low consumption of solvent, similar to the pump method. The main 
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difference between the dipping method and the pump method is that the former can 

be cleaned using an ultra-sonic cleaner after each step but the temperature cannot 

be controlled. Therefore, samples prepared by using the dipping method are more 

homogeneous than those prepared by other methods. 

 

Figure 1.20 The setup of the dipping robot. P0: starting and final position for the 

sample holder; P1eP7: containers for immersion solutions; 1: Teflon working table; 2: 

container lid; 3: gripper; 4: sample holder; 5: sample; 6: position controller; 7: 

ultrasonic bath; 8: shower; 9: parking position of container lid; 10: pump and solution 

bottle for showering; 11: computer (Figure taken from Ref.[76]). 

1.3.2.4 Quartz crystal microbalance (QCM) method 

QCM measures a mass variation per unit area by monitoring the change in frequency 

of a quartz crystal resonator. It can be used to monitor the mass increase of 

deposited molecular species on Au sensor surfaces. Gradual addition of metal and 

ligand solutions lead to stepwise increase of the deposited layers in mass, which 

corresponds to the layer-by-layer growth of SURMOF on the sensor surface (Fig. 

1.21). 

A major advantage of QCM is the possibility to continuously monitor the SURMOF 

growth process. Another interesting point is that the synthesis can be conducted at 

different temperatures (20 °C–60 °C). In addition, this method can be directly used 

for other experiments, such as monitoring of adsorption/desorption of gas or liquid 

molecules into SURMOFs. However, the application of QCM sensor is limited by high 

cost, long preparation time, and low yield. 
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Figure 1.21 Schematic of quartz crystal microbalance (QCM) method for SURMOF 

preparation. 

1.3.2.5 Conclusion 

In summary, we introduced four main methods to grow SURMOFs on the 

functionalized substrates. All above four methods are based on LPE technology. 

Therefore, using these methods the size and thickness of SURMOFs can be controlled. 

In addition, these methods exhibit others common advantages including short time 

consumption, high automatic intensity, mild reaction condition and oriented 

crystalline. In Table 1.1, we summarize the strength and weakness of each method in 

terms of temperature, time, preparation efficiency, yield, product variety and so on. 

Table 1.1 In contrast of spray method, pump method, dipping method and QCM 

method. 

 
1,3 Take the case of prepared 30 layers HKUST-1 SURMOF as a example;     
2 Here is means the method is more suitable to prepared 2D or 3D MOF. 

Metal Ligand Rinsing 
solution

Waste 
solution

pump

QCM

Sensor

Spray 
method

Pump 
method

Dipping 
method

QCM
method

Temperature RT All All 20-60 ˚C

Time 1 40-60 min 15 h 15h 20h

Type of MOF 2 Most of 2D
MOF

Most of3D
MOF

Most of 3D
MOF

Most of 3D
MOF

Substrate All All All QCM sensor

Ultra-sonic 
cleaner

No No Yes No

Consumption 
of solvent 3

~200 ml ~100 ml 50 ml ~100 ml
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1.4  Metal ions and NPs embedded into MOFs 

MOF materials with relatively high thermal stability and flexible pore sizes have 

provided an ideal platform to encapsulate catalytically active compounds (such as 

Pt,[78] Au,[79] and Ti[80]). Various metal@MOFs with different content, position, shape 

and distribution of guest molecules inside MOF could be obtained by controlling and 

selecting the different loading methods. The following section will briefly describe a 

number of different methods employed for the preparation of metal ions and NPs 

inside MOFs. 

1.4.1 Metal ions embedded into MOFs 

Many methods, such as solution impregnations,[81] chemical vapour deposition 

(CVD),[82] incipient wetness impregnation,[83] solid grinding[79] and atomic layer 

deposition (ALD)[84] have been developed to prepare metal-ions@MOFs in the last 

two decades. In general, the synthesis methods of metal-ions@MOFs can be divided 

into two categories according to the distribution of guest metal ions inside MOF: 

random distribution and self-assembled deposition.  

In the first category, the metal ions diffuse into the framework of MOFs and adsorb 

at the phenyl ligands of MOFs (usually benzene ring). As a result, the distribution of 

metal ions inside MOF shows a random character due to the weak interaction 

between guest molecules and MOFs. 

Heinke et al. reported a quantitative study of the adsorption and diffusion of 

ferrocene (FC) into Cu2(ndc)2(dabco) MOF thin film by using a QCM at different 

temperatures.[85] The uptake curves in the QCM-data show that FC molecules were 

successfully loaded into SURMOFs with a concentration of 0.19 FC per pore at 305 K 

and 0.06 FC per pore at 335 K, respectively. In addition, based on the uptake rates 

they determined the diffusivity (10-19 to 10-17 m2·s-1) and activation energy(90 

kJ·mol-1) of the FC loading process . 

 

Figure 1.22 Schematic of the loading ferrocene into Cu2(ndc)2(dabco) SURMOF (lift) 
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and uptake curves measured by QCM in the temperature of 305 K (right) (Figure 

taken from Ref.[85]) 

Another category regarding the synthesis of metal-ions@MOFs is directional 

adsorption of self-assembled guest metal ions with nucleation centers in MOFs. 

Hupp et al. reported a technique to form a highly stable cobalt sulfide functionalized 

MOF, CoS-AIM, by using the ALD deposition of cobalt sulfide into NU-1000.[84] In this 

work, the Co(amd)2 [bis(N,N’-di-i-propylaceta- midinato)-cobalt(II)] and H2S were 

used as precursor to form CoSx inside NU-1000 MOF. Spectroscopic techniques 

confirm an uniform and self-assembled deposition of cobalt sulfide throughout the 

crystallites, without loss in crystallinity or porosity. This material was found to display 

excellent catalytic activity for the selective hydrogenation of nitroaromatic 

compounds to amines.  

 

Figure 1.23 Representative structure of NU-1000. Circles highlight the Zr6 node and 

the pyrene linker. ALD of 1 AB cycle of cobalt sulfide produces cobalt sulfide 

functionalized NU-1000 with approximately one CoSx site per Zr6 node (Figure taken 

from Ref.[84]). 

1.4.2 Metal NPs embedded into MOFs 

Loading of MOFs with metal NPs is a more promising field of research in catalysis 

compared to the metal-ions@MOFs. One useful strategy for embedding metal NPs 

inside MOFs is using metal precursor solutions. MOFs are excellent templates to 

provide confined space that limits the particle growth and impedes the 

agglomeration of formed NPs. The preparation process of metal NPs includes initial 

diffusion of metal precursors into MOFs. The metal NPs can be produced via 

decomposition or reduction of the metal precursors. Thus, the dimension and shape 

of the NPs, synthesized directly in the pores of the framework, should be controlled 
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by the pore size, shape, and channel structure of the host materials (Fig. 1.24). 

 

Figure 1.24 General strategy employed for loading of MNPs inside MOFs (Figure 

taken from Ref.[86]) 

Xu et al. reported a technique to deposit of Au NPs into a zeolite-type MOF by a 

simple solid grinding method.[79] In this work, the (CH3)2Au(acac) (acac= 

acetylacetonate) was used as precursor to form Au NPs via H2 reduction. ZIF-8 was 

employed as an ideal platform to encapsulate catalytically active Au NPs. This 

AuNPs@ZIF-8 material exhibited considerable catalytic activityfor CO oxidation to 

CO2  

 

Figure 1.25 Conversion-temperature curves for CO oxidation over Au@ZIF-8 catalysts 

with different Au loadings (left) after repeated catalytic runs. TEM images of 1.0 wt % 

(a and b) and 5.0 wt % (c and d) Au@ZIF-8 before (a and c) and after (b and d) 

catalytic reaction (right) (Figure taken from Ref.[79]). 

Another methodology is directly loading preformed metal NPs into SURMOFs. The 

NPs were stabilized by using organic molecules, surfactants and polymers as capping 

agents.  

  ll et al. reported the fabrication of hybrid yet well-ordered porous NP arrays with 
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full 3D periodicity by embedding nanometersized metal−organic clusters (MOCs) into 

MOFs.[87] A maximum loading efficiency of one NP per pore was achieved by using 

LPE approach. The loading of an achiral HKUST-1 SURMOF with preformed NPs, 

homochiral Ti4(OH)4(R/S-BINOL)6 clusters (Ti-MOC, BINOL = 1,1’-bi-2-naphthol), leads 

to the formation of a regular lattice inside the pores of SURMOFs. Exposure to the 

different enantiomers of methyl lactate revealed that the NP@MOF metacrystal is 

quite efficient regarding enantiomer recognition and separation. 

 

Figure 1.26 (a) Powder MOC loaded MOF prepared by mixing reagent of Cu(OAC)2, 

H3BTC, and MOC using solovothermal method (unsuccessful) (b) Powder MOC loaded 

MOF prepared by immersing powder MOF into MOC solution (unsuccessful). (c) 

Generic encapsulation of guest into MOF thin film via direct immersing approach 

(unsuccessful). (d) Layer-by-layer encapsulation of guest into MOF thin film via in situ 

LPE approach (successful). (e) Schematic presentation of in situ layer-by-layer growth 

of enantiopure Ti-MOC-loaded HKUST-1 thin film using the liquid phase epitaxy (LPE) 

approaches (Figure taken from Ref.[87]). 

1.5  Loading metal ions and NPs into SURMOFs 

SURMOFs not only exhibit the advantages of the powder MOFs, but also show 

significant performance of highly ordered, size and thickness controlled as well as 

directional growth on substrates.[58, 59] Loading of metal ions or NPs inside SURMOFs 

is promising for catalysis, optical, electrical and electrochemical applications. The 

major aim of this thesis is to discuss the methodology of loading metal ions and NPs 

into SURMOFs, using the following three main approaches. 

The first methodology of embedding metal-precursors inside an MOF network is 

based on the use of ligands as nucleation centers (see sections 4.1 and 4.2). Phenyl 
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compounds are the most commonly used ligands. Benzene ring has three delocalized 

π orbitals spanning all six carbon atoms, thereby contributing to the improvement of 

metal ion adsorption.[88] The interaction between the benzene ring and guest 

molecules is relatively weak. Additionally, the flexible pore sizes and interlinking 

open pore structures of the MOFs also help increase the embedding of guest metal 

ions. 

A second approach to the synthesis of modified MOFs is using a functionalized ligand 

to increase the number of nucleation centers (see section 5). The functionalized 

ligand does not change the crystal structure of the host materials, but improves their 

adsorption ability of metal ions. For example, sulfur-MOF-5 can be obtained by the 

addition of sulfur-conjugated functional groups on the BDC linker, thereby improving 

the metal uptake process because the sulfur unit has strong adsorption ability for 

metal ions.[25] 

The third important approach is using open coordination sites (OCSs) at the metal 

center to modify the adsorption of metal ions (see section 6). MOFs with OCSs at the 

metal center exhibit effective adsorption of small organic molecules, such as H2O, 

NH3, and CH2Cl2.[89-91] A metal complex with small organic molecules can be attached 

to the OCSs to utilize these OCSs. Thus, metal ions are directed to loading onto the 

pores of MOFs. 
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2 Characterization methods 

Surface analysis techniques play a crucial role to achieve the main objective of this 

thesis. Several key surface analytical techniques were used in this thesis: X-ray 

diffraction (XRD), infrared (IR) spectroscopy, Raman spectroscopy, ultraviolet–visible 

(UV-vis) spectroscopy, X-ray photoelectron spectroscopy (XPS), scanning electron 

microscopy (SEM), atomic force microscopy (AFM), transmission electron microscopy 

(TEM), quartz crystal microbalance (QCM), and electrochemistry at semiconductor 

electrodes. 

2.1  X-ray diffraction 

The XRD crystallography of a crystalline material was first discovered by Laue in 1912. 

This method is well established and is widely used to characterize materials. XRD is 

commonly used to obtain information on the atomic distribution of crystalline 

materials, such as salts, metals, minerals, semiconductors, and various inorganic, 

organic, and biological molecules.[92] In addition, this technique can be used to 

investigate thin crystalline films by identifying the relative angles and intensity of 

diffracted X-ray peaks. Furthermore, we can estimate the possible location of guest 

molecules in a known crystal based on changes in the XRD peaks before and after 

loading. 

2.1.1 Theoretical background 

XRD can be used to identify the atomic and molecular structure of an unknown 

crystal. Atoms in crystals will cause X-ray scattering in specific directions upon 

illumination by a beam of incident X-rays. If incident X-rays at a certain wavelength (λ) 

strike at a stated angle (θ) onto a crystal where all atoms are placed in a regular 

periodic array with inter-planar spacing (d) (Fig. 2.1), the XRD detector will record 

diffracted peaks according to Bragg’s law, as follows: 

                                                   (1) 

Diffraction patterns of the sample can be obtained because of the random 

orientation distribution of crystals in powder samples. Moreover, the positions of the 

atoms in the crystal can be determined by measuring the intensities of the diffracted 

peaks as function of 2θ angles (0°–90°). 

2 sind  
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Figure 2.1 Schematic of X-ray diffraction by a crystal (Bragg condition). 

The basic design of the XRD apparatus, illustrated in Fig. 2.2, highlights three main 

components, namely, the X-ray source (F), sample holder (S), and detector (G), 

positioned on the circumference of a circle. A sample in the flat-plate form is usually 

positioned on the ω-axis corresponding to the center of the diffractometer. During 

measurement, the 2θ-axis rotates twice as much as the ω-axis, hence commonly 

referred to as a “theta two-theta scan”. 

 

Figure 2.2 Para-focusing geometry and some essential points of an X-ray 

diffractometer. (Figure taken from Ref.[92]) 

2.1.2 Estimation of X-ray diffraction intensity 

A crystal is defined as a solid consisting of atoms arranged in a periodic pattern 

defined by the unit cell. The XRD peak intensity is directly related to the position of 

the atom in the unit cell. Therefore, the information of the phase differences based 

on the relationship between the scattering intensity and the atomic positions in one 

unit cell should be determined when the scattering intensity from crystals is 

considered. The sum of the scattered waves from the atoms in a unit cell (structure 

d θ

Incident X-rays Diffracted X-rays

λ
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factor F) can be computed using the following generalized equation:[92] 

   (2) 

where hkl represents the crystallographic planes, N represents the total number of 

atoms in a unit cell, fj represents the atomic scattering factor of the j-th atom in the 

corresponding unit cell, and (x, y, z) represents the atomic coordinates. 

The structural factor F is generally given by a complex number. This factor represents 

the amplitude and phase of the scattered wave obtained from the summation of all 

atoms in the unit cell. The usefulness and application of Equation (2) can be fully 

appreciated by evaluating some actual cases. For example, the structure factors of 

(001) and (002) for the body-centered cell HKUST-1 are given as follows: 

 

 

where fCuj represents the atomic scattering factor of the j-th Cu atom in the 

corresponding unit cell, and z represents the atomic coordinates in the z-axis. The 

position of Cu atoms in HKUST-1 unit cell is summarized in table 2.1. 

Table 2.1 The position of Cu atoms in HKUST-1 unit cell. 

 

The results show that the reflections will be observed for planes of (002), but not the 

reflection for the planes (001) because its structure factor is equal to zero. 
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The position of Cu atoms in HKUST-1 unit cell (48 atoms) (x, y, z)
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The structure factor F is an important parameter to understand the relationship 

between the crystal structure and the intensity of the diffracted X-rays from each 

crystallographic plane measured. In addition to the structure factor, the measured 

intensity of diffracted X-rays from powder samples is related to other various factors, 

such as polarization, multiplicity, Lorentz, absorption, and temperature factor.  

The intensity of diffracted X-rays for powder crystalline samples can be described 

using a general formula considering the above-mentioned factors. For example, 

intensity I measured by a diffractometer with characteristic monochromatic radiation 

is given by the following equation:[92] 

                  (3) 

 

2.1.3 X-ray diffraction of the MOF thin film 

Contrary to a powdered sample, a thin film is generally formed two-dimensionally on 

the substrate surface and has large anisotropy either along the out-of-plane direction 

(thickness) or in the in-plane direction (within surface plane). We should characterize 

a thin film both along the out-of-plane and in-plane directions to ascertain the 

crystallinity and orientation of a thin film material (Fig. 2.3). 

 

Figure 2.3 Schematic of the X-ray diffraction measurement of (a) out-of-plane and (b) 

in-plane of a thin film. 
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In this thesis, out-of-plane measurements of all samples were performed using a 

Bruker D8 Advance equipped with a Si-strip detector (PSD Lynxeye© ; position 

sensitive detector) and Cu Kα1,2 radiation (λ = 0.15418 nm) in θ-θ geometry, variable 

slit on primary circle. Scans were run over various 2θ ranges, with a step width of 

0.024° and step time of 2 s, up to 5 s for higher order peaks. The 2θ angle scanning 

range was selected to be from 3° to 60° to observe the corresponding peaks of the 

deposited film.  

The in situ, heated, out-of-plane XRD measurements were conducted using a PAAR 

HTK 1200 heating stage directly installed into the Bruker D8 Advance diffractometer. 

The heating rate was set to 1 °C/min, and the temperature range was set between 24 

and 230 °C.  

In-plane XRD was conducted using a Bruker D8 Discover equipped with a quarter 

Eulerian cradle, tilt-stage, and 2.3° Soller-slits installed on both sides. A Göbel-mirror 

and a PSD Lynxeye©  in θ–2θ geometry were applied. 

The thin-film samples were measured directly, whereas the powdered samples were 

first pressed into tablet forms (from 0.1 μm to 2 μm thick). 

2.2  Infrared spectroscopy 

IR spectroscopy was the first structural spectroscopic technology widely used to 

identify and study chemicals since the conceptual breakthrough of an IR correlation 

chart in the 1950s and 1960s. This technique is readily available through commercial 

instrumentation. The IR technique utilizes an IR spectrometer (or spectrophotometer) 

to produce an IR spectrum characterizing the chemical bonding of a given sample, 

which can be solid, liquid, or gaseous. Common laboratory instruments used in this 

technique include transmission IR spectroscopy, IR reflection absorption 

spectroscopy (IRRAS), and attenuated total reflection (ATR). 

2.2.1 Theoretical background 

Two main factors, namely, radiation frequency and molecular dipole moment, 

influence the IR absorption process. The molecular vibration for molecular 

absorption of the incident IR photon energy must induce a change in the dynamic 

dipole moment. Fig. 2.4 shows the oscillating electric field of the IR radiation 

generating forces on the molecular dipole. The oscillating electric field drives the 

oscillation of the molecular dipole moment, alternately increasing and decreasing 

the dipole spacing. 
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Figure 2.4 The oscillating electric field of the photon generates oscillating, oppositely 

directed forces on the positive and negative charges of the molecular dipole. The 

dipole spacing oscillates with the same frequency as the incident photon. (Figure 

taken from Ref.[93]) 

The dynamic dipole moments of uncharged molecules are derived from the partial 

charges of the atoms, which can be determined from molecular orbital calculations. 

Symmetric molecules or bonds have no dipole moments and therefore do not absorb 

IR radiation. For example, homonuclear diatomic molecules, such as H2, N2, and O2, 

have no dipole moments and are IR inactive. By contrast, heteronuclear diatomic 

molecules, such as HCl, NO, and CO, have dipole moments. Thus, their corresponding 

vibrations are IR active. 

More complex molecules contain more chemical bonds and correspondingly show 

more complex vibrational spectra. For example, CO2 is a linear molecule with four 

vibrational modes (Fig. 2.5). However, the CO2 symmetrical stretching is IR inactive 

because it has no dipole moment. The absorption spectrum of the samples can be 

recorded by measuring the IR absorption in the range of 400–4000 cm-1, and the 

nature of the chemical bonds can be determined. 

 

Figure 2.5 Four vibrational modes in the linear molecule CO2. 
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2.2.2 Transmission infrared spectroscopy 

Transmission IR spectroscopy is one of the most common approaches for the 

chemical analysis of materials. Nearly any type of samples (e.g., solid, liquid, or gas) 

can be measured by transmission IR spectroscopy, with varying sample preparations. 

A major disadvantage of this method is the difficulty in sampling for some special 

samples. For example, powder samples should be mixed and formed into tablet with 

another powder that is IR transparent, whereas thin films and membranes can be 

directly analyzed using a sample holder. 

2.2.3 Infrared reflection-absorption spectroscopy 

IRRAS is an established analytical technique to characterize thin films or monolayers 

on substrate surfaces. The sample in IRRAS measurements is investigated in 

reflection geometry under grazing incidence (typically 80°). The sensitivity of this 

method can be significantly enhanced by employing the polarization modulation (PM) 

technique. In particular, atmospheric absorption of the samples caused by water 

vapor and CO2 can be eliminated. The PM-IRRAS technique considers the different 

absorptions of p- and s-polarized light at large angles of incidence. The p-polarized 

plane is parallel to the plane of incidence, whereas the s-polarized plane is 

perpendicular to the plane of incidence (Fig. 2.6). 

 

Figure 2.6 Principle of infrared reflection-absorption spectroscopy. 

The ultrathin layers on metal surfaces (e.g., Au wafer) interact with the p-polarized 

fraction of light but not with the s-polarized one (Fig. 2.7a). However, for the 

ultrathin layers on the nonmetal surfaces, such as silicon or glass, the p- and 

s-polarized light will both affect IR reflection (Figs. 2.7b and c). 

p- polarized

s- polarized Reflected infraredIncident infrared
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Figure 2.7 Calculated reflectivity differences between the clean substrate (R0) and 

adsorbate- covered substrate (RF) for different substrate materials as a function of 

the light incidence angle for p-polarized radiation (solid lines) and s-polarized 

radiation (broken lines) at 3000 cm-1. A hypothetical adsorbate vibration (absorption 

index k=0.1 at 3000 cm-1) of an isotropic adsorbate layer (thickness d=1 nm, 

refractive index n=1.5) was used to simulate a CH-stretching absorption in an organic 

monolayer film. The following optical constants were used for the substrates: silicon 

(n=3.42, k=0), glass (n=1.5, k=0), gold (n=3, k=30). θB denotes the Brewster angle of 

the substrate. (Figure taken from Ref.[94]). 

The basic design of the IRRAS is illustrated in Fig. 2.8. The path of the IR beam is 

shown as a yellow bold line in the figure. The figure has four main components, 

namely, an IR beam source (laser diode), interferometer, sample holder, and detector 

compartment. 

 

Figure 2.8 Schematic of an IRRAS instrument. (Figure taken from Ref.[95]) 

(a)

(b)

(c)
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In this thesis, all samples were recorded using an FTIR spectrometer (Bruker VERTEX 

80) with a resolution of 2 cm-1 at an incidence angle of 80° relative to the surface 

normal. Liquid nitrogen is used to cool the mercury cadmium telluride (MCT) narrow 

band (4000–400 cm-1) detector. Dry air was purged continuously through the 

spectrometer and sample compartment, which reduces the possibility of 

atmospheric water or CO2 contamination on the samples. Samples were measured as 

long as the water absorption bands from ambient air disappeared (900–1300 scans). 

The data were processed using Bruker OPUS® software version 7.2. 

2.2.4 Attenuated total reflection 

ATR is a very simple and effective IR spectroscopy technique used to characterize 

samples directly in the solid or liquid state without further preparation.  

ATR technique detects the total internal reflection resulting from an evanescent wave 

produced by an IR beam passed through the ATR crystal at least once off the internal 

surface in contact with the sample (Fig. 2.8). The penetration depth (dp) into the 

sample is typically between 0.5 and 2 μm, with the exact value determined by the 

wavelength of light, angle of incidence, indices of refraction for the ATR crystal, and 

the medium being probed. Different numbers of reflections can be obtained by 

altering the angle of incidence. The following conditions should be satisfied with the 

ATR technique: the sample must be in contact with the ATR crystal surface and the 

refractive index of the layer must be smaller than that of the ATR crystal. 

 

Figure 2.9 Schematic of attenuated total reflection (Figure taken from Ref.[96]). 
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In this thesis, all samples were recorded using a Bruker Optics Tensor 27 

spectrometer with a Bruker Optics Platinum® ATR accessory and a duterated 

triglycine sulfate detector. The ATR spectra were recorded at room temperature 

with a resolution of 4 cm-1 using air as background. Data were processed using 

Bruker evaluation software OPUS 7.2. 

2.3  Raman spectroscopy 

Raman spectroscopy is commonly used in chemistry to provide a fingerprint of 

chemical bonds in sample by observing the vibrational, rotational, and other 

low-frequency modes in a system. This fingerprint was first observed by Sir C. V. 

Raman in 1928. Raman spectroscopy is a good complement to IR absorption 

spectroscopy because it can measure molecules or bonds that have no dipole 

moments (IR inactive), such as N2 and O2. 

The basic rationale of Raman spectroscopy is described using classical arguments. A 

schematic of the basic mathematical description of the Raman effect is shown in Fig. 

2.10. The electromagnetic field will perturb the charged particles of the molecule, 

resulting in an induced dipole moment, as follows: 

                             (4) 

where α is the polarizability, E is the incident electric field, and μ is the induced 

dipole moment. The electric field of the radiation is oscillating as a function of time 

at a frequency Ѵ0, which can induce an oscillation of the dipole moment μ of the 

molecule at this same frequency (Fig. 2.10a). The polarizability α of the molecule has 

a certain magnitude that can vary slightly with time at the much lower molecular 

vibrational frequency Ѵm (Fig. 2.10b). The results are shown in Fig. 2.10c, which 

depicts an amplitude modulation of the dipole moment oscillation of the molecule. 

This type of modulated wave can be resolved mathematically into three steady 

amplitude components with frequencies Ѵ0, Ѵ0 + Ѵm, and Ѵ0 - Ѵm (Fig. 2.10d). These 

dipole moment oscillations of the molecule can emit scattered radiation at the same 

frequencies called Rayleigh, Raman anti-Stokes, and Raman Stokes frequencies. If a 

molecular vibration does not cause a variation in the polarizability, then no 

amplitude modulation of the dipole moment oscillation would occur and no Raman 

Stokes or anti-Stokes emission would be observed. 

 E 
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Figure 2.10 Schematic representing Rayleigh and Raman scattering. In (a). the 

incident radiation makes the induced dipole moment of the molecule oscillate at the 

photon frequency. In (b), the molecular vibration can change the polarizability, a, 

which changes the amplitude of the dipole moment oscillation. The result as shown in 

(c) is an amplitude modulated dipole moment oscillation. The image (d) shows the 

components with steady amplitudes which can emit electromagnetic radiation 

(Figure taken from Ref.[93]). 

In this thesis, the Raman spectra were recorded with a Bruker Senterra Raman 

microscope (Bruker Optics, Ettlingen, Germany) using a green laser at 532 nm for 

excitation. Data were processed using Bruker evaluation software OPUS 7.2. 

2.4  Ultraviolet–visible spectroscopy 

Ultraviolet–visible spectroscopy (UV-Vis) is one of the most widely used analytical 

methods to obtain absorbance or reflectance spectroscopy of materials in the UV-vis 

spectral region. Samples for UV-vis spectroscopy are most often liquids, although the 

absorbance of gases and even of solids can also be measured. This technique is 

complementary to fluorescence spectroscopy.  

The energy irradiated on the molecules can induce changes in the electronic nature 

between ground and excited states. The electrons in a molecule can be divided into 

three types: σ (single bond), π (multiple-bond), or non-bonding (n-caused by lone 

pairs) electrons. These electrons, when absorbing energy in the form of light 

radiation, become excited from the highest occupied molecular orbital (HOMO) to 

the lowest unoccupied molecular orbital (LUMO). The resulting species is known as 

the excited state or anti-bonding state (Fig. 2.11). 

1. The σ-bond electrons are located at the lowest energy level and require much 

energy to be excited into higher energy levels. Consequently, these electrons absorb 

light in the lower wavelengths of the UV light. 
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2. The π-bond electrons are located at much higher energy levels for the ground 

state and are relatively unstable. Thus, they can be excited by lower energy. These 

electrons absorb energy in the UV and visible light radiations. 

3. Non-bonding electrons belong to lone pairs of atoms. They are at higher energy 

levels than π-electrons and can be excited by UV or visible light. 

 

Figure 2.11 Different transitions between the bonding and anti-bonding electronic 

states when light energy is absorbed in UV visible spectroscopy. 

The basic design of the UV-Vis is illustrated in Fig. 2.12. The path of light is shown as 

a green bold line at the bottom of the figure. In a typical double-beam instrument, 

the light is split into two beams before it reaches the sample. One beam is used as 

the reference (the intensity is considered as 100% transmission or 0% absorbance), 

whereas the other beam passes through the sample (the measurement displayed is 

the ratio of the two beam intensities). 

 

Figure 2.12 Schematic of UV-vis spectroscopy (Figure taken from Ref.[97]). 
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In this thesis, the UV-vis spectra were recorded by a Cary 5000 spectrophotometer 

(Agilent Technologies) in transmission mode using a quartz glass substrate. 

Dynamic UV-Vis spectra were recorded by an Optics unit, a temperature control unit, 

XNanoTM measurement cell, and X1TM high temperature reactor (Insplorer®). All 

Insplorion systems were delivered with a personal computer with Windows platform 

and pre-installed control software Insplorer®. 

2.5  X-ray photoelectron spectroscopy 

X-ray photoelectron spectroscopy (XPS) is the most widely used surface-sensitive 

quantitative spectroscopic technique, which was developed by Kai Siegbahn in 1954. 

The first commercial monochromatic XPS instrument was produced in 1969. It can be 

used to measure elemental composition, empirical formula, chemical state, and 

electronic state of elements that exist within a material.  

XPS spectra are obtained by measuring the kinetic energy and number of electrons 

that escape from the top 0 nm to 10 nm of the material by irradiating a material with 

a beam of X-rays. The XPS apparatus has four main components, namely, a source of 

focused X-ray beam, sample holder, electron detector, and an ultra-high vacuum 

(UHV) stainless steel chamber equipped with UHV pumps (Fig. 2.13). 

 

Figure 2.13 Schematic of the XPS system (Figure taken from Ref.[98]). 

When the incident X-ray irradiates the sample surface, an atom or molecule will 

absorb the X-ray and an electron can be ejected. The kinetic energy (EK) of the 



2 Characterization methods 

41 

electron depends upon the photon (hν) and binding (EB) energies of the electron. The 

relationship is given in the following equation: 

                                                   (5) 

where Φ is the work function dependent on both the spectrometer and the material. 

The typical chemical states and binding energy of the elements on the surface of 

material can be determined by measuring the kinetic energy of the emitted 

electrons. 

In this thesis, the XPS measurements were performed on a K-alpha spectrometer 

(ThermoFisher Scientific, East Grinstead, UK) using a microfocused, monochromated 

Al Kα X-ray source (400 μm spot size). 

2.6  Electrospray Ionization Mass Spectrometry 

Electrospray ionization mass spectrometry (ESI-MS) is a soft ionization technique that 

is typically used to determine the molecular weights of solid or liquid samples. This 

technique allows the sample to be nonvolatile or thermally unstable. This 

characteristic indicates that ionization of samples, such as organic and inorganic 

molecules, can be performed, but a molecule with a fairly large mass (normally over 

100) is required. The other major disadvantage is that the sample should be well 

dispersed in a solution. 

The ESI-MS experiments are conducted by detecting the ratios of mass to charge of 

various peaks in the spectrum. Initially, the ions in solution are ionized into small 

droplets. Subsequently, these droplets will be further desolvated into even smaller 

droplets to create molecules with attached protons. Finally, these ionized and 

desolvated molecular ions will be passed through the mass analyzer to the detector, 

and the mass of the sample can be determined (Fig. 2.14). 

 
k BE hv E  
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Figure 2.14 Schematic illustration of the electrospray ionization mass spectrometry. 

(Figure taken from Ref.[99]) 

In this thesis, ESI-MS was acquired with a Bruker micro OTOF-Q II spectrometry. The 

scan range was m/z 50–1500 under dry gas-nitrogen at 120 ˚C. 

2.7  Inductively coupled plasma atomic emission 
spectroscopy 

Inductively coupled plasma atomic emission spectroscopy (ICP-OES) is an analytical 

technique used for the detection of trace metals in solution (mostly water-dissolved). 

This technique become widely applied in both routine research and in more specific 

analysis purposes because of its reliability, multi-element options, and high 

throughput. This technique has been commercially available since 1974. It uses the 

inductively coupled plasma to produce excited atoms and ions that emit 

electromagnetic radiation at wavelengths characteristic of a particular element.  

ICP-OES can monitor all metal elements and few nonmetal elements (e.g., O, F, and N) 

(Fig. 2.15). ICP-OES can readily measure compositions at parts per million (mg/L) 

concentration level and with the axial systems up to parts per billion (µg/L) 

concentration levels can be reached compared with other conventional analytical 

methods. The major disadvantage of this method is that the solid sample should first 

be dissolved into acid solution during sample preparation. In addition, samples 

should not contain any organic solvents. 

http://www.google.com.hk/url?sa=i&rct=j&q=&esrc=s&source=images&cd=&cad=rja&uact=8&ved=0CAcQjRxqFQoTCMX-iOmFhMkCFYg8FAoda9gBlA&url=http://www.rsc.org/chemistryworld/Issues/2003/February/&psig=AFQjCNF-wYYbtCoWfjC8iQwkoN3Zsbn4fg&ust=1447182696533364
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Figure 2.15 Elements available for analysis by the optima 70000DV inductively 
coupled plasma atomic emission spectrometer. (Figure taken from Ref.[100]). 

ICP-OES was performed using a Perkin-Elmer model Optima 8300 DV equipped with 

a GemTipTM Crossflow Nebulizer (Perkin Elmer, USA). All samples used in this work 

were dissolved with an acid solution (65% nitric acid), and the concentration of 

sample solution in the liquid nitric acid was higher than 0.00X mg/L. 

2.8  Time-of-flight secondary ion mass spectrometry 

Time-of-flight secondary ion mass spectrometry (ToF-SIMS) is a surface analytical 

technique, which was developed by Herzog and Viehböck in 1940s. [101] A pulsed 

beam of primary ions is focused onto a sample surface, producing secondary ions in a 

sputtering process. These secondary ions are analyzed to provide information on the 

molecular and elemental species presented on the surface (Fig. 2.16). ToF-SIMS is a 

conventional technique that can detect all elements in the periodic table, including 

hydrogen. Moreover, ToF-SIMS can provide not only the mass spectral information of 

the sample with XY dimension but also the depth profile information on the Z 

dimension. 

http://www.google.com.hk/url?sa=i&rct=j&q=&esrc=s&source=images&cd=&cad=rja&uact=8&ved=0CAcQjRxqFQoTCO7p-_nFhckCFURVFAodDXENFw&url=http://coloradomtn.edu/campuses/leadville/timberline_analytical_laboratory/analytical_fee_schedule/&psig=AFQjCNGmhH38S--JHDETPJNWruexkMZ7cg&ust=1447234248691109
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Figure 2.16 Schematic of the time-of-flight secondary ion mass spectrometry. 

(Tof-SIMS) (Figure taken from Ref.[101]) 

The ToF-SIMS measurements were performed on a ToF-SIMS 5 instrument (ION-ToF 

GmbH, Münster, Germany). A 20 keV C60
+ ion beam with a short pulse width (2 ns) 

was applied as analysis beam in all experiments. For quasi-static SIMS, this beam was 

rastered over 500 × 500 µm2, and dose density was limited to below 1011 ions/cm2 

(static limit). For dynamic SIMS, an additional O2+ beam (500 eV) was applied for 

erosion of a 450 × 450 µm2 field with a concentric analysis field of 250 × 250 µm2. 

Spectral calibration was performed on C, Cu, Bi, and Bi3O4 peaks. Mass deviations 

were below 20 ppm. 

2.9  Scanning electron microscope 

SEM is a type of electron microscopy that displays a 2D image of the sample using a 

focused beam of electrons that scan the sample surface. The first high-magnification 

scanning electron microscope was invented by Ardenen in 1937. 

A typical SEM apparatus is shown in Fig. 2.17, in which a high-energy focused 

electron beam interacts with atoms in the sample, producing various signals with 

information on the surface topography and composition of the sample. The 

resolution of the SEM images can achieve a value better than 1 nm. Samples can be 

observed in high or low vacuum under wet conditions (in environmental SEM) and at 

a wide range of cryogenic or elevated temperatures. 
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Figure 2.17 Schematic of an scanning electron microscope.(Figure taken from 

Ref.[102]). 

All samples, including SEM cross-sectional measurements, were analyzed using a 

Zeiss HR-SEM (Gemini Class) at 3–5 kV to check the continuity, compactness, and 

homogeneity of differently prepared (loaded and unloaded) HKUST-1 SURMOF thin 

films. 

2.10  Atomic force microscopy  

AFM is a high-resolution scanning probe microscopy, which was invented by IBM 

scientists in 1986. Compared with the SEM, AFM can be applied to acquire 

morphological information of a sample surface with 3D detail in air or liquid 

environment. This technique had been widely used in materials science, biology, and 

other fields since its inception. 

The basic design of the AFM illustrated in Fig. 2.18 shows the four main components, 

namely, sample stage, AFM cantilever, laser, and 4-quadrant photo detector. The top 

of the AFM cantilever contains a sharp tip (probe), which is used to scan the 

specimen surface. When the tip is brought near a sample surface, forces between 

the tip and the sample surface lead to a deflection of the cantilever according to 

Hooke's law.[103] The deflection of the cantilever was monitored by a four-quadrant 

photo detector by receiving a reflected laser signal from the back of the cantilever. 

Finally, the morphologies of the sample in the x-, y-, and z-directions were recorded 
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and rendered as a 3D image. 

 

Figure 2.18 Schematic of an atomic force microscope. (Figure taken from Ref.[104]). 

In this thesis, AFM measurements were performed using an Asylum Research Atomic 

Force Microscope, MFP-3D BIO. All experiments were operated in air at 25 °C. AFM 

cantilevers were NSC-18 AFM-HQ and were purchased from NanoAndMore, with a 

nominal resonance frequency (75 kHz) and nominal spring constant (3.5 N/m). 

2.11  Transmission electron microscopy 

TEM is a microscopy technique in which a beam of electrons is transmitted through 

an ultra-thin specimen, interacting with the specimen as it passes through. The first 

transmission electron microscope was built by Max Knoll and Ernst Ruska in 1931. 

This microscope had a resolution higher than that of light in 1933. The first 

commercial transmission electron microscope was released in 1939. 

TEM has become a major analytical method in various scientific fields, in both 

physical and biological sciences. This technique can be applied in cancer research, 

virology, and materials science, as well as in pollution, nanotechnology, and 

semiconductor. TEM image contrast at low magnification is due to the absorption of 

electrons in the material caused by the thickness and compositional variations in the 

material. Complex wave interactions at high magnification modulate the intensity of 

the image, requiring expert analysis of observed images. Alternate modes of use 

facilitate the observation of modulations in chemical identity, crystal orientation, 

electronic structure, and sample-induced electron phase shift, as well as the regular 

absorption-based imaging. 
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The basic design of a transmission electron microscope, illustrated in Fig. 2.19, 

consists of four key parts, namely, the electron source, electromagnetic lens system, 

a sample holder, and an imaging system. A transmission electron microscope works 

similar to a slide projector. A projector shines a beam of light, which transmits 

through the slide. The patterns painted on the slide allow only certain parts of the 

light beam to pass through. Thus, the transmitted beam replicates the patterns on 

the slide, forming an enlarged image of the slide when falling on the screen. TEM 

works similarly except that they shine a beam of electrons (similar to the light in a 

slide projector) through the specimen (similar to the slide). However, the 

transmission of electron beam in TEM is highly dependent on the properties of the 

material being examined, such as density and composition. For example, porous 

materials will allow more electrons to pass through, whereas dense materials will 

allow less. Consequently, a specimen with non-uniform density can be examined by 

this technique. The transmitted beam is projected onto a phosphor display. 

 

Figure 2.19 Schematic of a transmission electron microscope. (Figure taken from 

Ref.[105]). 

In this work, the plane-view TEM measurements were performed using an image 

aberration-corrected FEI Titan 80-300 operated at 300 kV and equipped with a Gatan 

US1000 CCD camera for TEM and SAED analysis and a Fischione HAADF detector for 

STEM imaging. An EDAX S-UTW detector was used for X-ray energy dispersive 
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microanalysis (EDX) analysis. SAED and STEM analyses were performed at LN2 

temperatures to reduce electron beam damage of the sample. The samples were 

prepared by removing the Bi2O3@HKUST-1 thin films from quartz-glass sample 

surface through a laser ablation process and transferred onto a holey carbon Au grid 

(Quantifoil GmbH). 

2.12  Quartz crystal microbalance  

The QCM device measures the mass variation per unit area on the surface of a quartz 

crystal resonator by monitoring the change in frequency. This resonance frequency is 

achieved by the addition or removal of a small mass from the surface of the QCM 

sensor. The QCM has been commonly used as a micro-gravimeter since Sauerbray 

reported a linear relationship between the oscillation frequency of a piezoelectric 

crystal and the mass of a bound film in 1959. The QCM can be used under vacuum, 

gas, and liquid environments, at temperatures between 20 °C to 60 °C, achieving 

nanogram mass precision.  

The basic design of the QCM is illustrated in Fig. 2.20. The device consists of a thin 

quartz disc sandwiched between a pair of electrodes, which can be excited to 

oscillate at its resonance frequency by the application of an alternating voltage. The 

resonance frequency depends on the total oscillating mass of the sensor and sensor 

surface monolayer, such as absorbed solvent. Thus, the QCM operates as a very 

sensitive balance that can be used for monitoring the change in mass of a sample. 

 

Figure 2.20 Schematic of a piezoelectric quartz crystal microbalance (QCM) crystal 

(only one side shown). A typical 5 MHz QCM from International Crystal 

Manufacturing consists of a thin quartz crystal (0.85 cm diameter) sputtered with a 

metal electrode (0.35 cm diameter) on each side. (Figure taken from Ref.[106]).  

In this thesis, QCM was employed to monitor the growth of an SURMOF thin film on 
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a QCM sensor in a clean and well-controlled manner. The QCM sensor was placed in 

a flow cell (Q-Sense E4). Infiltration with guest molecules was achieved via a stream 

of liquid through the cell. The QCM sensors consist of a quartz glass which is cover on 

both sides with gold electrode (see Fig. 2.20). All SURMOF samples used in this work 

were grown directly on MHDA or MUD SAM modified gold QCM sensors. The 

SURMOF growth was performed in situ in a QCM flow cell by alternating between a 

metal source solution, and a solution of ligand in ethanol and pure ethanol as 

described previously.[107] 

2.13  Electrochemistry at semiconductor electrodes 

Measurements of the electrode properties of semiconductors can provide 

information on the properties of the sample (such as ECS, EVS, Fermi energy, surface 

barrier, and density of majority carriers) and possible electron transfer occurring 

during the reactions. Numerous experimental results in a previous study have been 

provided to support the behavior of MOFs as semiconductors.[108, 109] Therefore, 

measurements of the semiconductor electrochemistry of MOF-basic samples are 

crucial to understand the architecture and behavior of the materials. 

The simplest method to investigate a semiconductor electrode is the measurement 

of electrode capacity. Capacity measurements indicate the value of the surface 

barrier (VS), which controls the density ns or ps, the key parameters in determining 

the electrode current. In addition, the energy level ECS or EVS can also be determined 

using capacity measurements. A simple circuit for impedance measurement is 

illustrated in Fig. 2.21. The typical three-electrode system used in this method 

includes a working electrode (connect with sample), a counter electrode (platinum, 

Pt), and a reference electrode (silver/silver chloride, Ag/AgCl). 

  

Figure 2.21 Schematic of cell featuring impedance measurement (Figure taken from 
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Ref.[110]). 

A Mott–Schottky plot using the following generalized equation can be determined by 

measuring the semiconductor electrode capacity as a function of the direct 

current–applied voltage. 

                                    (6) 

where e0 is the electron charge, ε is the electrode dielectric constant, ε0 is the 

vacuum permittivity and Nα is the acceptor density.  

Two important parameters are determined from the C/V data using equation (5), 

namely, the flatband potential Efb (extrapolation from the depletion layer region of 

voltages to the intercept) and the density of charge in the space charge region NSC. In 

addition, the type of the semiconductor can be determined by the Mott–Schottky 

plot. An upcurve indicates a semiconductor with n-type behavior and a declining 

curve means the semiconductor with p-type behavior (Fig. 2.22). 

 

Figure 2.22 Typical Mott-Schottky plot of C-2 versus electrode potential (Figure taken 

from Ref.[110]). 

In this thesis, Mott–Schottky measurements were performed using an 

electrochemical workstation (CAMRY, reference 600) with a three-electrode setup, 

including a platinum counter electrode and a Ag/AgCl reference electrode (saturated 

KCl solution). 
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3 Materials and theoretical analysis 

3.1  Materials 

3.1.1 Substrates 

Silicon substrates were purchased from Silicon Sense (US) for general use (Thickness: 

525 ± 20 μm; specific resistivity: 8-12 Ω/cm). 

Gold substrates were purchased from Georg Albert–Physical Vapor Deposition (Silz, 

Germany) (100 nm Au + 5 nm Ti evaporated on Si substrates).  

Quartz glass were purchased from Hellma Optics GmbH Jena (Germany) (Ø  10 mm, 

Thickness: 0.5 mm – 1.0 mm, Delay: λ/4, λ/2,  avelength range: 180 – 2700 nm). 

3.1.2 Chemicals 

16-mercaptohexadecanoic acid (MHDA, 99%, Aldrich) 

11-mercapto-1-undecanol (MUD, 99%, Aldrich) 

4-(4-pyridyl)phenyl)-methanethiol (PP1, 99%) 

1,3,5-benzenetricarboxylic acid (BTC, Sigma-Aldrich) 

Copper (II) acetate hydrate (Cu(OAc), 98%, Sigma-Aldrich) 

Terephthalic acid (BDC, 99%, Sigma-Aldrich) 

2,5-bis-(allylthio)-terephthalic acid (atBDC, 99%) 

2,5-bis-(allyloxy)-terephthalic acid (aoBDC, 99%) 

1,4-diazabicyclo[2.2.2]octane (dabco, 99%) 

Lanthanum(III) trifluoromethanesulfonate (La(OTf)3, Sigma-Aldrich) 

Nuclear fast red (NFR, 99%, Sigma-Aldrich) 

Triphenylbismuth (BiPh3, 99%) 

Chlorocarbonyl gold, (AuClCO, 99%, Sigma-Aldrich) 

Ethanol (99.99%, VWR) 

Acetic acid (100%, VWR) 

Hydrochloride (37%, in water, VWR) 

Sulfuric acid (≥95%, VWR) 

Dichloromethane (≥99.8, V R) 
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3.2  SAM preparation on Au substrates 

The 16-mercaptohexadecanoic acid (MHDA, 99%, Aldrich) solution was prepared by 

dissolving MHDA in a 5% (by volume) solution of acetic acid in ethanol (VWR) to 

reach the desired concentration of 20 μM. A clean gold substrate was placed in this 

solution for 72 h and then rinsed with the pure solvent and gently dried under 

nitrogen flux (see Fig. 3.1). 

 

Figure 3.1 Schematic of MHDA SAM on gold wafer. 

The 11-mercapto-1-undecanol (MUD, 99%, Aldrich) solution was prepared by 

dissolving MUD in ethanol (VWR) to reach the desired concentration of 1 mM. A 

clean gold substrate was placed in this solution for 24 h and then rinsed with the 

pure solvent and gently dried under nitrogen flux (see Fig. 3.2). 

 

Figure 3.2 Schematic of MUD SAM on gold wafer. 

The 4-(4-pyridyl)phenyl)-methanethiol (PP1, 99%) solution was prepared by 

dissolving PP1 in ethanol (VWR) to reach the desired concentration of 1 mM. A clean 

gold substrate was placed in this solution for 1 h (60 ˚C) and then rinsed with the 
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pure solvent and gently dried under nitrogen flux (see Fig. 3.3). 

 

Figure 3.3 Schematic of PP1 SAM on gold wafer. 

3.3  Surface treatment of other substrates 

Chemical or physical processes can be used to treat the surface of silicon substrate 

and quartz glass. In the chemical process (Fig. 3.4), the substrates were initially 

immersed in a mixture of H2SO4/H2O2 (3:1) for at least 30 min. Then, the samples 

were removed from solution, rinsed with pure ethanol, and finally dried in a flux of 

N2 gas. This treatment resulted in a silicon substrate or quartz glass surface has a link 

with -OH groups. A substrate functionalized with -COOH group was obtained using 

the 11-(trie-thoxysilyl)-undecanal chemical to modify -COH group on the -OH 

functionalized substrate at room temperature for 3 h. Subsequently, the substrate 

with -COH group was oxidized by potassium hypermanganate (0.1 mol/L) for 1 h to 

obtain -COOH functional group.[74, 111] 

 

Figure 3.4 Schematic of preparation of –OH and –COOH functionalized groups on 

silicon substrate and quartz glass by chemical process (Figure change from Ref.[111]). 

A second method, we expose the substrate to the O2 plasma which is able to graft 

-OH groups onto the substrate surfaces. The plasma is created by using high 

frequency voltages (kHz to MHz) to ionize the low pressure oxygen (around 1 mbar). 

In this plasma cleaning process, the substrates were initially put in oxygen plasma 
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environment for at least 30 min. Subsequently, the samples were taken out from 

machine, rinsed with pure ethanol, and finally dried in a flux of N2 gas. The OH 

functional groups were directly grown onto the substrate surfaces.[112] 

3.4  Theoretical analysis 

Theoretical analysis was contributed by Tobias Neumann, Dr. Denis Danilov and 

Prof. Wolfgang Wenzel from Institute of Nanotechnologie (INT), Karlsruhe Institute 

of Technology. 

DFT calculations of loading La3+ ionic compound into HKUST-1 SURMOFs 

In this thesis, molecular modelling simulations were performed by using a Monte 

Carlo algorithm implemented in the simulation package SIMONA. [113] Basing hopping 

approach with consecutive simulated annealing cycles was used to obtain the lowest 

energy for the system. Therefore, we can avoid the trapping of the system in 

metastable conformations. [114-116] Each simulated annealing cycle consists of 

Metropolis Monte Carlo steps is start at high temperature, so that the molecule can 

overcome local minimal and traverse energy barriers. The ambient temperature is 

decreased by following expression:  

                                            (1) 

where Tn is the temperature at step n, Ts is the temperature in the end and N is the 

total number of steps in simulated annealing run. 

The interaction between the atoms can be expressed by the classical electrostatic 

potential: 

                                                 (2) 

and the Lennard-Jones interaction that includes terms accounting for van-der-Walls 

attraction and Pauli repulsion: 

                           (3) 

Standard parameters for the Lennard-Jones interaction were used for all atoms 

except La3+. In order to determine the LJ parameters for La3+, we performed 
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Metropolis Monte Carlo simulations of La3+ with 3 OTf at constant low temperature 

(T=1K). At the same time, we need varied the La-parameters until the distance 

between oxygen and La3+ reached the equilibrium distance obtained from ab-initio 

calculations. The resulting parameters for La3+ are epsilon = 0.15kcal/mol and sigma = 

3.425Å. Partial charges were calculated using the ESP fit implemented in the DFT 

code TURBOMOLE [117] using SV(P) basis and b3-lyp functional (see Fig. 3.4). 

 

Figure 3.4 Calculation of partial charges of the HKUST-1 MOF. 

We were constructed to screen possible configurations a system consisting of two 

neighboring cavities (the middle and large cavities of the HKUST-1). Each cavity was 

loaded with up to 4 La(OTf)3 molecules resulting in 24 different model systems. We 

applied a strong restraining force to particles outside the cavities which to prevent 

the ions from leaving the complex: 

                        (4) 

The simulations consisted of 10 simulated annealing runs with N = 100000 

Metropolis Monte-Carlo steps each, starting at Ts = 750K and ending at TE = 300K 

using rigid body translation for La3+ and (OTf) and in addition rigid body rotation and 

rotation around dihedral angles in the (OTf) ions. The step size for the random rigid 

translations was drawn from a random uniform distribution between 0 and 1Å, the 

angle of the rigid rotations from a random uniform distribution between 0° and 180°. 

DFT calculations of loading Bi3+ ionic compound into HKUST-1 SURMOFs are similar to 

the above modeling approaches. 
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4 Loading metal ions into SURMOFs by using benzene 
ring as nucleation centers 

One of the most popular strategies of loading metal ions into SURMOF is using 

immersion process. In this method, the SURMOF samples are directly immersed into 

metal precursor solutions. The metal ions will enter and be adsorbed on the phenyl 

ligands. The results demonstrate that this method is rapid and effective for loading 

metal ions into SURMOFs. However, the number and locations of the metal ions 

within MOFs are hard to be determined because they are loaded randomly. In 

addition, usually, the adsorption capacity between the benzene ring and metal ions is 

rather low, which will limit the number of metal ions loaded into MOF.  

4.1  Loading of La3+ ionic compounds into HKUST-1 SURMOFs 

Here, we present the results of a combined theoretical and experimental study on 

the loading of La3+ ionic compounds into HKUST-1 SURMOFs by using phenyl ligands 

as nucleation centers. 

4.1.1  Background 

MOFs have become one of the most important carriers in highly porous crystalline 

materials due to their flexible pore sizes and large loading capacity for guest species, 

in particular metals and metal ions. During the past decade, a huge number of 

metal@MOF systems (such as Au,[118] Zn,[119] Pd[120]) have been reported, with the 

metal guests rendering fascinating properties (e.g., such as hydrogen storage,[121, 122] 

CO oxidation,[79, 123] alcohol oxidation[124]) to the host MOF materials. However, the 

characterization of metal ions loaded MOF materials is a major challenge, because it 

is hard to show the distribution of metal ions in the lattice of MOFs. That is, the usual 

visible characterization methods (such as TEM, SEM) show only the agglomerates or 

nanoparticles of metal ions but it’s incapable of monitoring monodispersed metal 

ions.  

In this work, we investigate the La3+ species, La(OTf)3 (chemical structural formula 

shown in Fig. 4.1.1b), loaded into HKUST-1 or Cu3(BTC)2 (Fig. 4.1.1). The experiments 

were carried out by using the structure platform provided by HKUST-1, a classical of 

metal organic frameworks with fairly large (~1 nm) pore sizes (Fig. 4.1.1a).[21] 

Investigations were carried out using theoretical and experimental XRD, and 

quantitative information on the Cu/La-ratio is obtained from ICP-OES and XPS. The 

force-field calculations were carried out to obtain the precise positions of the metal 

ions in the lattice. 
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Figure 4.1.1 (a) Schematic structure of HKUST-1. (b) Schematic structure of HKUST-1 

SURMOF grown on a MHDA SAM after loading La(OTf)3. 

4.1.2  Preparation of the La(OTf)3@HKUST-1 SURMOF 

HKUST-1 SURMOFs were grown on modified Au substrates using the spray method, 

as described in more detail in section 1.3.2.1. In this experiment, the HKUST-1 

SURMOFs were grown on an Au substrate functionalized by COOH-terminated SAM. 

Before further experiments, all SURMOF samples were activated by ultrasound in 

dichloromethane solution for 5 min to remove residual solvent from the SURMOF 

pores and finally checked by XRD.  

The preparation of La(OTf)3@HKUST-1 SURMOF was performed by using the 

immersion method. A HKUST-1 SURMOF was put into a 250 ml flask and then 

evacuated to 0.2 kPa at room temperature for 30 min. Subsequently, the sample was 

immersed in a freshly prepared solution of La(OTf)3 in ethanol (1 mM, Aldrich) kept 

at 65 ˚C (Fig. 4.1.2). And last, an immersion time of 12 h the sample was removed 

from the solution, rinsed with pure ethanol, and finally dried in a flux of N2 gas. After 

loading experiment, all loaded samples were characterized by XRD before further 

measurements. 
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Figure 4.1.2 Synthesis scheme of gas-phase loading method. 

4.1.3  Results and discussion 

4.1.3.1 Morphology analysis of the HKUST-1 SURMOF by AFM and SEM 

The morphologies of HKUST-1 thin film were characterized by SEM (Fig. 4.1.3) and 

AFM (Fig. 4.1.4). It clearly shows that continuous and homogenous HKUST-1 MOF 

thin films were successfully synthesized on the gold surface by MHDA-SAM surface 

modification (Fig. 4.1.3 right). The thickness of SURMOFs is about 100 nm by 

calculation from cross-section SEM picture (Fig. 4.1.3 left). The AFM images also 

confirmed the HKUST-1 MOF thin film is continuous and homogenous (Fig. 4.1.4).  

 

Figure 4.1.3 SEM images of 20 cycles of HKUST-1 SURMOF. 
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Figure 4.1.4 AFM images of 20 cycles of HKUST-1 SURMOF. 

4.1.3.2 IR analysis of the samples obtained before and after La(OTf)3 loading 

The result obtained from the IR is shown in Fig. 4.1.5. The presence of a broad and 

strong band at 1700–1300 cm-1 is assigned to vibrations of COO- of pristine HKUST-1 

[1655 cm-1 (COO- asymmetric stretching), 1457 cm-1 (COO- symmetric stretching) and 

1388 cm-1 (COO- symmetric stretching)] (Fig. 4.1.5 black curve). These data agree well 

with those reported previously for pristine HKUST-1.[125] The characteristic 

absorption bands of pristine HKUST-1 SURMOF are summarized in table 4.1.1. 

 

Figure 4.1.5 IR spectroscopy of 20 cycles of HKUST-1 SURMOF (black) and after 

loading La(OTf)3 (red). 
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Table 4.1.1 Band assignment for the IR spectrum of HKUST-1 on MHDA SAM. 

 

After immersing the HKUST-1 SURMOFs in a La(OTf)3 solution, a new characteristic 

R-SO3 vibration at 1042 cm-1 has appeared (Fig. 4.1.5 red curve). This observation 

provides strong support that the (OTf) anion is adsorbed in the SURMOFs. Therefore, 

we believe that the La3+ ions are loaded into the SURMOFs. Also after loading the IR 

bands of the samples do not show significant changes, suggesting that the structure 

of HKUST-1 remains intact. The loading of La(OTf)3 does not break the framework of 

HKUST-1 SURMOF. 

4.1.3.3 XRD analysis of the samples obtained before and after La(OTf)3 loading 

According to the XRD data (Fig. 4.1.6 black), the sharp well-defined (002) and (004) 

peaks are observed in out-of-plane XRD for the pristine HKUST-1 SURMOFs. This 

demonstrates that SURMOF growth proceeds only along the (001) direction on the 

MHDA SAM. This result was fit well with the reported results in the previous work.[74] 

The relative intensity of (002)/(004) for the pristine HKUST-1 SURMOFs agrees with 

that observed for MOF powders obtained from simulations using the 

well-established bulk structure of HKSUST-1. In addition, the in-plane XRD data 

showing only the (200) and (220) directions also support this orientation structure 

(Fig. 4.1.6, red).  

After immersing sample into the La(OTf)3 solution, the recorded XRD data are shown 

in Fig. 4.1.6 (out-of-plane, blue; in-plane, dark yellow). The periodicity of the MOF 

crystal lattice has remained unchanged because there has no new diffraction peaks 

appeared. However, the form factor is very different. The ratio of (002)/(004) has 

decreased from 1.1 (pristine sample) to 0.7 (loaded sample). And also, the ratio of 

(200)/(400) and (220)/(440) has dropped from 1.6 to 0.1 and 2.7 to 0.8, respectively. 

Longer immersion times did not lead to a further change of the relative XRD peak 

intensities. This significant change in relative peak intensities are demonstrating that 

La3+ ions are loaded into the larger and middle pores of the HKUST-1, a gather of the 

outer MOF surface would not be compatible with the change of diffraction relative 

peak intensities. 

Absorption band (cm-1) Assignment

1654 and 1595 (COO-) asymm. Stretching

1455 and 1383 (COO-) symm. Stretching

1112 aromatic C-H ip.

941 aromatic C-H oop.
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The same loading process has also been carried out for powder HKUST-1: the 

changes in relative peak intensities were similar to the SURMOFs (Fig. 4.1.7): after 

loading La(OTf)3, the ratio of (002)/(004) has dropped from 2.15 to 1.21. 

 

Figure 4.1.6 XRD patterns recorded: calculated XRD patterns for HKUST-1 with a bulk 

structure (purple) and experimental XRD data recorded in out-of-plane [empty 

HKUST-1 (black) and after loading La(OTf)3 (blue)] and in-plane [empty HKUST-1 (red) 

and after loading La(OTf)3 (dark yellow)] scattering geometry. 

 

Figure 4.1.7 XRD patterns of bulk HKUST-1 MOF (black), after loading La(OTf)3 (red) 

and calculated data(blue). 
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4.1.3.4 Stability of the La(OTf)3@HKSUT-1 SURMOF studied by XRD 

The out-of-plane XRD was applied to investigate the stability of the 

La(OTf)3@HKSUT-1 SURMOF after immersion in dichloromethane under ultrasonic 

conditions for 15 min. The XRD data (Fig. 4.1.8) do not show significant changes 

suggesting an irreversible loading of the SURMOF with La(OTf)3. Also we do not see 

significant changes of the position as well as on the relative intensities of the peaks. 

This demonstrates that the La3+ ions do not leach out after loaded inside the cavity of 

HKUST-1 when immersed in solvents like CCl2H2. 

 

Figure 4.1.8 XRD patterns of La(OTf)3@HKUST-1 SURMOF (black) and after ultrasonic 

cleaning in dichloromethane for 15min 

4.1.3.5 Quantitative analysis by XPS and ICP-OES 

In order to obtain detailed information about the number of the molecules within 

the MOF pores, we measured the La(OTf)3@HKSUT-1 SURMOF using XPS and 

ICO-OES. 

In contrast to powder MOFs, XPS can be better applied to SURMOFs supported on a 

metal because it avoids electrical charging which greatly complicates the data 

interpretation. Clearly, after loading the data recorded for the La(OTf)3@HKUST-1 

SURMOFs show distinctive La3+ peaks (Fig. 4.1.9).[126] A quantitative analysis reveals 

that the total Cu2+ and La3+ contents of the SURMOFs after loading are 4.3% and 0.8%, 

respectively (Table 4.1.2), corresponding to a Cu/La ratio of 5.4. 

The metal ion concentration curves obtained from ICP-OES are shown in Fig. 4.1.10. 
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By calculation of the integrated area of the measured curves, the Cu2+ and La3+ 

concentrations after loading the sample are 6.6 mg·L-1 and 0.9 mg·L-1, respectively. 

The calculated ratio of Cu/La amounts to 7.3, which is close to the value calculated 

from XPS data (Table 4.1.3). 

 

Figure 4.1.9 XPS analysis of (a) Cu 2p and (b) La 3d of the La(OTf)3@HKUST-1 MOF 

thin films. 

Table 4.1.2 Element composition determined by XPS analysis for La(OTf)3@HKUST-1 

SURMOF. 
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Figure 4.1.10 ICP-OES analysis of (a) Cu2+ and (b) La3+ of the La(OTf)3@HKUST-1 MOF 

thin films. 

Table 4.1.3 Element composition determined by ICP-OES analysis for 

La(OTf)3@HKUST-1 MOF thin films. 

 

4.1.3.6 Force-field calculations 

In order to obtain more detailed information regarding the positions of the 

molecules within the MOF pores we have carried out force-field based Monte Carlo 

simulations for different numbers of La(OTf)3 embedded in HKUST-1, as described in 

more detail in section 3.4. First, simulations of up to four La(OTf)3 molecules within a 

single HKUST-1 unit cell were performed and the binding energies were calculated. 

To confine the La(OTf)3 molecules to the cavity an additional harmonic penalty 

potential (confining potential) was introduced for particles outside the cavity. Results 

for binding energies and the confining harmonic potential of the lowest energy state 

are shown in table 4.1.4.  

The binding energy is decreasing with an increase of the number of molecules 

for up to four molecules, as repulsive interactions between the molecules 

compete with attractive interactions to the MOFs. We note that the confining 

a b

Name Wavelength nm Amount mg/L Cu/La ratio

La3+ 224.700 3.28

7.3

327.393 3.32

Cu2+ 379.478 0.45

384.902 0.45
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potential at the energy minimum is increased significantly when more than 3 

La(OTf)3 are loaded in each per pore of HKUST-1, which indicates that no more 

than 3 molecules can fit one pore. A substantial binding energy associated 

with the loading, which mainly results from the dispersive interaction of the 

La3+ ion, is moved close to the center phenyl ring of one of the BTC ligands at 

the energy minimum (Fig. 4.1.11). 

Table 4.1.4 Binding energies and confining potential for numbers (1, 2, 3, 4) of 

La(OTf)3 molecular in a single MOF cavity. 

 

 

Figure 4.1.11 Schematic structure of single La(OTf)3 (1), 2 La(OTf)3 in (2), 3 La(OTf)3 (3) 

and in 4 La(OTf)3 HKUST-1 MOF. 

Because this interaction may not be fully represented in the force field, we have 

performed additional DFT calculations to obtain the binding between La3+ and the 

phenyl rings. The calculated binding energy of -7.84 eV is approximately 300 times 

HKUST-1 of La(OTf)3 binding energy / kcal / mol confining potential

1 -837.33 6.53

2 -1235.38 49.08

3 -1482.21 47.34

4 -1559.74 152.89
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kBT at room temperature. In order to compare with the experimental data both 

cavities were loaded with different numbers of La(OTf)3 and simulation with 10 

SA-cycles with 100000 MC steps each, starting at T=750K and cooling down to 

T=300K, were carried out. The optimized structure with possible locations and 

number (1, 2, 3, 4) of La(OTf)3 in the large and middle cavities of HKUST-1 MOF is 

presented in Fig. 4.1.12a. The simulated out-of-plane XRD data for a (001) growth 

direction for the optimized structures obtained from the calculations are shown in 

Fig. 4.1.12b. 

The increase of the (004) peak relative to the (002) peak in the calculated XRD data 

when adding the first La3+ close to the Cu2+ can be rationalized by considering the 

fact that this structure can (to first approximation) be described as an F lattice, and 

the intensity of the (002) peaks has to increase because placing the La3+ ion close to 

the Cu2+ ions effectively increases the electron density around these Cu positions. 

When additional La3+ ions are placed more close to the middle of the major pore (as 

in the structures for the 2 and 3 ions by the structure optimizations) the F-lattice is 

effectively changed into an I-lattice (Fig. 4.1.12).  

The extinction rules for I-lattices lead to a decrease of the (002) peak intensity, as it is 

evident in the figure for the case of 2 and 3 La3+ ions. Further increase of the La3+ 

content in the unit cell leads to an increase of the intensity. This can be explained by 

the higher atomic scattering factor of the La3+ and its position. The former Cu2+ 

F-lattice transforms into a La3+ F-lattice (or even P-lattice) with some admixtures of 

Cu2+ in the I-lattice positions. The atomic scattering factor for Cu2+ cannot fully 

compensate the La3+ contributions to the scattered intensity. The effect explaining 

the intensity decrease for the 1 La3+ and 2 La3+ loading state applies also for the 

higher loading states for La3+. Therefore, an initial Cu dominated structure is not 

transformed into a La dominated structure. The results fit very well with the 

experiment data which for the two and three ions are very similar in the out-of-plane 

data. 

By comparing with the results of structure optimizations, loading with a single La3+ 

can be ruled out because for the poor agreement of the simulated with the 

experimental XRD data. On the other hand a loading with 3 ions per HKSUT-1 unit 

cell can be ruled out because of the poor agreement with the ICP-OES data. We thus 

conclude that in the loaded structure 2 La3+ ions are hosted within the pore of 

HKUST-1. This finding is fully consistent with all available experimental and 

theoretical information. 
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Figure 4.1.12 (a) Schematic structure of HKUST-1 (1) and after loading different 

number [single La(OTf)3 (2), 2 La(OTf)3 (3) , 3 La(OTf)3 (4) and 4 La(OTf)3 (5)] of 

La(OTf)3 in HKUST-1. (b) Calculated X-ray diffraction patterns for HKUST-1 before and 

after loading La(OTf)3 molecular in out-of-plane [empty HKUST-1 (black), single 

La(OTf)3 (red), 2 La(OTf)3 (blue), 3 La(OTf)3 (magenta) and 4 La(OTf)3 (dark yellow)]. 
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4.1.4  Conclusions 

In summary, La(OTf)3 was successfully loaded into HKUST-1 SURMOF via the solution 

impregnation method as evidenced by XRD, XPS and ICP-OES data. According to the 

XRD data, we find that the relative peak intensity of (002) and (004) has a significantly 

decrease after loading La(OTf)3. In addition, the XPS and ICP-OES results reveal that 

two La3+ ions have been loaded into one pore of HKUST-1. These data are fit very well 

with the simulation results preformed by using a refined force-field analysis. The 

pristine HKUST-1 structure is described as an F lattice. After loading La(OTf)3, the La3+ 

ions are placed more close to the middle of the major pore and change the F-lattice 

into I-lattice. This structure is stabilized by pronounced dispersive interactions 

between the La3+ and the phenyl ring of a BTC ligand. The resultant loading of La (and 

other noble metal) species into porous solids is of pronounced interest with regard to 

using MOF thin films for applications. In future work we plan to study the 

electrochemical properties of the loaded SURMOFs which also offer rich potential for 

catalysis applications. 

4.2  Bi2O3 nanoparticles encapsulated into HKUST-1 SURMOF 

As discussed above in section 4.1, the metal ions were successfully loaded into MOFs 

by impregnation method using the phenyl ligands as nucleation centers. In this 

section, we extend the study from metal@SURMOF to oxide@SURMOF systms and 

prepare quantum-sized Bi2O3 NPs in HKUST-1 SURMOF by the same methodology as 

La ions loading. 

4.2.1  Background 

Photocatalysts carry a huge potential for the removal of contaminations from the 

environment and have been demonstrated to show an impressive performance in 

decomposing organic pollutants under UV-light irradiation.[127]
 Among the numerous 

semiconducting materials under investigations, recently much attention has been 

given to Bi2O3 photocatalysts. Bi2O3 exhibits narrow electronic band gaps (2.8eV or 

less) and shows p-type behavior with a high photocatalytic activity.[128] 

Straightforward applications, however, are hampered by the fact that the fabrication 

of monodisperse Bi2O3 nanoparticles (NPs) with well-defined diameters represents a 

major challenge. Conventional NP synthesis methods typically yield rather broad NP 

size distributions.[3] For the fabrication of high performance photocatalysts as well as 

for a more detailed understanding of the fundamental photocatalytic process, the 

development of novel synthesis allowing to produce Bi2O3 clusters and NPs with 

narrow size distributions and large surface areas is urgently required.  
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A very appealing strategy to reach this goal is the synthesis of NPs inside the voids of 

metal−organic frameworks (MOFs).[13, 14] Since the pore-walls of the MOF can be 

used to control the size of the NPs; as a result of its pore sizes and large loading 

capacity for guest species, this class of highly porous, crystalline materials provides 

an ideal platform for the encapsulation of catalytically active compounds (such as 

Pt,[78] Au,[79] Ti-based[80]) as well as of photosensitizers.[129] The formation of large 

Pd-clusters after libration of Pd from [(tmeda)Pd(CH3)2] (tmeda=N,N,N’,N’ 

tetramethyl-ethylenediamine) has been reported by Fischer et al.[130] MOFs are 

typically insulators, the size of the band-gap strongly depends on the nature of the 

organic ligands used to build the molecular frameworks. During the past decade, an 

increasing number of work has been reported using MOFs as a host matrix, which 

after loading with appropriate compounds act as a high-yield photocatalyst with a 

number of interesting properties, e.g. for hydrogen evolution (Pt@MOF)[78] and 

light-driven α-alkylation reactions (BCIP@MOF).[131] 

 

Figure 4.2.1 Synthesis scheme of Bi2O3@HKUST-1 SURMOFs. 

Here, we use the pores within the HKUST-1 SURMOFs for the synthesis of Bi2O3 

clusters/NPs, yielding a novel Bi2O3@HKUST-1 (or Cu3(BTC)2, BTC = 1,3,5-benzene- 

tricarboxylic acid) hybrid-photocatalyst. The layer-by-layer strategy was used to 

fabricate this SURMOF material, since they are crystalline, oriented and exhibit a 

well-defined thickness and can be manufactured with thickness in the 

micrometer-range. The final hybrid-photocatalysts formed by this novel synthesis 

procedure consists of p-type Bi2O3 NPs embedded into the HKUST-1 SURMOF (Fig. 

4.2.1).  

BiPh3
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When the crystallite dimension of a semiconductor particle falls below a critical 

radius of approximately 10 nm, the charge carriers behave quantum mechanically, 

the band gap increases and the band edges shift to yield larger redox potentials. Thus, 

the use of quantum-sized Bi2O3 semiconductor NPs (1-3 nm) may result in increased 

photo-efficiencies for the systems in which the rate-limiting step is the charge 

transfer. 

4.2.2  Preparation of the Bi2O3@HKUST-1 SURMOF 

All HKUST-1 SURMOFs used in the present work were grown on modified Au 

substrates using spray method, except parts of TEM and UV-Vis samples were grown 

on quartz glass, as described in more detail in section 1.3.2.1. Before further 

processing, all SURMOFs samples were activated by ultrasound in dichloromethane 

solution for 5 min to remove residual solvent from the SURMOFs pores and 

characterized by XRD.  

For BiPh3 loading, a HKUST-1 SURMOF was placed into a 250 ml flask, which was then 

evacuated to 200 Pa at room temperature for 30 min. Subsequently, a freshly 

prepared solution of BiPh3 in ethanol (1 mM, Aldrich) was injected quickly into the 

reaction flask and heated to 65 ˚C for 36 h.  

After loading BiPh3, the reaction flask with BiPh3@HKUST-1 sample was taken out 

from the oven and irradiated with 255 nm UV light for 5 h. Subsequently, the sample 

was removed from the reaction solution, rinsed with pure ethanol and dried in dry 

N2 gas. Then, the sample was irradiated with 255 nm UV light for 1 h. After loading all 

samples were characterized by XRD before further measurement. 

4.2.3  Photolysis of the Bi(Ph)3 precursor 

BiPh3 is a simple organo-bismuth compound which is quite stable under normal 

conditions. According to previous reports, the photo-decomposition of BiPh3 in 

solution in the presence of O2 leads to the formation of Bi2O3 particles.[132] Upon 

irradiation, the color of the solution turns from clear to opaque (Fig. 4.2.2). This 

observation reasonably supports above that Bi(Ph)3 has been breaking down 

gradually into large size Bi2O3 NPs in the solution. Dynamic light scattering (DLS) 

demonstrates a particle size distributions from 120 nm to 1 μm (Fig. 4.2.3). 
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Figure 4.2.2 BiPh3 ethanolic solution before irradiation (left) and after irradiation 

(right). 

 

Figure 4.2.3 Dynamic light scattering (DLS) analysis for BiPh3 ethanolic solution after 

irradiation. 

Qualitative analyses of the XPS (Fig. 4.2.4) proves that the photolysis products show a 

characteristic Bi 4f5/2 peak with a binding energy shift from 167.1 eV to 164.8 eV, 

which describes the successful UV-decomposition of the BiPh3 precursors into Bi2O3 

NPs. The calculated atomic ratio of Bi/O amounts to 2:3, which also demonstrated 

that the photolysis product is Bi2O3.[133] 
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Figure 4.2.4 XPS analysis for BiPh3 (up) and Bi2O3 (down). 

The UV-Vis analysis also proves the degradation product is Bi2O3 (Fig. 4.2.5). In the 

previous report, Bi2O3 has several crystal structures including α‐, β‐, and γ‐ phases, 

with an indirect band gap of 2.6 to 2.9 eV, which differs for different crystal 

structures. Here, we calculated the band-gap Eg of the degradation product using the 

following empirical formula: 

1240 / 1240 / 459 2.7gE eV                   (1) 

Since the band gap of this semiconducting material is 2.7 eV which agrees with the 

band gap of Bi2O3 reported previously. This demonstrates the existence of α‐ phase 

Bi2O3 NPs.  
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Figure 4.2.5 UV-Vis analysis of the Bi2O3 thin films on quartz glass (black) and the 

band gap versus wavelength of the Bi2O3 thin films is approximated using the direct 

band gap method by plotting the absorbance squared versus energy, and 

extrapolating to zero (dotted line). 

4.2.4  Results and discussion 

4.2.4.1 Quantitative analysis of BiPh3 loading into the HKUST-1 SURMOF by QCM 

The loading of BiPh3 into the HKUST-1 SURMOFs was analyzed in a quantitative 

fashion using a QCM (Fig. 4.2.6). The HKUST-1 SURMOFs used here were grown on 

modified Au QCM sensor, as described in more detail in section 1.3.2.4.  

The mass density of the activated framework amounts to 0.98 g·cm-3, which is 

increased by the ethanol contained in the pores, yielding a total mass-density of the 

ethanol-soaked HKUST-1 of 1.53 g·cm-3. A quantitative analysis of the QCM yields a 

BiPh3 loading of ~0.17 g BiPh3 per 1 g ethanol-soaked HKUST-1. This corresponds to a 

loading of 2 to 3 BiPh3 molecules per HKUST-1 unit cell. 
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Figure 4.2.6 Layer-by-layer growth of the HKUST-1 SURMOF on the QCM sensor with 

20 cycles and performed uptake experiment with BiPh3. The inset is a magnification 

of the layer-by-layer growth of the SURMOF. (The small oscillations in the curve are 

from the pump). 

4.2.4.2 XRD analysis of the Bi2O3@HKUST-1 SURMOF 

According to the XRD data (Fig. 4.2.7), we present an out-of-plane geometry for the 

pristine, monolithic and oriented HKUST-1 SURMOFs thin film (Fig. 4.2.7 black). As 

reported in previous works,[74] the (002) and (004) peaks are sharp and well-defined. 

Their relative intensities are in full agreement with simulations assuming perfect 

HKUST-1 material (Fig. 4.2.7b black). The absence of diffraction peaks for other 

crystallographic directions in the out-of-plane data reveals that the SURMOFs growth 

proceeds only along the (001) crystallographic direction.  

The XRD data recorded after immersion of the HKUST-1 thin film into the BiPh3 

solution (Fig. 4.2.7b, red) reveal that loading the guest molecules does not affect the 

crystallinity of the host matrix. Although no new diffraction peaks appear, after 

loading the ratio of the diffraction peak intensities is different. The (002)/(004) 

(out-of-plane data) ratio has decreased from 2.13 for the pristine film to 0.79 for the 

BiPh3 loaded film. Longer immersion times did not lead to a further change of the 

relative XRD peak intensities. This change in form factor confirms that host molecules 

are loaded in virtually every pore of the MOF. A decoration of only the outer surface 

can be excluded because such thin coating would not lead to a change of the relative 

XRD peak intensities form factors. 
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Figure 4.2.7 X-ray diffraction patterns recorded: (a) calculated XRD pattern for 

HKUST-1 [empty HKUST-1 (black) and after loading 3 BiPh3 (red)] and (b) 

experimental XRD data recorded in out-of-plane [empty HKUST-1 (black), after 

loading BiPh3 (red), and after UV light irradiation (blue) scattering geometry]. 

In order to obtain more detailed information regarding the positions of the 

molecules within the MOF pores we have carried out force-field based Monte Carlo 

simulations for different numbers of BiPh3 embedded in HKUST-1, as described in the 

section 3.3.  

HKUST-1 contains three types of cavity: large, middle and small cages (Fig. 4.2.8). The 

small cavity is typically not considered because the pore-diameter is much smaller 

than the other pores (less than 0.9 nm). The optimized structure with possible 

locations and numbers (1, 2 and 3) of BiPh3 in HKUST-1 MOF is presented in Fig. 4.2.8. 

The simulated XRD data of the (001), (010) and (100) crystallographic direction in 

different loading numbers are also presented here. 

We further suggest a model where 3 BiPh3 are uniformly loaded within the HKUST-1 

pores. Force-field based simulations have been carried out to obtain the precise 

position of BiPh3 molecules in the HKUST-1 lattice, as reported previously for other 

molecular guests in HKUST-1.[134] The best agreement of XRD-data simulated for the 

different structures with the experimental XRD is obtained for 3 BiPh3 molecules per 

HKUST-1 unit cell (Fig. 4.2.7 red and Fig. 4.2.8 (8) black) which is also consistent with 

the QCM-data.  
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Figure 4.2.8 Schematic structure of HKUST-1 (1) (large pore: A red, middle pore: B 

yellow and small pore: C green) and after loading different number [single Bi3+ in A 

(1), single Bi3+ in B (2), 2 Bi3+ in A (3), 1 Bi(Ph)3 in A and 1 Bi3+ in B (4), 2 Bi3+ in B (5), 3 

Bi3+ in A (6), 2 Bi3+ in A and 1 Bi3+ in B (7), 1 Bi3+ in A and 2 Bi3+ in B (8), 3 Bi3+ in B (9)]. 

Calculated X-ray diffraction patterns for HKUST-1 before and after loading Bi3+ in 

different plane [(001) plane (up, black line), (010) plane (middle, red line) and (100) 

plane (down, green line)]. The anion was hidden. 
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We now turn our attention to the UV-induced nanoparticle synthesis inside the MOF 

pores. XRD data (Fig. 4.2.7b) reveal that the crystallinity of the MOF host lattice is not 

affected by the reaction. After the photoreduction, the XRD-data reveal a small shift 

to smaller diffraction angles, indicating a very slight (0.24 %) expansion of the 

HKUST-1 unit cell. The (002)/(004) intensity ratio only shows a fairly small change, a 

slight increase from 0.79 to 1.05 (Fig. 4.2.7b, blue). Since the intensity ratio is clearly 

different than that seen for the empty HKUST-1, a pronounced sintering with the 

formation of large clusters embedded in the metal-organic framework can be 

excluded.  

4.2.4.3 TEM and SEM analysis of the Bi2O3@HKUST-1 SURMOF  

In order to further characterize the NP@MOF hybrid material, we have carried out 

investigations using TEM. In this context it should be noted that SURMOFs are 

particularly well suited for TEM investigations since they can be detached from the 

substrate, yielding flakes with well-defined thickness and orientation. The 

HAADF-STEM data shown in Fig. 4.2.9a reveal the presence of Bi2O3 NPs with sizes of 

1-3 nm distributed very uniformly within the HKUST-1. SAED (small area electron 

diffraction) data (Fig. 4.2.9b) show a well-defined diffraction pattern which is fully 

consistent with the (111) orientation XRD diffraction data (SURMOF was grown on 

quartz glass facing a (111) orientation). HR-TEM diffraction pattern are further 

discussed in the Tab. 4.2.1.  

Table 4.2.1 SAED (Selected Area Electron Diffraction) data and lattice spacing (d) for 

comparison between electron diffraction and XRD data of [111] oriented HKUST-1. 

 

SAED 
d / nm

HKUST-1 (111) 
d / nm

H K L

0.915 0.930 2 2 0

0.547 0.537 2 2 4

0.470 0.465 4 4 0

0.359 0.351 2 4 6

0.310 0.310 6 6 0

0.265 0.268 4 4 8

0.222 0.213 6 4 10
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Figure 4.2.9 (a) HAADF-STEM images of Bi2O3@HKUST-1 SURMOFs. (b) SAED 

(Selected Area Electron Diffraction) patterns the Bi2O3@HKUST-1 SURMOFs. (c) 

Example EDX analysis of Bi2O3@HKUST-1 SURMOFs. 

After photoreduction in the presence of O2 we propose that (Bi2O3)n clusters are 

formed. Since the TEM images show a sharp, but not completely uniform size 

distribution we conclude that during the photoinduced cluster formation 

Bi-containing species can diffuse in neighboring pores to form larger clusters. 

Previous theoretical work has shown that various stoichiometric and neutral, 

closed-shell (Bi2O3)n clusters with n = 1-5 clusters are stable.[135] Such (Bi2O3)n NPs of 

different sizes are schematically depicted in Fig 4.2.10.  
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Figure 4.2.10 Schematic structure of (a) empty HKUST-1; (b) Infiltration of three BiPh3 

molecules inside an HKUST-1 pore; (c) Model of photosynthesized preliminary Bi2O3 

Clusters/NPs; (d) Model of photosynthesized (Bi2O3)n Clusters/NPs with n = 1-5 in the 

defined pore-space of HKUST-1, avoiding sintering with particles from adjacent pores.  

The morphologies of HKUST-1 thin film were characterized by SEM (Fig. 4.2.11). 

Cross-sectional images recorded by SEM demonstrate that the thickness of SURMOFs 

amounts to about 100 nm (Fig. 4.2.11 down). The SEM pictures show that a 

continuous, compact and homogeneous SURMOF was successfully prepared. After 

the encapsulation of Bi2O3 nanoparticles inside HKUST-1 SURMOF, the morphology 

does not show significant changes. In addition, we did not observe a large amount of 

Bi2O3 NPs deposited on the surface of HKUST SURMOF.  

 

Figure 4.2.11 Scanning electron micrograph (SEM) of 20 cycles of HKUST-1 

MOF thin films (left) and after loading Bi2O3 (right). 
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4.2.4.4 ToF-SIMS analysis of Bi2O3 NPs in HKUST-1 SURMOF 

The presence of small (Bi2O3)n NPs is also demonstrated by ToF-SIMS carried out for 

the loaded HKUST-1 thin film, where the cluster of the BiO+, Bi2O2
+, Bi3O4

+ and 

Bi2O+were detected (Fig. 4.2.12, 4.2.13 and 4.2.14).  

As shown in Figs. 4.2.12 and 4.2.13, the positive polarity secondary ion mass 

spectrum obtained under quasi-static conditions from a Bi2O3@HKUST-1 SURMOF 

stack is dominated by several bismuth oxides and BixOyCuz cluster ions. The bismuth 

oxide fragment Bi2O shows highest intensity (212 kcts) followed by Bi3O4 (170 kcts), 

Bi4O5 17 (kcts), and Bi5O7 (39 kcts). A marked drop in intensity is observed for 

bismuth oxide clusters bigger than Bi5Oy. Bi6O9 is not detectable, Bi7O10 has an 

intensity of only 1 kcts. In addition, sputtering with a high current oxygen beam 

under dynamic SIMS conditions leads to the appearance of gold peaks originating 

from the Au substrate on which the Bi2O3@HKUST-1 SURMOF was deposited. The 

new cluster ions like CuAu2 are formed due to the mixing process during ion 

bombardment. 

Stable and closed shell cationic bismuth oxide clusters with the general formula 

(Bi2O3)nBiO+ (1<n<4) have been reported in previous studies.[136] Although some 

exchange of small species (particles with diameters smaller than the channel width in 

HKUST-1 MOFs of about 1.2nm) between adjacent pores within the MOF is possible, 

a sintering of larger particles formed in the reaction can be ruled out. According to 

the TEM-data, (Bi2O3)n–NPs have sizes between 1 to 3 nm (Figure 4.2.10). Our results 

thus demonstrate that pores within MOFs offer a unique opportunity for the 

synthesis of NPs with small size distributions.  
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Figure 4.2.12 Quasi-static SIMS of a Bi2O3@HKUST-1 SURMOF stack performed with 

C60 (20 keV) bunched. 400 < m/z < 750. 

 

Figure 4.2.13 Quasi-static SIMS of a Bi2O3@HKUST-1 SURMOF stack performed with 

C60 (20 keV) bunched. 950 < m/z < 1700 

 

Figure 4.2.14 Dynamic SIMS of a Bi2O3@HKUST-1 SURMOF stack performed with C60 

(20 keV, 0.1 pA) bunched analysis beam and O2 (500 eV, 110 nA) sputter beam. 400 < 
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m/z < 700. 

4.2.4.5 Mott–Schottky analysis of HKUST-1 SURMOFs obtained before and after 

Bi2O3 encapsulation 

In order to determine charge separation processes at the Bi2O3@HKUST-1 

oxide-organic interface, Mott–Schottky measurements have been performed in 0.5 

M Na2SO4 water/EtOH (1:3) solution, which was connected in three-electrode mode, 

consisting of an Ag/AgCl reference electrode with a Pt counter electrode (Fig. 4.2.15).  

 

Figure 4.2.15 Schematic of the electrochemical cell with the three electrodes set-up. 

Electrolyte 0.5 M NaSO4 Water/EtOH (1:3) solution, electrode area 0.5 cm2. 

As shown in Fig. 4.2.16a, the negative slope indicates a p-type behavior of Bi2O3. 

Characteristic Mott–Schottky measurement provides a flat-band potential of pure 

Bi2O3 at around 0.64 V vs. RHE. In contrast to the Bi2O3, HKUST-1 indicates an n-type 

behavior with a potential of 1.27 V vs. RHE (Fig. 4.2.16b). Nevertheless, it is difficult 

to acquire standard n-type curve of the HKUST-1 due to different intrinsic impurities. 

Moreover, the Mott-Schottky curve of the Bi2O3@HKUST-1 SURMOF reveals a p-n 

junction behavior (Fig. 4.2.16c). Accordingly to these measurements, we propose in 

Fig. 4.2.16d a possible mechanism for the efficient charge separation at the p-n 

junction interface of Bi2O3@HKUST-1. The p-type Bi2O3 NPs embedded into an n-type 

HKUST-1 are brought into close contact forming an efficient p-n junction, the 

photoinduced holes in the n-type HKUST-1 move to the higher potential p-type Bi2O3 

NPs, while the photoinduced electrons in the p-type Bi2O3 NPs move to the lower 

potential of the n-type HKUST-1. The internal electric field formed at the concrete 

p-n oxide-organic interface can be efficiently separated though its highly porous and 

monolithic SURMOF array structure. 
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Figure 4.2.16 Capacitance data plotted in Mott-Schottky representation for (a) Bi2O3, 

(b) HKUST-1 and (c) Bi2O3@ HKUST-1. Electrolyte 0.5 M NaSO4 Water/EtOH (1:3) 

solution, electrode area 0.5 cm2. (d) Band gap relationship between n-type Bi2O3 and 

p-type HKUST-1. 

4.2.4.6 Photocatalytic activity of Bi2O3@HKUST-1 SURMOF 

The photocatalytic activity of Bi2O3@HKUST-1 was demonstrated using a standard 

test reaction, the degradation of a common dye, NFR. In order to determine the 

catalyst activity, we prepared a solution of NFR and then immersed the Bi2O3 

NP-loaded SURMOFs into the corresponding container. Dynamic UV-Vis apparatus 

used in this experiment was shown in Fig. 4.2.17 
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Figure 4.2.17.Schematic drawing of the dynamic photo-decomposition apparatus for 

the photocatalytic activity measurement. 

The concentration of the NFR dye was determined by measuring the absorbance at 

λmax = 557 nm (Fig. 4.2.19c). As shown in Fig. 4.2.19b, five cases, pristine solution [40 

μM water/EtOH (1:3) NFR solution], Bi2O3@HKUST-1 (~ 7 μg/cm2, 4 cm2, mass ~ 28 

μg), HKUST-1 (~ 6 μg/cm2, 4 cm2, mass ~ 24 μg), Bi2O3 (mass ~ 30 μg) and Au wafer (4 

cm2), immersed in 30 mL solution of the dye (40 μM) were studied. The decrease of 

the absorption conveniently allows to study the adsorption of the NFR dye on the 

surface of the powder Bi2O3 particles and their diffusion into the empty and the Bi2O3 

NP loaded SURMOFs. This information is highly relevant since the Bi2O3 NPs 

encapsulated in the MOF are expected to be photocatalytically active for NFR 

decomposition, and the NFR molecules should to be able to diffuse inside the MOF 

lattice.  

The corresponding adsorption determined from the reduction of the absorption in 

the liquid is shown in Fig. 4.2.19a (also shown in Fig. 4.2.18) and amounts to 3.2% 

(NFR dye mass ratio in solution) for the empty MOF and 2.6% for the NP loaded 

SURMOF. The adsorption on the powder material only to amounts 0.7%. A 

quantitative analysis of the decrease of 3% yields a loading of ca. 1-2 NFR dye 

molecules per MOF pore.  
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Figure 4.2.18 UV-Vis absorption spectra of HKUST-1 SURMOFs (black), 

Bi2O3@HKUST-1 SURMOFs (red) and Bi2O3@HKUST-1 SURMOFs after absorption of 

NFR dye 1 h (blue). 

After loading of Bi2O3 NPs the adsorption is only slightly decreased, indicating that 

the diffusivity of the NFR molecules inside the MOF is essentially unaffected by the 

loaded Bi2O3 NPs. After about one hour the concentration of the NFR molecules in 

the solution has reached a stable value and no further reduction of the absorption 

was observed, demonstrating that no decomposition of the NFR dye took place in 

the dark. When UV-light (255nm) was turned on, a gradual reduction of 

NFR-concentration was observed, directly demonstrating the photocatalytic 

decomposition of the NFR dye molecules. The corresponding concentrations as a 

function of time are presented in Fig. 4.2.19b. In the next step, the solutions were 

exposed to 255 nm UV light. 100% degradation of NFR was achieved in the presence 

of Bi2O3@HKUST-1 thin film within 5 hours. This result clearly indicates that the 

Bi2O3@HKUST-1 thin film is the most efficient sample for the photodegradation of 

NFR dye. Reference experiments for the pure HKUST-1 and (non-encapsulated) Bi2O3 

yielded a degradation of 44% and 74% degradation of NFR under same conditions, 

respectively. These results demonstrate that the NPs@MOFs system exhibits a 

significant photochemical activity for the degradation of NFR dye which is larger than 

that of the individual components. The regeneration and reusability of 

Bi2O3@HKUST-1 was investigated by repeating at least four times the NFR 

degradation. The photocatalyst was immersed in fresh NFR solutions and exposed to 

UV irradiation for 1 h. As shown in Fig. 4.2.19d, no deactivation of the photocatalyst 

is observed after four consecutive runs. 
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Figure 4.2.19 (a) The absorption of NFR dye in the HKUST-1 SURMOF (black), 

Bi2O3@HKUST-1 SURMOF (red) and powder Bi2O3 (blue). (b) Photodegradation with 

different catalytic conditions [empty (black), Bi2O3@HKUST-1 SURMOF (red), HKUST-1 

SURMOF (blue), powder Bi2O3 (dark yellow) and gold wafer (magenta)] under UV 

light irradiation. (c) UV-Vis absorption spectra of the NFR dye irradiate different time 

with the Bi2O3@HKUST-1 photocatalyst. (d) Four repeated processes of using the 

Bi2O3@HKUST-1 photocatalyst for photodegradation of NFR under UV light 

irradiation. 

4.2.4.7 Stability of the Bi2O3@HKSUT-1 SURMOF by XRD 

The stability of the Bi2O3@HKSUT-1 SURMOF in NFR dye solution was measured 

upon immersing the sample in dye solution for 5h, 10h, 15h and 20h (Fig. 4.2.20). No 

significant change was observed in the XRD pattern suggesting the SURMOF is stable 

in dye solution. In addition, after five cycles of repeated use for photocatalytic dye 

solutions, no decomposition or structural changes in the Bi2O3@HKSUT-1 SURMOF 

were detected (Fig. 4.2.21). These findings demonstrate that new photacatalyst can 

be recycled and used several times. 
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Figure 4.2.20 XRD patterns for Bi2O3@HKUST-1 SURMOF in NFR@EtOH/H2O solution 

for different times. 

 

Figure 4.2.21 XRD patterns for Bi2O3@HKUST-1 SURMOF before and after reaction. 
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4.2.4.8 Degraded solution analysis by ESI-MS 

In addition, we have carried out measurements using ESI-MS for the solution after 

UV-exposure (Fig. 4.2.22b). The color of test solutions is show in Fig. 4.2.23. The 

results allow for identifying six intermediate species (Fig. 4.2.22a) occurring in the 

course of NFR photo degradation. Based on the intermediates identified, a possible 

degradation pathway of the NFR dye is proposed, for details see Fig. 4.2.22a. As 

shown in Fig. 4.2.22, the application of the Bi2O3@HKUST-1 SURMOF catalysis system 

leads to an efficient photodegradation of the parent compound, NFR, and to an 

enhanced formation of smaller photodegradation products. 

 

Figure 4.2.22 (a) Proposed degradation pathway of NFR using the Bi2O3@ HKUST-1 

SURMOF for the photodegradation of NFR under UV light irradiation. (b) ESI-MS of 

the NFR solution (top), NFR solution after UV light exposure with Bi2O3@HKUST-1 

SURMOF (middle), and NFR solution after UV light exposure without any catalyst 

(bottom).  

 

Figure 4.2.23 The pristine (a), after photo-degradation with Bi2O3@ HKUST-1 
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SURMOF (b) and after UV-light irradiation (c) of the NFR dye solution under sun light 

(left) and UV-light (right) environment.  

4.2.5  Conclusions 

We report on a novel synthesis strategy to fabricate an efficient and recyclable, 

hybrid-photocatalyst. Such Bi2O3@HKUST-1 system hybrid-photocatalyst is prepared 

by photodecomposition of BiPh3 loaded into the pores of a metal-organic framework, 

yielding Bi2O3-particles of rather uniform size distribution encapsulated into the 

pores of the MOF. This quantum-sized Bi2O3 semiconductor NPs (1-3 nm) in the 

HKUST-1 are expected to show increased photo-efficiencies for the reactions in 

which the rate-limiting step is the charge transfer. The hybrid Bi2O3@HKUST-1 

SURMOFs photocatalyst can be easily separated and recycled and shows no 

significant loss in the photocatalytic activity.  

In comparison to the powder Bi2O3 photocatalysts used in the photocatalytic 

degradation of dye, such Bi2O3@HKUST-1 thin film photocatalysts are efficient, green, 

cheap and more suitable for upcoming clean technology applications. Further 

investigations are currently underway in our laboratory to prepare novel SURMOF 

based photocatalytic membranes in a flow-through fashion for the UV-induced 

degradation of organic pollutants from wastewater. 
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5 Loading metal ions into SURMOFs by using side 
chain of ligands as nucleation centers  

To increase the number of available nucleation centers in MOFs, adding side-chains 

with functional groups to the organic linker is an effective method. The side-chain 

with functional groups can largely enhance the uptake capacity of metal ions while 

the crystal structure remains unchanged. However, there is large difficulty in 

theoretical analysis and experimental study due to the introduction of side-chains. 

5.1  Loading of metal ions into functionalized SURMOF with 
sulfur and alkene side-chains 

5.1.1  Background 

The porous structure of MOFs[13, 14] resulting from their flexible pore sizes and large 

loading capacity for guest molecules, making them an ideal platform to some 

well-known applications (such as biomedicine,[137] chemical sensors,[7] separations[138] 

and catalysts[15]). During the past decade, an interesting investigation of MOF 

materials is to assemble with different functional groups to their organic ligands, 

such as amino,[139] azide,[140] and thiol.[141] By doping with different amounts and 

types of side-chains, the performance of MOF material can be significantly improved, 

which paves the way for their application in different fields, e.g., drug delivery,[70] 

sensors[67] and gas adsorption.[142]  

A very appealing application of this functionalized MOF is the loading of guest 

species, in particular metal and metal ions.[143] Usually, directly growing of metal ions 

into a MOF lattice is difficult because of the low nucleation centers in the MOF.[81] 

Therefore, the nucleation centers, which are directly related to the adsorption 

capacity of metal ions uptake, will substantially increase by adding some functional 

groups into the ligands of MOF. He and co-workers have reported a novel 

sulfur-MOF-5 with addition of sulfur-conjugated functional groups on the BDC 

linker.[25] This functionalized side-chain tends to bind with the noble-metal species 

and to trigger a color change. 

In this section, we used LPE techniques to fabricate the Cu2(atBDC)2(dabco) SURMOF, 

(Fig. 5.1a and b) on a QCM sensor which allows to monitor an accurate mass change 

during growth and loading process. QCM was demonstrated to be a simple but 

efficient way to investigate the uptake behavior of SURMOF in a previous study.[144] 

We have obtained the total mass uptake of the Cu2(atBDC)2(dabco) SURMOF for a 

series of metal ions, and the largest adsorption capacity was determined for Fe3+ and 
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Pd2+ uptake. In addition, we demonstrate that the sulfur and alkene side-chain in the 

ligand will improve the adsorption capacity of MOFs for Fe3+ and Pd2+ uptake, but at 

the same time they will block the metal ions diffusion by comparing the diffusivities 

of Cu2(atBDC)2(dabco) with Cu2(BDC)2(dabco) SURMOF. 

 

Figure 5.1 (a) Schematic illustration of Cu2(atBDC)2(dabco) SURMOF. (b) The structure 

formula of atBDC molecule. 

5.1.2  Preparation of the Cu2(atBDC)2(dabco) SURMOF 

All SURMOF samples used in this work were grown on modified Au surface, except 

UV-Vis samples were grown on quartz glass. The surface modification was carried out 

by depositing a SAM made from MUD for the Au substrates, as described in more 

detail in section 3.2. The surface treatment of quartz glass was carried out by O2 plasma 

cleaning, as described in more detail in section 3.3.  

The SURMOFs samples used to uptake analysis were fabricated by a QCM system, as 

described in more detail in section 1.3.2.4. Gradually adding metal solution and 

ligand solution leads to a stepwise increase of the deposited layers in mass which 

corresponds to the layer-by-layer growth of SURMOF on the sensor surface (Fig. 5.2). 

This method can be directly used for further experiments such as monitoring of 

adsorption/desorption of guest molecules into SURMOFs.[107] The pumping times 

were 10 min for the copper acetate solution and 20 min for the atBDC solution. Each 

step was followed by a rinsing step (5min) with pure ethanol to remove residual 

reactants. A total of 25 growth cycles were used for all SURMOFs investigated in this 

work.  

Other samples for XRD, IR and UV-Vis characterization were fabricated by a pump system 
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with the same parameters of QCM system (reaction temperature, solution concentration, 

numbers of growth cycles and reaction time), as described in more detail in section 

1.3.2.2. Before further processing, all SURMOF samples were characterized by XRD (Fig. 

5.3 and Fig. 5.4). 

 

Figure 5.2 Layer-by-layer growth of the Cu2(BDC)2(dabco) (lift) and Cu2(atBDC)2(dabco) 

(right) SURMOF on the QCM sensor with 25 cycles. The inset is a magnification of the 

layer-by-layer growth of the SURMOF. 

5.1.3  Results and discussion 

5.1.3.1 XRD analysis of Cu2(atBDC)2(dabco) SURMOF 

According to the XRD data [Fig. 5.3 (growth on gold substrate) and Fig. 5.4 (growth 

on QCM sensor)], we present an out-of-plane geometry for the pristine, monolithic 

and oriented SURMOFs. As reported in previous works,[75] the (001) peaks on 

MUD-SAM are well-defined and sharp (Fig. 5.3 left red), their relative intensities are 

in full agreement with simulations assuming perfect Cu2(BDC)2(dabco) SURMOF (Fig. 

5.3 left blue). Nevertheless, the intensity of (002) peak is much larger in the 

simulation than in the experiment. The reason is that the crystal structure of MOF is 

not understood. The absence of diffraction peaks for other crystallographic directions 

in the out-of-plane data reveals that the SURMOFs growth proceeds only along the 

(001) crystallographic direction on MUD-SAM. Also the in-plane XRD data show only 

the (100) and (200) directions, which supports this orientation structure (Fig. 5.3 

right red). Compared with the Cu2(BDC)2(dabco) SURMOF, Cu2(atBDC)2(dabco) 

SURMOF has got the same diffraction angle in the XRD patterns. This demonstrates 

that the crystal structure of Cu2(atBDC)2(dabco) SURMOF is similar to 

Cu2(BDC)2(dabco) SURMOF. 
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Figure 5.3 X-ray diffraction patterns recorded for Cu2(atBDC)2(dabco) (black), 

Cu2(BDC)2(dabco) (red), simulation of (001) orientation (blue) and simulation of 

powder (magenta) of SURMOFs. 

 

Figure 5.4 X-ray diffraction patterns recorded for Cu2(atBDC)2(dabco) (black) and 

Cu2(BDC)2(dabco) (red) of SURMOFs on QCM sensor. 

5.1.3.2 IR and UV-Vis analysis of Cu2(atBDC)2(dabco) SURMOF 

The characterization of Cu2(atBDC)2(dabco) SURMOFs was carried out using IR (Fig. 

5.5) and UV-Vis spectroscopy (Fig. 5.6). For comparison, the IR spectrum of 
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Cu2(BDC)2(dabco) SURMOF was also presented. The spectrum shows intense broad 

band at 1628 cm-1 which are assigned to vibrations of COO- of pristine 

Cu2(BDC)2(dabco) SURMOF (Fig. 5.5 red). The frequencies of these bands agree with 

the values reported previously for pristine Cu2(BDC)2(dabco) SURMOF.[145] In contrast 

to the Cu2(BDC)2(dabco), a new characteristic vibration at 924 cm-1 (R-CH=CH2) has 

appeared in the spectrum of the Cu2(atBDC)2(dabco) SURMOF sample (Fig. 5.5 black) 

which indicates that alkene functional groups exist. The characteristic absorption 

bands of Cu2(atBDC)2(dabco) and Cu2(BDC)2(dabco) SURMOF are summarized in table 

5.1. The UV-Vis results show an absorption change in the range of 324-424 nm 

between the Cu2(atBDC)2(dabco) SURMOF and Cu2(BDC)2(dabco) SURMOF which is 

attributed to the absorption of thioether bond of the side-chain (Fig. 5.6). 

 

Figure 5.5 IR spectrum for Cu2(atBDC)2(dabco) (black) and Cu2(BDC)2(dabco) (red) of 

SURMOFs. 

Table 5.1 Band assignment for the IR spectrum of Cu2(atBDC)2(dabco) and 

Cu2(BDC)2(dabco) on MHDA SAM. 
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Figure 5.6 UV-Vis spectrum for Cu2(atBDC)2(dabco) (black) and Cu2(BDC)2(dabco) (red) 

of SURMOFs. 

5.1.3.3 Quantitative analysis of metal ions loaded into Cu2(atBDC)2(dabco) 

SURMOF by QCM 

The quantitative analysis of metal ions adsorption was performed using QCM uptake 

experiments. As shown in Fig. 5.7, a series of metal nitrate compounds (such as 

Zn(NO3)2, Ag(NO3), Pd(NO3)2, Fe(NO3)3, Cd(NO3)2, Ni(NO3), Co(NO3)2) were 

investigated by using impregnation method. The entire metal compound solutions 

used in experiments was prepared at same concentrations (0.1 mM) by dissolving the 

inorganic compounds into ethanol. The maximum uptake capacities for Fe3+ and Pd2+ 

are 3.2 μg∙cm-2 and 2.0 μg∙cm-2, respectively. This corresponds to a loading of 6 Fe3+ 

and 4 Pd2+ molecules per pore of Cu2(atBDC)2(dabco) SURMOF (Fig. 5.7 green and 

blue). However, the uptake rates of Ag+ and Co2+ are much lower (Fig. 5.7 red and 

wine). The uptake capacities of Au+ and Co2+ are 0.6 molecules per pore (0.45 μg∙cm-2) 

and 0.48 molecules per pore (0.25 μg∙cm-2), respectively. More interestingly, the 

adsorption capacities of the Zn2+, Cd2+, Ni+ amount nearly to zero which means that 

there is little obvious physical adsorption of these cations in Cu2(atBDC)2(dabco) 

SURMOFs (Fig. 5.7 black, orange and violet). 
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Figure 5.7 Quartz crystal microbalance (QCM) uptake data for a series of metal 

compounds: Zn2+ (black), Ag+ (red), Pd2+ (blue), Fe3+ (green), Cd2 (orange)+, Ni+ (violet), 

Co2+ (wine). 

5.1.3.4 Quantitative analysis of loading Fe3+ and Pd2+ into Cu2(atBDC)2(dabco) 

SURMOF and Cu2(BDC)2(dabco) SURMOF by QCM 

As discussed above, the uptake capacities for Fe3+ and Pd2+ in Cu2(atBDC)2(dabco) 

SURMOF are 6 and 4 molecules per pore, respectively (Fig. 5.7 green and blue and 

Fig. 5.8, black). For comparison the Cu2(BDC)2(dabco) SURMOF exhibits much lower 

reactivity with an uptake capacity of 2 and 1 molecules per pore for Fe3+ and Pd2+ 

ions under the same conditions (Fig. 5.8, red). These results demonstrate that the 

sulfur and alkene functional groups in side-chains lead to a significant increase of the 

uptake capacity for metal ions. The diffusion coefficient of metal ions within SURMOFs 

can be calculated as described in detail in earlier publication.[144] The calculated results 

show that the diffusion coefficient of Fe3+ in Cu2(atBDC)2(dabco) SURMOFs was 1.2 × 

10-19 m2∙s-1 which are significantly lower than that in the Cu2(BDC)2(dabco) SURMOFs 

(1.3 × 10-18 m2s-1) (Fig. 5.9 left). This means that the functionalized side-chain blocks 

the diffusion of Fe3+ into MOFs. The same phenomenon has also been observed for 

Pd2+ uptake. The diffusion coefficient are 2.1 × 10-19 m2∙s-1 and 1.0 × 10-18 m2∙s-1 for 

Pd2+ in Cu2(atBDC)2(dabco) SURMOF and Cu2(BDC)2(dabco) SURMOF, respectively (Fig. 

5.9 right). 
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Figure 5.8 Quartz crystal microbalance (QCM) uptake data of Fe3+ (left) and Pd2+ 

(right) for Cu2(atBDC)2(dabco) (black) and Cu2(BDC)2(dabco) (red). 

 

Figure 5.9 Quartz crystal microbalance (QCM) uptake data of Fe3+ (left) and Pd2+ 

(right) for Cu2(atBDC)2(dabco) (up) and Cu2(BDC)2(dabco) (down). 
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5.1.3.5 Stability of the metal@ Cu2(atBDC)2(dabco) SURMOF by XRD 

The stability of the Cu2(atBDC)2(dabco) SURMOF after loading metal ions was 

measured upon immersing the sample in Fe3+ and Pd2+ solution for 3h (Fig. 5.10). The 

XRD data show that the intensity of the (001) peak has a significantly decrease for the 

loaded sample. One possible reason is that the places of guest metals are more close to 

the middle of the major pore and change the F-lattice into an I-lattice. The extinction 

rules for I-lattices lead to a decrease of the intensity. Another possible reason is the 

interaction of guest metals (Fe3+ and Pd2+) with dabco molecules is stronger than the 

intrinsic copper ions. The Fe3+ and Pd2+ ions may be able to enter and destroy a part of 

the SURMOF structure. 

 

Figure 5.10 XRD patterns of Cu2(atBDC)2(dabco) SURMOF (black), after loading 

Fe(NO3)3 (up red) and after loading Pd(NO3)2 (down red). 

5.1.4  Conclusions 

In this work, the Cu2(atBDC)2(dabco) SURMOFs grown on modified Au surface were 

successfully prepared as evidenced by XRD, IR and UV-Vis data. A series of metal ions 

uptake experiments by using the QCM to monitor mass change have been performed. 

The largest uptake capacity of Cu2(atBDC)2(dabco) SURMOF were obtained for Fe3+ 

and Pd2+ ions. Compared to the Cu2(BDC)2(dabco) SURMOF, we demonstrate that the 

side-chain of the Cu2(atBDC)2(dabco) SURMOF improves significantly the adsorption 

capacity for Fe3+ and Pd2+ ions. On the basis of the QCM data, the concentration of 
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loaded metal ions was determined to be 6 Fe3+ and 4 Pd2+ compounds per 

Cu2(atBDC)2(dabco) SURMOF unit cell, respectively. In addition, a closer analysis of 

the uptake rates reveal that the diffusivity of guest molecules was enhanced to be 

1.2 × 10-19 m2∙s-1 for Fe3+ and 2.1 × 10-19 m2∙s-1 for Pd2+ ions. 



6 Loading metal ions into SURMOFs by using open metal sites as nucleation centers 

100 

6 Loading metal ions into SURMOFs by using open 
metal sites as nucleation centers 

Often neglected aspect of nucleation center in the MOF is the open coordination 

sites (OCSs) at metal centers. Among many of MOFs, OCSs at metal centers have 

been demonstrated to exhibit effective adsorption of small organic molecules (such 

as H2O, NH3 and CH2Cl2).[89-91] In order to utilize these OCSs, choose a metal complex 

with small organic molecules which can effectively link with OCSs may be other 

approach to be considered. Here, we have loaded an metal-organic precious 

[Au(CO)Cl] into HKUST-1 SURMOFs by using gas-phase loading method and studied 

the reaction between [Au(CO)Cl] and the OCSs. 

6.1  Au(CO)Cl gas-phase loading into HKUST-1 SURMOF 

6.1.1 Background 

Among many applications of MOFs, OCSs at the metal center have been 

demonstrated to play an important role. HKUST-1 is constructed of multiple units of 

Cu paddle-wheels coordinating four BTC linkers. In order to utilize these OCSs, an 

activation process has to be performed, e.g. to remove pre-coordinating solvent 

molecules (e.g. H2O or EtOH) adsorbed at OCSs from the pores, which is a 

prerequisite step. In previous work, Raman and IR spectroscopy technologies were 

used to investigate the adsorption of small organic molecules, like dichloromethane, 

NH3 and methane in MOFs.  

In this work we report on a solvent-free gas-phase infiltration process to “chemically 

graft” Au(CO)Cl precursor via reaction with the per-coordinating solvent molecules 

(e.g. H2O) at OCSs in the free and open pores of HKUST-1 SURMOFs (Fig. 6.1). As 

described below, we found that after loading Au(CO)Cl precursor into HKUST-1 

SURMOF reactions between Au(CO)Cl and H2O adsorbed at OCSs take place as 

evidenced by the observation of an active C≡O bond and two new C=O and C-O 

bonds. In addition, we have observed unusual copper paddle-wheel structural 

changes on the basis of IR and Raman studies. This demonstrates the Au(CO)Cl 

“chemical graft” with the pre-coordinated H2O at open Cu(II) sites paddle-wheel. The 

HKUST-1 SURMOF thin films chemically grafted with Au(CO)Cl, possess high electrical 

conductivity. Furthermore, we demonstrate that the Au(CO)Cl can be 

photo-degraded leading to the formation of large Au clusters in the metal organic 

framework.  
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Figure 6.1 (a) Synthesis scheme of AuClCO@HKUST-1 SURMOFs. (b) Illustration of 

“chemical graft” of the paddle-wheel Cu2+ node within HKUST-1 performed by 

AuClCO. 

6.1.2 Preparation of the Au(CO)Cl@HKUST-1 SURMOF  

All HKUST-1 SURMOFs used in the present work were grown on modified Au 

substrates, except the samples for the UV-vis, Tof-SIMS and XPS, which have been 

previously prepared on quartz glass or silicon substrates. The systemic method of 

SURMOF was described in section 1.3.2.2. Before further processing, all SURMOFs 

samples were characterized by XRD (Fig. 6.7 black). 

The Au(CO)Cl@HKUST-1 SURMOF sample was prepared by using the gas-phase loading 

method. First a HKUST-1 SURMOF was placed into a 250 ml flask vessel, then, 1μg 

Au(CO)Cl powder was put quickly into the reaction flask and heated up to 80˚C for 12h 

(Fig. 6.2). Subsequently, the sample was removed from the reaction flask and put into 

a sample box for later use. After loading all samples were characterized by XRD 

before further measurements. 

 

Figure 6.2 Synthesis scheme of gas-phase loading method. 
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6.1.3 Results and discussion 

6.1.3.1 SEM and ToF-SIMS analysis of the Au(CO)Cl@HKUST-1 SURMOF  

The distribution of Au(CO)Cl molecules embedded into HKUST-1 SURMOFs was 

measured by the cross-sectional HR-SEM (Fig. 6.4). Since guest metals backscatter 

electrons more strongly than HKUST-1, the distribution of guest metals in SURMOFs 

can clearly be seen. Here, an HKUST-1 SURMOF with 45 layers was first loaded with 

Au(CO)Cl molecules, and then a thin (empty) HKUST-1 film (20 layers) was grown on 

the surface of the loaded SURMOF. The corresponding cross-sectional HR-SEM 

images show a well-defined confine between the loaded lower part of the SURMOF 

(45 layers Au(CO)Cl@HKUST-1) and the empty upper part  (20 layers empty 

HKUST-1), demonstrating that the Au(CO)Cl molecules were uniformly dispersed 

inside the HKUST-1 SURMOF. 

 

Figure 6.4 Scanning electron microscope (SEM) of 45 layers Au(CO)Cl@HKUST-1 + 20 

layers pristine HKUST-1. 

The same result has also been carried out from the ToF-SIMS data (Fig. 6.5). As 

shown in dynamic SIMS data, an additional Bi3
+ beam was applied for erosion of a 

450 × 450 µm2 field with a concentric analysis field of 250 × 250 µm2 (Fig. 6.5b). The 

results show compact and homogeneous Au atoms equally distributed in HKUST-1 

thin films (Fig. 6.5c). Fig. 6.5a shows an intensity profile of Au+, Au3+, Cu2+ SiO2+ and 

Si+ from a 35 layers HKUST-1/Si wafer system. SiO2+ and Si+ signals result from 

continuous, compact and homogeneous Si wafer. 

Au(CO)CCl =

Au

HKUST-1
@Au(CO)Cl

HKUST-1
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Figure 6.5 (a) Quasi-static SIMS of AuClCO@HKUST-1 SURMOF stack performed. (b) 

OM of AuClCO@HKUST-1 SURMOF before (up) and after (down) ToF-SIMS 

measurement. (c) The distribution of Au-, Au2- atoms in AuClCO@HKUST-1 SURMOF. 

6.1.3.2 XRD analysis of the Au(CO)Cl@HKUST-1 SURMOF 

As mentioned above, HKUST-1 contains three types of different metal-organic cages 

(large, middle as well as small ones, Fig. 6.6). To its structural motifs, a face centered 

cubic close packing of the large cavity and middle cavity constructs HKUST-1 in (001) 

direction (Fig. 6.6a), whereby an alternating packing can be observed in the (111) 

direction (Fig. 6.6b). It is important to note that all OCSs face toward the open spaces 

of the large HKUST-1 cavity. Firstly, all OCSs possess mirror symmetry inside the large 

cavity of HKUST-1 along the (001) crystallographic direction (Fig. 6.6a). Secondly, the 

atomic spacing of percoordinating molecules (like H2O) shows a significant overlap 

with the HKUST-1 lattice along the (111) crystallographic direction (Fig. 6.6b). 
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Figure 6.6 (a) Schematic illustration of distribution of OCSs in (001) crystallographic 

direction. (b) Schematic illustration of distribution of OCSs in (111) crystallographic 

direction. 

The XRD data recorded in an out-of-plane geometry for the pristine, monolithic and 

oriented HKUST-1 SURMOFs are show in Fig. 6.7. As reported in previous works,[74] 

the (002) and (004) peaks on MHDA-SAM and the (111) as well as the (222) peaks on 

MUD-SAM are well-defined and sharp, their relative intensities are in full agreement 

with our simulations, assuming high quality HKUST-1 thin films (Fig. 6.7, black). The 

absence of diffraction peaks for other crystallographic directions in the out-of-plane 

data reveals that the SURMOFs growth proceeds only along the (001) 

crystallographic direction on MHDA-SAM and the (111) crystallographic direction on 

MUD-SAM. The XRD data recorded after loading the Au(CO)Cl guest molecules into 

the HKUST-1 SURMOF (Fig. 6.7, red) do not affect the crystallinity of the host matrix. 

Although no additional new diffraction peaks have appeared, however, after loading 

Au(CO)Cl in the open MOF pores the ratio of the diffraction peak intensities have 

changed significantly. The (002)/(004) reflection ratio (out-of-plane data) from 

MHDA-SAM sample has significantly decreased from 1.76 for the pristine HKUST-1 

SURMOF to near zero for the Au(CO)Cl loaded thin films (Fig. 6.7a). Also the in-plane 

XRD data show that the (200)/(400) ratio has dropped from 1.32 to near zero (Fig. 

6.7c). For the MUD-SAM sample, the out-of-plane XRD data reveal pronounced 

changes: the reflection ratio of (111)/(222) has increased from 0.04 to 0.70 (Fig. 6.7b). 

Longer loading times did not lead to a further change of the relative XRD peak 

intensities. 

= OCSs

(111)

Large pore Middle pore Small pore

(001)
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Figure 6.7 X-ray diffraction patterns recorded: (a) Empty (black) and after loading 

AuClCO (red) HKUST-1 SURMOFs grown on a MHDA SAM modified Au substrates. (b) 

Empty (black) and after loading AuClCO (red) HKUST-1 SURMOFs grown on a MUD 

SAM modified Au substrates. (c) Empty (black), after loading AuClCO (red) and 

exposed UV-light 300 min (blue) of in-plane HKUST-1 SURMOF grown on a MHDA 

SAM modified Au substrates. 

The same loading process has also been carried out for HKUST-1 powders for a 

comparison. The changes in relative peak intensities observed for the powders were 

similar to that seen for the SURMOFs (Fig. 6.8). The reflection ratio of (002)/(004) has 

dropped from 1.23 to near zero after loading Au(CO)Cl and the reflection ratio of 

(111)/(222) have thereby increased . 
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Figure 6.8 X-ray diffraction patterns recorded for empty (black), after loading AuClCO 

(red) and simulation (blue) of HKUST-1 powder. 

This significant change in relative intensities of XRD-peaks directly demonstrates that 

Au+ are loaded in virtually every pore of the SURMOF as well as in MOF powders. A 

decoration of the outer surface only would not be compatible with the change of 

diffraction peak relative intensities.  

In order to understand the experimental data and to further obtain detailed 

information regarding to the distinct positions of the precursor molecules within the 

MOF pores, we need to further evaluate the crystals structure factors of the pristine 

and the Au(CO)Cl loaded HKUST-1 SURMOFs. As reported in previous work,[92] the 

structure factor directly affects the relative intensities of XRD-peaks under same 

conditions. 

Since for reflections where F=0 the intensity is zero, these reflections cannot be 

observed in XRD and are called forbidden reflections.[92] As shown in Fig.4.3.7a, for 

pristine HKUST-1 the structure factor of (002) reflective plane of is not zero, and XRD 

shows a well-defined and sharp (002) peak. However, after loading of Au(CO)Cl into 

HKUST-1 the (002) peak reflection has disappeared (Fig 6.7a). This means that the 

structure factor of (002) reflective plane decreases to be zero.  
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As described in more detail in section 2.1.2, we can calculate the structure factor of 

(002) reflective plane of Au(CO)Cl@HKUST-1 with: 

2 2
48
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1 1 1

cos2 cos2 sin 2 0
j m m

n n

AuClCO HKUST Cu j Au m Au m

j m m

F f z f z f z  

  

   
      

  
    

where fCuj represents the atomic scattering factor of the j-th Cu atom in the 

corresponding unit cell, fAum represents the atomic scattering factor of the m-th Au 

atom in the corresponding unit cell, and z represents the atomic coordinates in 

z-axis.  

If the atoms in crystal lattice are mirror-symmetric, the value of 
1

sin 2
n

m

m

f z


  will be 

equal to zero. For example, the atoms in pristine HKUST-1 are mirror-symmetric, so 

1

sin 2
m

n

Cu m

m
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  is equal to zero. 

Since the (002) peak disappears after loading of Au(CO)Cl into HKUST-1, the value of 

1

sin 2
m

n

Au m

m

f z


  in equation (2) should be equal to zero. This suggests that the 

Au(CO)Cl molecular precursor are in a mirror symmetry inside the cavity of HKUST-1.  

According to the experimental data, the (111) peak is very weak for the pristine 

HKUST-1 (Fig 6.7b). We therefore assume, that the structure factor of (111) reflective 

plane is almost equal to zero. We further calculated the structure factor of (111) 

reflective plane of Au(CO)Cl@HKUST-1 as follows: 
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where hkl represents the crystallographic planes, n represents the total number of 

Au atoms in a unit cell, fCuj represents the atomic scattering factor of the j-th Cu atom 

in the corresponding unit cell, fAum represents the atomic scattering factor of the 

m-th Au atom in the corresponding unit cell, and (x, y, z) represents the atomic 

coordinates. According to previous reports,[92] the atomic scattering factor for 

elements corresponds to the scattering amplitude of a wave by an isolated atom. The 
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atomic scattering factor depends on the incident radiation. Fig. 6.9 shows the atomic 

scattering factor curve for elements Cu and Au.  

 

Figure 6.9 Atomic scattering factor curve for element Cu (left) and Au (right). 

Therefore the main effect factor of the (111) peak intensity reflection is the 

distribution per Au atoms in the unit cell of HKUST-1. Considering the Bragg’s law, the 

Bragg diffraction occurs when the radiation, with wavelength comparable to atomic 

spacing, is scattered in a specular fashion by the atoms of a crystalline system, and 

undergoes constructive interference. Therefore, we could assume that the atomic 

spacing of Au atoms is identical to the (111) reflective plane of the HKUST-1. By 

comparing the results and structure factor change, the most likely distribution of the 

Au(CO)Cl in HKUST-1 crystal lattice is related to the OCSs position. 

6.1.3.3 Raman and IR analysis of the samples before and after Au(CO)Cl loading 

In order to further characterize the Au(CO)Cl “chemical graft” in the pores of 

HKUST-1 at the OCSs, we have carried out investigations using Raman spectroscopy. 

We postulate that the change in coordination around the Cu2+ centers would be 

reflected in the vibrational strength of the Cu-Cu bonding. As show in Fig. 6.10a, in 

the low-frequency region (600-179 cm-1), the Raman spectrum of pristine HKUST-1 

exhibits vibrational modes originating from Cu2+ species, especially stretching 

vibration modes of Cu-Cu bonding at 178 cm-1 and 275 cm-1 and the Cu-O stretching 

vibration at approximate 502 cm−1. These assignments agree well with those 

previously reported for pristine HKUST-1,[146] where the OCSs in HKUST-1 are 

coordinated with H2O. A Raman shift of Cu-Cu bonding in AuClCO@HKUST-1 was 

detected at about 193 cm−1 and 283 cm-1 (Fig. 6.10a red), thus demonstrating that 

the coordination of OCSs in HKUST-1 has obviously changed. In addition, the Cu-O 

band at 502 cm-1 does not show significant changes, suggesting that the copper 

paddle-wheel structure in HKUST-1 remains intact. 
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Figure 6.10 (a) Raman spectrum of empty (black) and after loading AuClCO (red) 

HKUST-1 SURMOFs. (b) IR spectrum of empty (black) andafter loading AuClCO (red) 

HKUST-1 SURMOFs.  

 

Figure 6.11 IR spectrum for empty (black), after loading Au(CO)Cl (red) of HKUST-1 

SURMOFs and Au(CO)Cl powder (blue). 
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AuClCO is a simple organo-gold compound which is a crystalline colorless solid. It is 

extremely moisture and temperature sensitive but is stable at room temperature. 

The AuClCO powder is characterized using IR by the intense C≡O stretching vibration 

at 2160 cm-1 (Fig. 6.11 blue). 

The corresponding IR spectra are shown in Fig. 6.10b and Fig. 6.11. For the pristine 

HKUST-1 the intense bands at 1655 cm-1 (COO- asymmetric stretching), 1457 cm-1 

(COO- symmetric stretching) and 1388 cm-1 (COO- symmetric stretching) are assigned 

to vibrations of COO- in the framework (Fig. 6.10b black). After loading Au(CO)Cl into 

the HKUST-1 SURMOF, two new IR bands appear at 1728 and 1286 cm-1 which are 

characteristic for C=O stretching vibration and C-O stretching vibration, respectively 

(Fig. 6.10b red). Au(CO)Cl is an extremely moisture sensitive chemical with an active 

C≡O bond which can easily bind to H2O.[147] This means Au(CO)Cl reacts with the 

percoordinating H2O in OCSs. It should be noted that the COO- vibrations show slight 

shifts to lower frequencies (COO- asymmetric stretching from 1655 cm-1 to 1648 cm-1; 

COO- symmetric stretching from 1388 cm-1 to 1380 cm-1). This red-shift is also related 

to the change of coordination at OCSs. The present Raman and IR data reasonably 

support our primary postulate: Au(CO)Cl molecule can be “chemical grafted” by 

reaction with the precoordinated H2O at OCSs of pristine HKUST-1. 

6.1.3.4 Stability of the Au(CO)Cl@HKSUT-1 SURMOF by XRD 

The stability of Au(CO)Cl@HKUST-1 under UV-light irradiation was investigated by 

XRD. The sample was exposed to 366 nm UV light in different time. The 

corresponding XRD data show a significant increase of (002) peak in intensity with 

increasing the exposed time (Fig. 6.12b). The (002)/(004) intensity ratio shows a large 

increase from zero to 0.88 (irradiation 300 min, Fig. 6.12b blue) and 1.51 (irradiation 

1 day, Fig. 6.12b magenta). In addition, the change of the (002)/(004) intensity ratio 

is accompanied by a slight shift to smaller diffraction angles for both peaks, 

indicating a very slight (1.05%) expansion of the HKUST-1 unit cell. Since the intensity 

ratio and diffraction angle are clearly different for the parent HKUST-1, we propose 

that a photo-degradation process with the formation of large clusters in the metal 

organic framework occurs (Fig. 6.12a). Furthermore, the corresponding IR data show 

a gradual decrease in the intensity of the C=O stretching vibration at 1728 cm-1 and 

the C-O stretching vibration at 1286 cm-1 with the illumination time (Fig. 6.12c). 

More interesting is that the both COO- vibrations at 1648 and 1380 cm-1 show a slight 

back shift to higher frequencies. 

The similar result is obtained by heating the Au(CO)Cl@HKUST-1 sample, as shown in 

Fig. 6.13. As the temperatures rise, the intensity ratio of the (002)/(004) reflections 

shows a fast increase until SURMOF has been destroyed upon heating to over 200 ˚C. 
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Figure 6.12 (a) Illustration of the photo-degradation process of AuClCO@HKUST-1 

SURMOFs. (b) X-ray diffraction patterns recorded for empty (black), after loading 

AuClCO (red), exposed UV-light 300 min (blue) and exposed UV-light 1 day (magenta) 

of HKUST-1 SURMOFs. (c) IR spectrum for empty (black), after loading AuClCO (red), 

exposed UV-light 300 min (blue) and exposed UV-light 1 day (magenta) of HKUST-1 

SURMOFs. 
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Figure 6.13 X-ray diffraction patterns recorded for heating on 30 ˚C (black), 70 ˚C 

(red), 110 ˚C (blue), 150 ˚C (magenta), 190 ˚C (dark yellow) and 230 ˚C (navy) of 

AuClCO@HKUST-1 SURMOFs. 

6.1.4 Conclusions 

We report on a novel synthesis strategy to chemically graft Au(CO)Cl with the 

precoordinated H2O at open metal sites of HKUST-1 SURMOFs. The 

Au(CO)Cl@HKUST-1 hybrid materials have been prepared by a solvent-free gas-phase 

infiltration process, loading the molecular precursor Au(CO)Cl into the large cavity of 

a HKUST-1.  e propose a plausible mechanism for this “chemical graft” process on 

the basis of XRD, Raman and IR investigations. We further demonstrate that the 

molecular Au(CO)Cl precursor is photo-degraded under UV irradiations leading to the 

formation of large Au clusters in the metal organic frameworks.  
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7 Conclusions 

The primary objective of my dissertation is to explore the methodology of metal ion 

or NP loading into SURMOFs. SURMOF, such as HKUST-1, was grown in the form of 

thin, monolithic coatings on a modified Au substrate using LPE. LPE is a rather 

attractive method for depositing MOFs in layer-by-layer controlled manner, resulting 

in highly homogeneous, highly oriented, and crystalline MOF thin films. SURMOFs 

can be manufactured with thicknesses ranging from the nanometer regime up to the 

micrometer regime. SURMOFs facilitate the straightforward characterization of the 

mechanical, optical, photonic, optoelectronic, magnetic, electrical, and 

electrochemical properties of materials. In addition, SURMOFs provide a direct path 

for the fabrication of MOF-based membranes, which is of considerable interest for 

water purification. In this paper, the preparation, characterization, and application of 

metal@SURMOFs have been described in detail. The synthesized metal@SURMOFs 

were characterized by QCM, XRD, spectroscopic (IR, Raman, UV-Vis, ToF-SIMS) 

techniques, and microscopic (SEM and TEM) methods. Additionally, several 

important applications, such as photocatalysis or electrochemistry, have been 

introduced in this thesis.  

The first methodology was described in Section 4, in which the nucleation centers 

originated from the main chain of ligands, usually the benzene ring. In Section 4.1, 

we presented a combined theoretical and experimental study on the loading of ionic 

compounds into MOFs. We used La3+ loading as an example to discuss the loading of 

metal ions in the open MOF framework. We demonstrated that La(OTf)3 was 

successfully loaded into HKUST-1 SURMOF via solution impregnation method using 

XPS, ICP-OES, and IR measurements. Theoretical calculations using classical force 

field-based Monte Carlo simulations yielded a structure with two La3+ ions within the 

large HKUST-1 pores. This result is consistent with the experimental results on the 

composition of these films and the relative intensities of the XRD peaks. 

Another example of the application of this method is discussed in Section 4.2. The 

Bi3+ ions were loaded into HKUST-1 SURMOF by the same process. The simulated and 

experimental XRD results have shown that three Bi3+ ions were successfully loaded 

into the pores of the HKUST-1 SURMOF. Moreover, the Bi2O3 nanoparticles 

encapsulated in SURMOF were obtained by photodecomposition of the Bi3+ 

precursors. The HKUST-1 SURMOF is an excellent template to provide a confined 

space that limits particle growth and impedes agglomeration. In this way, the 

dimension and shape of the Bi2O3 NPs, synthesized directly in the pores of the 

framework, should be controlled by pore size, shape, and channel structure of the 
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host material. The observed quantum-sized Bi2O3 semiconductor NPs (1–3 nm) 

possess enhanced photoefficiency. Therefore, the Bi2O3@HKUST-1 hybrid-system 

exhibits enhanced photocatalytic activity. The high photocatalytic activity of these 

heterostructures was demonstrated via the photodegradation of NFR dye. 

The second methodology was described in Section 5. Highly oriented 

surface-anchored MOF thin films, in particular, Cu2(atBDC)2(dabco), grown on the 

gold surface using LPE were successful prepared. A series of metal ion uptake 

experiments were performed using the QCM to monitor mass changes. According to 

the QCM data, the largest adsorption capacity of Cu2(atBDC)2(dabco) SURMOFs was 

observed for Fe3+ and Pd2+ ions. Compared with the reference experiments of the 

Cu2(BDC)2(dabco) SURMOF, we demonstrated that introducing sulfur and alkene 

side-chains into the ligands remarkably improved the adsorption ability of MOFs for 

Fe3+ and Pd2+ ions. However, we found that the functionalized side-chains could block 

the diffusion of metal ions into MOFs. 

The last methodology was described in Section 6. Among the many applications of 

MOFs, OCSs at metal centers have been demonstrated to play an important role. An 

activation process was performed to remove pre-coordinating solvent molecules 

(e.g., H2O or EtOH) adsorbed at the OCS from the pores, which is a prerequisite step 

to utilize these OCSs. In this study, we focused on the gas phase infiltration of 

Au(CO)Cl into the HKUST-1 SURMOFs. We demonstrated the chemical grafting of the 

precursor molecule Au(CO)Cl at OCSs in the open pores of HKUST-1. Au(CO)Cl 

coordinated to the free Cu(II) paddle-wheel sites yielding highly-conductive films. We 

further demonstrated that UV irradiation decomposed the chemically grafted 

Au(CO)Cl and led to the formation of larger Au clusters in the pores of HKUST-1. 



List of abbreviations 

115 

List of abbreviations 

1D one-dimensional 

2D two-dimensional 

3D three-dimensional 

AFM Atomic force microscopy 

atBDC 2,5-bis(allylthio)terephthalic acid 

ATR attenuated total reflection 

Au(CO)Cl chlorocarbonyl gold 

BDC terephthalic acid 

Bi(Ph)3 triphenylbismuth 

BTC 1,3,5-benzenetricarboxylic acid 

COOH carboxyl 

Cu(OAc) copper (II) acetate hydrate 

dabco 1,4-Diazabicyclo [2.2.2] octane 

DMF dimethylformamide 

ESI-MS electrospray Ionization Mass Spectrometry 

HKUST-1 Hong Kong University of Science and Technology-1 

ICP-OES inductively coupled plasma atomic emission spectroscopy 

IR infrared spectroscopy 

IRRAS infrared reflection-absorption spectroscopy 

La(OTf)3 lanthanum(III) trifluoromethanesulfonate 

LPE liquid phase epitaxy  

MHDA 16-mercaptohexadecanoic acid 

MOF metal organic frameworks 

MUD 11-mercapto-1- undecanol 

NFR nuclear fast red 

NPs nanoparticles 

OH hydroxyl 

PP1 4-(4-pyridyl)phenyl)-methanethiol 

QCM quartz crystal microbalance 

QCM-D quartz crystal microbalance with dissipation monitoring 

SAM self-assembled monolayer 

SBUs secondary building units 

SEM scanning electron microscope 

SURMOF            surface-mounted metal organic frameworks 

TEM transmission electron microscope  
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Tof-SIMS time-of-flight secondary ion mass spectrometry 

UV-Vis ultraviolet–visible spectroscopy 

XPS X-ray photoelectron spectroscopy 

XRD X-ray diffraction 

ZIF zeolitic imidazolate framework 
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